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Abstract: We provide a compilation of geology of uranium and thorium potential resources in
the Ordovician black shale (graptolite argillite), Cambrian-Ordovician shelly phosphorite and in
the secondary resources (tailings) of Estonia. Historical and new geological, XRF and ICP-MS
geochemical data and ArcGIS modeling results of elemental distribution and tonnages are presented.
The Estonian black shale contains 5.666 million tons of U, 16.533 Mt Zn, 12.762 Mt Mo, 47.754 Mt V
and 0.213-0.254 Mt of Th. The Estonian phosphate resources, altogether about 3 billion metric tons
of phosphate ore, contain about 147,000 to 175,000 tons of U. Rare earth element concentrations in
the phosphorite ore average at 1200-1500 ppm of ZREE. Thorium can also be a possible co-product.
The mining waste dump at the Maardu contains at least 3650 tons of U and 730 tons of Th. The Sillaméde
radioactive waste depository contains about 1200 tons of U and 800 tons of Th. Due to the neighboring
geological positions, as well as environmental constraints and mining technologies, the black shale and
phosphorite can be treated as a complex multi-resource, possibly at the continental scale, which needs
to be extracted together.
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1. Introduction

There are no uranium or thorium deposits in the national registry of the Estonian mineral resources.
This is partly because uranium has a very short history of usage and scientific studies, and partly
because there are no major discoveries in Estonia of economically significant uranium deposits. At the
same time, Estonia has had historical mining activity for uranium and beneficiation for many decades.
After World War II, due to the atomic bomb “competition”, the Soviet Union started to look for uranium
deposits. As the Estonian graptolite argillite—non-metamorphosed black shale—was known to host
uranium, a mine and uranium beneficiation plant were built in a small town Sillamée, north-eastern
Estonia in 1948 (Figure 1). The plant operated as a Soviet top-secret facility until 1991. After Estonian
independence, it was later privatized in 1997 and renamed “AS Silmet”. At the moment the plant
produces rare metals, rare earth metals and their compounds, and is the most important REE producer
in the European Union.

Uranium beneficiation in Sillamée started in 1948. A total of 22.5 tons of elemental uranium was
produced from about 271,575 tons of graptolite argillite from an underground mine near Sillamée
town [1]. Due to low uranium concentration and primitive technology, a large part of the uranium
was left in solid waste. In 1952, the mining of Estonian graptolite argillite stopped and between 1950
and 1977 more than four million tons of the uranium ore was imported from Middle Asia and Eastern
Europe, mostly from Czechoslovakia and East Germany. The estimated amount of elemental uranium
produced from that resource was 25,000 tons.
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In addition to graptolite argillite, underlying shelly phosphorites and some Precambrian granitoids
may be of interest, however, limited data of the Estonian Paleoproterozoic rock makes it impossible to
assess uranium and thorium resources at the moment in the Estonian crystalline basement.

It is well known that phosphates of sedimentary origin may have high concentrations of uranium.
Estonian phosphorites, known as Obolus-sandstone or shelly phosphorite, and formed around
490 million years ago contain uranium in amounts of 10-70 ppm. Phosphorus-rich layers are formed
in shallow water conditions, where shell-rich sand is accumulated. Estonia has the biggest phosphate
reserves in Europe, however, not currently exploited. Phosphorite was mined in the Maardu deposit
and adjacent areas from 1921-1991.

In addition, human-made secondary resources, such as tailings and excavated overburden can
be the subject of research for uranium and thorium resource assessments. In this paper, we provide
a compilation of geology of uranium and thorium in black shale, phosphorite and in the secondary
resources of Estonia.
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Figure 1. Overview of phosphorite and graptolite argillite (black shale) deposits, occurrence areas and
other sites of interest.

2. Materials and Methods

Historical and new geological, XRF and ICP-MS geochemical data of the Estonian Ordovician
black shale (graptolite argillite), Cambro-Ordovician shelly phosphorite and waste material (tailings)
after uranium and phosphate production are combined in this overview (locations in Figure 1).
Initial potential reserves for a limited number of elements have been calculated for graptolite argillite ([2]
and this study) and phosphorites (this study). As initial data, the combined database of 468 drill cores
(Estonian Geological Survey and Estonian Land Board database, see at www.maaamet.ee [3]) were
used for graptolite argillite calculations.

Historical reports of phosphorite exploration typically contain relatively densely (vertically and
laterally) populated data of P,Os, Fe,O3 and MgO concentrations, while no information is given about
secondary and trace elements; however, the exploration reports were often followed by a series of
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works concerning the complex exploitation of phosphorite and rocks in its overburden. Those works
contain a limited amount of vertically sampled phosphorite trace elements data (XREE, Y, U, Th, Sr,
occasionally Mo, Pb, Ag, etc.). As much as the workflow can be followed, the analyses were made from
the duplicate samples of the initial exploration campaigns. Uranium as well as Th were measured
mostly either by X-ray fluorescence or less frequently by instrumental neutron activation methods.
Quality was assured by inter-laboratory testing in up to four laboratories with both identical and
different methods. A dataset containing 873 phosphorite trace element analyses was compiled for
serving the purposes of current work [4-7]. Weighted average concentrations were calculated for
160 drilled locations, excluding occasional black shale interlayers.

The samples in Table 1 were recently analyzed in the ALS Geochemistry laboratory located in
Outokumpu, Finland. Trace element composition is determined by ICP-MS after four acid digestion.
Major element composition is determined by ICP-AES analyses after lithium borate fusion. All black
shale samples were roasted before chemical treatment due to the high content of carbon and sulfur.
Total organic carbon (TOC) content in black shale samples was determined by the LECO analyzer
by infrared detection of CO; released from the combustion of the sample. Before infrared analyses,
the samples were treated with HCI to remove carbonate carbon (inorganic carbon).

The dataset was used for calculating raster models of lateral U and Th distribution as well as
hypothetical reserves by the same methods applied to the graptolite argillite (GA) dataset [2]. Specific
gravities from original phosphorite resource estimations reports were applied in the calculations
(2.12 g/cm3 and 2.26 g/cm? for the Toolse and Rakvere deposits, respectively). One artificial data point
was extrapolated in the southernmost part of the Rakvere deposit.

The historical data were compared with new data, although new data are only available for a limited
number of samples. Recent, mostly unpublished trace element chemical analyses (XRF and ICP-MS)
were used in the assessment of U and Th potential related to shelly phosphorites. The calculated
amounts are preliminary and should be taken with precaution.

Uranium and thorium contents in secondary resources were assessed based on historical data ([8];
Sillamée radioactive waste depository) or by a combination of historical and new geochemical analyses
(Maardu overburden piles).

The ArcGIS software (Versions: ArcMap 10.7 and ArcGIS PRO 2.5 ***; Environmental Systems
Research Institute, Inc.—ESRI, Redlands, CA, USA) was used for generating elemental distribution
maps and computing resource volumes.

3. Results

According to the classification by International Atomic Energy Agency (2018) [9]), the Estonian
U-bearing rocks belong to several types: (1) the largest potential resource—Ordovician graptolite
argillite belongs to Type 15.1—Black shale, Stratiform deposits; (2) Ordovician shelly phosphorites—
Type 14.1 Phosphate, Organic Phosphorite; the third target—uranium and thorium potential in
secondary resources—are not listed in the present (2018) Uranium Resources Classification system.
There are two cases in Estonia where uranium-bearing rocks or material have been piled up as
mining waste (overburden) or historical uranium processing tailings. As in several tailings in different
countries, the uranium concentrations may be high, there is a potential need to update the Uranium
Resources Classification to indicate this type of possible future resource as well.

3.1. Uranium and Thorium in Black Shales

Organic carbon-rich black shales have been studied regarding the industrial interest in a variety
of metals, especially U, Mo, Zn, V, Ni, Cu, Cr, Co, Pb and Ag. These studies have shown a variety of
metal sulfides in shales and suggested that sulfide minerals may be an integral part of the sediment
diagenesis, e.g., [10-13].

Some black shales are significantly enriched by noble metals, occasionally coupled with Mo-
and Ni-bearing shales. For instance, the Lower Cambrian black shales of southern China contain



Minerals 2020, 10, 798 4 of 25

up to hundreds of ppb’s PGE’s and gold in strata deposited as individual, metal-rich sulfide layers,
commonly 2-15 cm in thickness [14]. A number of these metals in the Fennoscandian-Baltoscandian
black shales may be of commercial interest. In many Precambrian terrains, metamorphosed sedimentary
rocks, which were initially black shales, are known and also may provide future economic interest.
As an example, the Talvivaara mine in Sotkamo, Finland (previously owned by Talvivaara Mining
Company Plc, now by Terrafame) is using black shale for the production of nickel, cobalt and zinc.
The estimated resource is over one billion tons of ore. Technologically, it is the first mining operation in
the world collectively recovering NiCoCuZn(Mn)(U) by bioheap leaching polymetallic black shale.
As a co-product, they recently started the extraction of uranium [15].

The occurrences of the Middle Cambrian to Late Ordovician organic-rich black shale deposits are
known in an extensive area of Sweden (Alum shale; [16]), the Oslo region [17], Bornholm [18], Estonia
(known as graptolite argillite or “Dictyonema shale” [19] and kukersite as proper oil shale), Poland [20]
and northwest Russia [21]. The Swedish Alum shale, as well as Estonian graptolite argillite, contains
remarkably high concentrations of trace metals such as U, Mo, V and Ni [22-25].

These black shale layers have been historically exploited for local uranium production in Sweden
and Estonia. For example, in the Viken area, Sweden, Continental Precious Minerals Inc. has estimated
the uranium resource to be 1.163 Billion Ibs. of U3Og (18 M Ibs as indicated; 1.145 B Ibs as an inferred
resource) in Alum shale and a large number of other metals [26].

Kerogen in these black shales is of algal origin and the content of total organic carbon is mostly
between 1025 wt% [16]. The mineral matter of these black shales is dominated by clay minerals,
illite—smectite and illite [22,27]. The high concentration of pyrite, which, together with kerogen,
is thought to be the main carrier of some rare earth and other elements, is distinctive for black shale.
The Alum shale and graptolite argillite form patches over extensive areas in the outskirts of the Baltica
palaeocontinent [16]—Baltoscandia and Fennoscandia. A possible spatial continuity of those complexes
is the graphitic phyllites that are found in the tectonically disrupted allochthonous and autochthonous
Caledonian complexes in central and northern Sweden and Norway [28]. The metal-enriched phyllites
exhibit similar geochemical signatures to the unmetamorphosed black shale of Baltoscandia [28].
These geochemical similarities may imply that organic-rich muds might have accumulated over a wide
geographic area and probably under quite different depositional conditions—from shallow marine
settings to continental slope environments. The black shales of Fennoscandia (Alum shale) and the
graptolite argillite (GA) of Estonia can thus be treated as metal ore and a twofold energy source
(including U, Th and hydrocarbons). This means that these rocks have, apart from scientific value,
a significant economic value as well.

3.1.1. Estonian Black Shale—Graptolite Argillite

If we compare the Fennoscandian sedimentary and metamorphosed black shales and the Estonian
graptolite argillite (GA), the stratigraphic characteristics and geological position of the Estonian GA
are very simple (Figure 2). Early Ordovician, organic-rich marine metalliferous black shale—graptolite
argillite lies beneath most of northern Estonia. It has been named “Dictyonema shale”, “Dictyonema
argillite” or previously “alum shale”; however, the name “dictyonema” came from the benthonic
root-bearing Dictyonema flabelliforme, which subsequently turned into planktonic nema-bearing
Rhabdinopora flabelliformis [29]. More recently the term graptolite argillite is used in Estonia,
while “Dictyonema shale” is still used in Russian literature.
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Figure 2. Cross-section of the northern Estonian klint at Cape Pakri (left). The thickness of the graptolite
argillite is about 4.2 m, it is overlain with glauconite sandstone and limestone. Graptolite argillite shale
with Rhabdinopora flabelliformis imprint (right).

The Estonian graptolite argillite is commonly fine-grained, unmetamorphosed, horizontally-lying
and undisturbed, organic-rich (8-20%) lithified clay (Ttrisalu Formation), where the layers are
usually 0.3 to 6 m thick. The graptolite argillite belongs to the group of black shales of sapropelic
origin [2,23,24,30]. The Estonian GA crops out in many places in Northern Estonia, especially in the
klint area and in several narrow river valleys (Figure 2). As the Estonian Lower Palaeozoic sedimentary
section, as well as the Precambrian rocks, are inclined towards the south due to its geological position
in the southern slope of Fennoscandian Shield [31], at its southwest end the GA layers lie at a depth of
more than 250 m.

The Estonian GA is commonly characterized by high concentrations of U (up to 1200 ppm),
Mo (1000 ppm), V (can be over 1600 ppm), Ni and several other heavy metals and is rich in N, S and
012,22,23]. Examples of some major and trace element concentrations are shown in Table 1. These high
concentrations of certain metals may be potentially useful and hazardous at the same time. In the
Soviet Union, the GA was mined for uranium production at Sillamde (see below, Section 3.3.). Between
1964 and 1991, approximately 73 million tons of graptolite argillite was mined and piled into waste
heaps from a covering layer of phosphorite ore at Maardu, near Tallinn (see below, Section 3.3.).

Table 1. Major and trace elements of representative graptolite argillite samples. LOI—Loss on ignition.
TOC—total organic carbon. Locations are indicated in Figure 1. Data: Geological Survey of Estonia.

Sample Locality Lat Long SiO; Al,O3 Fe;03 MgO CaO P,0s5 TiO; K;O LOI TOC
IRU-7A Iru 59.460 2491 49.00 14.35 5.69 0.86 0.33 1.35 0.89 8.53 17.7 7.60
RITA-1Y Sotke 59.37 27.71 38.5 7.81 4.06 0.81 13.9 1.2 0.46 4.84 13.8 5.98
RITA-4A Sotke 59.37 27.71 52.2 8.36 7.52 0.69 1.57 0.96 0.54 5.00 15.3 5.54
F-338-09 Metskiila 59.13 23.65 46.3 11.3 4.21 1.04 0.23 0.12 0.67 6.57 28.3 12.65
Sample Locality  Lat Long A% Mo Ni Zn Cd Pb Th 8] ZREE ZXIREE+Y
IRU-7A Iru 59.460 2491 174 25 21 106 0.13 81 14.8 58.9 170 195
RITA-1Y Sotke 59.37 27.71 664 361 109 4010 30.9 205 10.3 206.0 218 271
RITA-4A Sotke 59.37 27.71 916 202 169 53 0.2 186 14.3 258.0 377 475

F-338-09 Metskiila 59.13 23.65 1240 170 168 47 0.12 85 13.5 121.5 207 236
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While the reserves of Estonian graptolite argillite surpass those of Estonian kukersite (proper oil
shale), it is of too poor quality for energy production at present. The GA calorific value ranges from
4.2-6.7 MJ/kg [22] and the Fischer Assay oil yield is 3-5% (for Estonian kukersite, it is about 30-47%,
for example, [1]). The moisture content of fresh GA ranges from 11.9% to 12.5%, while the average
composition of the combustible part is: C—67.6%, H—7.6%, O—18.5%, N—3.6% and 5—2.6% [32];
however, considering that it is a low-grade oil source, its potential oil reserves are about 2.1 billion
tons [1].

The specific gravity (bulk density) of Estonian GA varies between 1800 and 2500 kg/m? [30].
The pyrite content of GA is highly variable, ranging from 0.5% to 9.0%, averaging between 2.4% and
6%. Pyrite commonly forms fine-crystalline disseminations or thin interlayers and concretions of
different sizes. The diameter of the pyrite concretions is usually 1.5-3 cm. It needs to be noted that
some concretions are complex in a structure containing small crystals of sphalerite, galenite and/or
calcite. A higher degree of sulfide mineralization within the GA may be associated with the occurrence
of silt interbeds. These interbeds may contain a higher amount of other authigenic compounds such
as phosphates (mainly apatite as biogenic detritus and nodules), carbonates (calcite and dolomite as
cement and concretions), baryte and glauconite [23]. The concentration of sulfur ranges between 2—-6%,
from which about 0.6-0.8% is composed of organic matter, ca. 0.3% is sulphatic and the remaining part
is sulfidic sulfur [33].

3.1.2. Estonian Graptolite Argillite Resources

Most of the geological information on Estonian GA is obtained from basement mapping and
different exploration projects, which were conducted by the Geological Survey of Estonia and its
predecessor institutions, starting from the 1950s. The huge amount of information on the lithology
and geochemistry of the GA was collected during the exploration of Estonia’s phosphorite resources
in the 1980s. The initial estimates of the total GA reserves in Estonia range from 60 [30] to 70 billion
tons [1]; however, little is known about the previous calculation methods and the initial data (number
of drill cores, etc.) that were used. Nevertheless, GA resource estimates were regularly reported in
works dedicated to phosphorite exploration and its complex exploitation (Table 2), because GA was
considered as a possible useful material in phosphorite overburden. In those works, resource estimates
mostly were calculated by the panels method (blocking) [4].

The earliest partially preserved documentation of U resource estimates dates to 1944, when the
information concerning radioactivity was checked and confirmed by geologists of the USSR’s
North-Western Geological Administration. The largest concentrations were recorded in the middle
part of the deposit within the northeast of Estonia and the western part of St. Petersburg (Leningrad
at the time). Uranium concentrations varied from tens to a few hundreds of ppm-s (80-750 ppm U).
In addition to uranium in the shale, elevated molybdenum and vanadium contents were also recorded.

Since 1945, the Baltic Geological Expedition identified 14 deposits of low-grade uranium
ore—Sillamde (5464 t U, 260 ppm average U), Toila (7000 t U, 250 ppm average U), Aseri, Saka and
others in the present-day Russian territory. The deposits were explored by boreholes along networks
of 250 m x 250 m and 125 m X 125 m. A total resource of 72,000 t U was reported in the Baltic region.
Alongside uranium exploration, a black shale enrichment technology was developed to produce
uranium concentrates from the rock.

As mentioned briefly, the efforts of estimating GA resources and U contained within were almost
uniquely associated with phosphorite exploration. The highest resources of U were attributed to GA
in the overburden of Aseri deposit phosphorite (Table 2). Even though GA is wedging out in the
territory of the Rakvere deposit, U resources were estimated in its northern parts where the higher
U concentrations occur. A somewhat more independent GA exploration was finalized in 1989 when
resources in western Estonia (highest shale thickness) were calculated with the focus on hydrocarbons,
but also for U, V and Mo. The conditionally exploitable proportion of GA was evaluated based on
a minimum resource thickness of 1.6 m, and a minimum calorific value of 1450 kcal/kg (~6.1 MJ) [34].
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Very little data have been collected in the last three decades; the modern GIS-based methods now
allow us to obtain better estimates of the total resource and visualize metal distribution.

In recent research, the verified database of 468 drill cores (database of the Estonian Geological
Survey and Estonian Land Board, [3]) has been used as the initial data. The estimated area of the Estonian
GA on the mainland and islands is 12,212.64 km?2, with a corresponding volume of 31,919,259,960 m3 [2].
For comparison, Estonian oil shale—kukersite—occupies an area of 2884 km?, and its reserves (proven
plus probable) are about 5 billion tons [35]. To calculate the total mass of the GA, the value of the
specific gravity (density) is required. It is known [30] that the density of the graptolite argillite varies
to a great degree, between 1800 and 2500 kg/m3. So, assuming an average density of 1800 kg/m?,
the total mass of GA is about 57.45 billion tons, while in the case of 2500 kg/m? the mass is 79.80 billion
tons. Assuming the average density to be 2100 kg/m?, the total weight of GA is about 67 billion tons,
which is in accordance with the earlier estimates of 60 to 70 billion tons.

Table 2. Some historical and modern GIS-based preliminary resource estimates of metals in
graptolite argillite.

Area (ﬁ;fza) Total (I;Zts)ource U@ V() Mo (t) Th (t) S‘;;:ES Reference
CIS-based 12,212.64 67,000 5,665,600 - 12,761,600 - - 2]
total basin - - - 47,753,803 - 213,000-254,300 1 - current

NV\(’tff:Sma 4540.6 42,830 4216000 28,123,000 7,860,000 - 103 [34]
(mi‘fi’fgsz‘;t‘ei?ia) 1607.5 10,651 1,176,000 7,260,000 2,444,000 - 116 ib.
Toolse 62.219 1414 21,143 147,000 57,400 - 148 [36]
Aseri 162 - 72,800 521,500 193,300 - 162 [4]
Rakvere, incl.: 213 - 17,810 139,780 37,140 - - ib.
Assamalla 132 - 8910 98,900 25,150 - 73 ib.
Réagavere 40 - 2770 - 6230 - 187 ib.
Kabala 41 - 6130 40,880 5760 - 231 ib.
Total basin - 64,000 6,800,000 58,200,000 11,500,000 - - [37]

! Depending on the area of calculation.

It should be noted, however, that in the eastern part of the GA basin there are frequent silty
interlayers, resulting in a lower specific gravity of about 1850 kg/m?, which has also been the basis
of deposit-specific calculations in Table 2 [4]. In the Toolse deposit, the average specific gravity of
1900 kg/m? was applied [36]. For Western Estonia, the exploitable proportion of GA was based on
a minimum resource thickness of 1.6 m, and a minimum calorific value of 1450 kcal/kg. The average
specific gravity was 2080 kg/m?, but variations were considered in the calculations [34]. The distribution
of several metals such as U, Zn, Mo and V in the GA has been modeled earlier [2]. The initial data
were selected from the databases of the Geological Survey and the Estonian Land Board. It needs to
be mentioned that the metal concentration data represents the average metal concentrations of the
GA drill core. There are differences in metal distributions—the central and western regions of eastern
Estonia show the highest concentrations for V and Mo, whereas V is also high in the southern region of
the Eastern and central Estonia. Uranium shows the highest contents in the eastern part of Estonia,
while in Western Estonia the concentrations show medium values, while the lowest values are typical
for central Estonia (Figure 3).



Minerals 2020, 10, 798 8 of 25

A. Average Uranium concentration
in graptolite argillite

o

00 © oo
o0 Bo °°.
° 0L 5 O
° 3 o ©
- 5 O N
cd 28 ®
H ° 0

\o @

Legend
o U Drill hole

Interpolated U values (in ppm)

Bl 367-639

[ 64-96

] 96,1-135 Interpolation method: Kriging Ordinary

£ 136-172 Semivariogram model: Spherical

I 173-204 Search radius: Variable ﬂ

3 205-238 Classification: Natural Breaks " -

[ 239-269 Cell size: 400x400 m -

[ 270-296 Current coordinate system: L-EST 1997, Estonian National Grid

[ 297-339 D - el st
| L] Black shale area | 0 125 25 50 75 10g \

B. Uranium resource in graptolite argillite

For gridding used method:
Kriging Ordinary

Gaussian semivariogram model | Value in tonnes

Search radius: Variable “ High : 285

Stretch type: Standard Deviations R 2
o w0 ko Cell size: 400x400 m Low:

Figure 3. (A) Location map of the drill holes penetrating the graptolite argillite layers and the extent
of the graptolite argillite. U tonnage model in the 400 to 400 m cell at the modeled thickness of the
graptolite argillite. (B) Modeled uranium content in the Estonian GA based on calculated average drill
core contents (data: Geological Survey of Estonia; www.maaamet.ee [3]).

Uranium distribution has not been modeled in the Estonian islands due to the small number of
available analyses. It is also likely that the high concentrations in the southwest area may be an artefact
of the model since there are only a few drill cores available but they show locally high contents of
U. Based on these data, it can be concluded that the concentration of most of the metals (except Zn)
is relatively low in central Estonia. It is also important to emphasize that the available geochemical
data are relatively unevenly distributed across the area and the present geochemical generalization
is informative but must be taken with caution. In addition, there are very little data on the southern
margin of the GA area; however, we believe that due to its limited thickness of GA (less than 0.5 m),
the calculated total elemental amounts have not much affected the calculations.

Concerning the shale standard values (PAAS and NASC), the Estonian GA is very rich in U and V.
For instance, the average U concentration in the Saka section (267 ppm) is a hundred times higher than
the corresponding values for NASC [23]. In the case of V, there is a nine-fold difference between the
concentrations in NASC and the average concentrations detected, for example, in the Saka section,
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in Eastern Estonia (1190 ppm; [23]). In general, the U content of GA shows quite a strong positive
correlation with the organic matter content, which most likely indicates early fixation via metal-organic
complexes. At the same time, a correlation of P,O5 contents with other trace elements, such as U,
was not detected. Nevertheless, it is well established that U is more enriched in the bottom of the black
shale bed, at least in the western part of Estonia.

Recent ICP-MS geochemical data from 11 north-western Estonian drill cores were divided into
upper and lower beds, which revealed a reverse trend with regard to U association with P,Os5 and
total organic carbon (TOC) [38]. Namely, the correlation of U and TOC is weakly positive in the
upper bed and reverses to weakly negative in the lower bed (see Section 4, Discussion). The opposite
was observed in the relation between P,Os and U—their association becomes more relevant in the
lower, U-enriched bed. Hierarchical clustering of dataset classifies U within the group of typical
redox-sensitive elements such as Mo, Sb, V, Re as well as TOC, Ag, Pb and Te.

While average metal concentrations are very useful in dividing GA into “poor” and “rich” deposits,
the total content of a certain metal depends on the thickness of the GA bed. To calculate the total
amount of the metal on the square meters, the ESRI ArcGIS software was employed. As an example,
the total tonnage of U in the Estonian GA is shown in Figure 3B. The presented model is based on:
(1) the element grid which shows the element distribution, in ppm; (2) an interpolated grid of the
GA thickness, in meters; (3) assumption of the average density 2100 kg/m?>; (4) since the element and
thickness grids were calculated with the cell size of 400 m X 400 m, the same cell size was used for the
calculation of the total amount of element.

These calculations provide more realistic total amounts for the elements in the Estonian GA
(not just based on an average concentration value in ppm). The calculated total tonnage of U is about
5.6656 million tons (6.6796 million tons as U3Og).

The calculated Zink tonnage is 16.5330 million tons (20.5802 million tons as ZnO) and Mo is
12.7616 million tons (19.1462 million tons as MoO3). The highest studied element amounts show
a somewhat similar pattern—western Estonia has the highest potential, especially for U and Mo;
however, there are also distinctions between those elements. For example, in central Estonia, where the
enrichment is the lowest for most elements, except Zn.

Presently, the calculation for thorium and vanadium, based on the cell of 400 m X 400 m,
was conducted (for Th, see Figure 4). Vanadium concentrations (as drill core averages; 469 drill
cores) commonly vary in between 190 and 1700 ppm, being in certain layers as high as 4500 ppm [5].
The calculated vanadium tonnage is 47.7538 million tons.

Thorium concentrations are analyzed in less than 100 drill cores, where the average varies between
less than 1 and 17 ppm. As there are very few measurements of Th concentrations in western and
eastern Estonia, the distribution and tonnage calculations can be provided only for the central part
of Estonia (Figure 4). The concentrations of Th are higher in the southern part and the central part
of the calculated area; however, this distribution model should be taken with care since the number
of measurements in the southern part is very low. Depending on the area of the calculation, the Th
tonnage is 213,000 to 254,300 tons (in Figure 4, the tonnage of Th is 213 thousand tons).
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Figure 4. Location map of the drill holes with available thorium data of the graptolite argillite.
The thorium distribution model was calculated using Kriging interpolation.

3.2. Uranium and Thorium in Cambro-Ordovician Shelly Phosphorites

It is well known that phosphates of sedimentary origin have higher concentrations of uranium
(100-150 ppm U) and lower concentrations of thorium (20-35 ppm Th), whereas phosphates of magmatic
or metamorphic origin have higher thorium (40-120 ppm Th) and lower uranium (25-35 ppm U; [9]).
The world’s largest phosphate deposits consist of marine phosphorite of continental shelf origin that
may contain syn-sedimentary stratiform, disseminated uranium in fine-grained apatite. Historically,
uranium has been recovered in the USA, Belgium and Israel as a by-product of phosphate production.
For instance, in Florida, about 17,275 t of uranium was produced between 1978 and 2000 from eight
production centers [9].

The US Geological Survey dataset of world phosphate mines, deposits and occurrences lists
1635 deposits, most of these marine phosphorites. As of 2015, only 57 phosphate deposits were listed
in the UDEPO (World Distribution of Uranium Deposits) database, suggesting that uranium resources
in phosphorites could be much more significant than previously thought [39].

Thus, phosphorites commonly contain very large uranium resources, albeit at a very low grade
(<50-200 ppm U). World uranium resources in phosphorites are estimated at 15-20 million tons [9].
Well-known examples of this type of phosphorite deposits include districts in Florida and the Phosphoria
Formation (USA) and the Gantour, Meskala and Oulad Abdoum Basins (Morocco). Other types of
phosphorite deposits consist of organic phosphate, including sandy to argillaceous marine sediments
enriched in fish and/or shell remains that are uraniferous. The Estonian phosphorites belong to this type
of deposit where phosphorus, but also uranium and thorium, are associated with Cambrian-Ordovician
brachiopod shells. Unfortunately, very little information about the Estonian phosphorites is available
in international literature. The total resource is estimated at more than 800 million tons P,Os5 [40]
or 3 billion metric tons as phosphate ore [41]. The World’s phosphate rock reserves are estimated at
70 billion tons [39]. According to the present knowledge, Estonia holds, in Europe, the largest unused
sedimentary phosphate rock reserves.

The Estonian phosphorite is known as Obolus-sandstone (shelly phosphorite, [42]). It was formed
approximately 488 million years ago and occurs in the Upper Cambrian and Lower Ordovician
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boundary beds. In the Estonian basement, it is known as the Kallavere, Tsitre, Ulgase and Petseri
Formations. Phosphorus-rich layers were formed in shallow water conditions, where shell-rich sand
is accumulated by the continuous displacement caused by waves and currents. This means that
phosphorite was formed as separate zones, unlike oil shale, which covers the whole distribution area.
Estonian phosphorite can be described as yellowish-light or dark-grey fine- or coarse-grained slightly
cemented sandy deposit (Figure 5). Usually, it is weakly cemented or friable, strongly cemented
phosphorites are less spread [42].

5cm

Figure 5. Varieties of Estonian sandstone-hosted shelly phosphorite. Photos: T. Saadre (a,c) H. Bauert
(b,d), University of Tartu and Geological Survey of Estonia.

Estonian phosphorite contains 10.5-10.6% P»Os, ca 16.0% CaO, 0.8% MgO, 0.5-0.7% Al,O3,
1.8-1.9% Fe; O3, 64.0-65.0% SiO, and F 0.8%. Phosphate rocks free from impurities contain 28.2-28.8%
P,0s, some studies show even higher P,Os contents—about 33.6-35.5% [21]. The P,Os content in the
phosphorite layer is commonly in a range of 6-20%. Concentrations of major and minor components
of some phosphorite samples are shown in Table 3.

Table 3. Major (Wt%) and trace (ppm) elements of some phosphorite samples. LOI—Loss on ignition.
Bdl—below detection limit. Data sourced from the FRAME project [43]. Locations are shown in

Figure 1.
Sample Locality Lat Long SiO; AlbO3 Fe;O3 MnO MgO CaO NaO P05 LOI
ASERI Aseri 59.469  26.850 21.78 1.80 017 537 3480 047 1921 15.97
IRU9 Iru 59.460 24905 59.67 0.46 0.85 0.09 010 1966 019  14.20 2.65
ORASOJA  Orasoja 59410 28.018 4735 0.15 1.58 0.06 024 2525 020 1898 3.37
SAKA1 Saka 59.442 27214 86.81 049 0.45 0.02 0.23 5.35 007 374 1.57
TOOLSE2 Toolse ~ 59.500 26476 11.79 027  2.65 0.26 477 3921 039 24.01 15.03
Sample Locality Lat Long v Sr Zn Cd Pb Th U ZREE ZXREE+Y
ASERI Aseri 59.469  26.850 55 1843 4 0.02 9.0 22 289 769 1023
IRU9 Iru 59.460  24.905 23 1409 110 0.12 16.2 12.8 15.7 1005 1401
ORASOJA  Orasoja  59.410  28.018 34 1825 5 0.00 232 4.9 621 1191 1506
SAKA1 Saka 59.442  27.214 33 358 bdl 0.00 14.8 4.8 11.7 402 534

TOOLSE2 Toolse 59.500  26.476 33 2193 10 0.12 21.0 54 32.6 1298 1584
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In the vertical sections, there are no universally definitive trends in the distribution of U (Figure 6),
although certain co-variability with P,Os is noted, as is also implied from the biplot of U and P,Os of
the historical dataset (Figure 7). In the Toolse deposit, the richest phosphorite beds are the lowest and
higher enrichment of U can occur there. In the Rakvere deposit, there appears to be a two-layered
phosphorite accumulation, which is not currently defined in the resource models and is treated as
asingle layer. Generally, the highest P,O5 concentrations are noted in the upper part of the ore layer [40].
The same trend is at least partly observed in the distribution of U concentrations. The content of U in
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phosphorite is about an order of magnitude lower than in the overlying black shale.
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The regional overview of average U contents reflects the areas, where phosphorite deposits are
located (Figure 8). There are occurrences of phosphorite in the western part of the country, but they are
of very low grade, and this is also reflected in the lower concentrations of U (~5-15 ppm). The three
easternmost data points are somewhat biased, because in those cases, only single very rich phosphorite
samples were analyzed.

Regional overview of average
U concentrations in phosphorite |

| Phosphorite deposits and
~ inferred resource blocks

Other perspective
phosphorite areas

Non-deposition area of
phosphorite

=== Baltic clint

U (in ppm)
e <9
U intervals: Natural Breaks o =15
Current coordinate system: L-EST 1997, 0 =23
Estonian National Grid O <40
0510 20. 30 40 O <83
s mm km |__1 Black shale area

Figure 8. Regional overview of U concentrations in Northern Estonia.

There appears to be a trend that the northernmost phosphorite deposits area is the most enriched
in U (~25-50 ppm; Figure 9). There are only a few locations where U concentration exceeds 25 ppm,
which are in the middle and southern parts of the phosphorite occurrence area (Rakvere deposit).
The mean concentrations of U are 24 + 6 ppm and 15 + 4 ppm in the Toolse and Rakvere deposits,
respectively. The overall weighted average across all Estonian phosphorite samples is 16 + 11 ppm,
implying a high variability, but generally a low amount of U. The formerly shown errors are given
as one standard deviation. Perspective resource estimates associated with phosphorite are given in
Table 4, and an extended overview in Appendix A.

Table 4. Resources of U (t) in phosphorite deposits. Note that the contour defining the Toolse deposit is
different in historical works and the current national registry of the Estonian mineral resources. Refer to
Appendix A for an extended overview of resource estimates.

Deposit [4] [6] This Study

Toolse 8300 5599 -

Toolse, current extent - - 14,368
Aseri 5300 - -
Southern Maardu 27,400 - -

Rakvere, including fields: 134,300 - 146,989
Réagavere 37,600 - -
Western locality 14,000 - -
Assamalla 29,700 - -
South-Eastern locality 22,900 - -
Kabala, including: 30,100 - -
Western Kabala 18,100 - -

TOTAL 175,300 - -
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Figure 9. The distribution model of U in the main phosphorite deposit areas based on the historical data.

Thorium seems to possess a similar trend—being more concentrated in the northernmost part
of the phosphorite deposits area (Figure 10). Yet, this indication is very speculative because there
are too few data points situated in the Rakvere deposit area. It can be mentioned here that the
northernmost part of the Toolse deposit also yields comparatively higher total rare earth element
(REE) concentrations.

o
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Figure 10. The distribution model of Th in the main phosphorite deposit areas.

Recent studies have shown relatively enriched but variable concentrations of REEs in single
phosphate shells. For instance, La in a single shell ranges from 50 to 550 ppm, Ce—40-1200 ppm,
Pr—4-170 ppm, Nd—20-800 ppm, Sm—3-180 ppm and Gd—4-135 ppm [44]. The total REEs can reach
3000 ppm; however, on average they range between 1000 and 2000 ppm. At the moment the Estonian
phosphorites cannot be regarded as an economic REE source, but considering REEs as a co-product
of phosphorus production, it may economically be feasible. Considering the possibility that these
resources will be developed for phosphorus (and REE) production, it is important to focus also on
uranium and thorium; however, the contents of U and Th are quite low to provide economical interest
but high enough in environmental meaning. The new analyses show that uranium content in the ore
ranges between 2 and 91 ppm (52 samples), whereas in single shells it ranges between 0.5 to 159 ppm
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(41 samples; Figure 11). Thorium content in ore ranges between 1 to 15 ppm and in shells 0.5-48 ppm.
It needs to be emphasized that in both single shells and ore, uranium and thorium contents are spatially

very heterogeneous.
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Figure 11. Concentrations of U and Th in single brachiopod shells and in brachiopod
sandstone—phosphorite ore as analyzed by ICP-MS. Unpublished data from the University of Tartu and
Tallinn University of Technology.

Considering that future possible mining operations will have an annual production of 5 Mt tons
of ore with average U and Th contents as shown in Table 5, the total uranium content reaches above
120 tons and thorium reaches above 27 tons. It would be interesting to add that total REE contents for
this annual mining amount will be 720 tons at XREE = 1200 ppm, or 900 tons at ZREE = 1500 ppm.

Table 5. Minimum, maximum, average and standard deviation of U and Th contents in analyzed
brachiopod shells and phosphate ore. As an example, U and Th contents for mining activity with
different annual amounts have been calculated as a possible co-product.

Single Shell or Ore Single Shell Single Shell Ore Ore
Value Uranium (ppm) Thorium (ppm) Uranium (ppm) Thorium (ppm)

No. Analyses 41 41 52 52

MIN 0.2 0.0 1.5 15

MAX 159.3 47.6 914 14.8

AVERAGE 50.2 4.9 24.3 54

STD DEVIATION 30.8 8.8 18.2 33
Annual Mining, Ore (t) Single Shell Single Shell U (kg) Th (kg)
5,000,000 - - 121,659 27,108
10,000,000 - - 243,317 54,216

3.3. Secondary Uranium and Thorium Resources

There are two cases in Estonia where mining waste rock and processing tailings may provide
a target for future studies of uranium and thorium resources: (1) piled up overburden during the
phosphorite mining in Maardu, northern Estonia and (2) the Sillamé&e radioactive waste depository in
north-eastern Estonia (Figure 1).
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3.3.1. Graptolite Argillite Overburden Dumps in Maardu

During the opencast mining of phosphorite in 1964-1991, some tens of millions of tons of
graptolite argillite were mined from the covering layer of phosphorite ore at Maardu town, near Tallinn.
As an overburden, graptolite argillite was mixed up with other overlying rocks, including carbonate
rocks (limestone), sandstone, glauconite sandstone and Quaternary sediments. The material was
concentrated into large waste dumps. For example, in 1989, opencast mining at Maardu was carried
out on more than 6 km? [45]. The mining and processing stopped in 1991. At present, the waste dumps
at Maardu contain about 73 million tons of graptolite argillite [45,46].

The average uranium contents in graptolite argillite sections in this area vary between 42 to
60 ppm, with the highest values of 300-450 ppm in some sub-layers. If taking an average of 50 ppm
uranium in the waste dump, the total uranium content can be as high as 3650 tons. There are only
a few thorium analyses in the area ranging from 5 to 14 ppm. The total thorium content, averaging to
10 ppm, in the waste dumps is then 730 tons. These values are not high if considering the waste as
a natural rock; however, these dumps are an environmental concern.

Under normal weathering conditions, the graptolite argillite is easily oxidized, and spontaneous
combustion can happen. In some places at Maardu, the temperatures in the heap occasionally exceeded
500 °C [45]. It has been noticed that spontaneous combustion can occur in heaps that are both a few
months as well as over 30 years old leading to the conclusion that some old heaps can still be dangerous.
These processes lead to an annual leaching of 1500 tons of mineral matter per square kilometer of
a waste dump and the wastewater being discharged into the Maardu lake nearby [47]. The graptolite
argillite is also a major source for radon (Rn) in northern Estonia. Very high radon concentrations up to
10,000 Bq/m3 have been recorded at some natural outcrops. This means that it is necessary to deal with
these dumps in the near future. As graptolite argillite, apart from U, is also very enriched in several
other metals (see above), one possible scenario is to extract most of the commodity metals, including
uranium. A complex metal extraction may be the key to an economically feasible rehabilitation of
these dumps.

3.3.2. The Radioactive Waste Depository in Sillamde, Northeastern Estonia

The Soviet Union started uranium mining and production in the top-secret industrial town of
Sillamée, north-eastern Estonia in 1947. From 1947 to 1952, about 270,000 tons of graptolite argillite
was mined from an area of 5 hectares at the coastal cliff at Tiirsaméie, near Sillamde. The uranium
beneficiation plant in Sillamé&e was established in 1948 and about 22.5 tons of elemental uranium was
produced from Estonian graptolite argillite.

The technology was primitive and provided only about 50% U recovery, as a result, a large part of
the uranium was left in the solid waste. This production was found to be inefficient and the factory
switched to other raw materials in 1950, but the uranium beneficiation process was stopped completely
only in 1989 [48].

From 1971 to 1989, pre-processed uranium ore was imported. The estimated amount of elementary
uranium in the U3Og concentrate produced was 74,000 tons. Additionally, from 1982 to 1989, 1350 tons
of UO,, containing 40-80% uranium, was imported to Estonia. In 1970, the processing of loparite,
obtained from the Kola Peninsula, commenced. Loparite has high concentrations of tantalum, niobium
and other metals, but also yielding uranium and thorium. It also contains rare earth metals, which were
left in the waste at the beginning of the processing. Vast amounts of different ore and concentrates
ended up as waste rock that was collected in the waste depository near Sillamée, close to the coast of
the Gulf of Finland.

After uranium processing ceased in Estonian in 1989, industrial activity at Sillam&e experienced
a significant decline throughout the 1990s. Finally, the Sillamé&e plant was privatized in 1997 to form
a company “AS Silmet”, which continued to produce rare metals (tantalum, niobium) and rare earth
metal products. The plant—now named Neo Performance Materials Silmet AS—remains the top world
producer of niobium and tantalum products including hydroxides, oxides, various grades of metal,
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metal hydrides, metal powders and NbNi alloy. Among rare earth element products are lanthanum,
cerium, praseodymium, neodymium and samarium-europium—gadolinium carbonates, oxides, metals,
chloride and nitrate solutions.

It has been estimated that the Sillamé&e radioactive waste depository contains about 4-6 million
tons of uranium processing residuals, 1.5 million tons of oil-shale ash and waste from processing about
140,000 tons of loparite [8]. Calculations show that the remediated depository contains 1200 tons of
uranium, 800 tons of thorium and 4.4 x 10'° Bq (1.2 x 10° Ci) of naturally occurring radionuclides
(decay products of U and Th) of which about 3 x 10'* Bq (7000 Ci) is ??°Ra [8].

4. Discussion

4.1. Metals in Graptolite Argillite

The vertical and lateral geochemical heterogeneity in the Estonian graptolite argillite (GA) has not
been well understood, particularly the scale of the heterogeneity and specific distribution patterns of
elements. Recently, a study on vertical geochemical heterogeneity based on two cross-sections has
shown distinctive differences between the eastern and western parts of the GA [23]. The previous
geochemical explorations revealed that the studied sequences demonstrate pronounced vertical
variations in U, V, Mo, Zn and other element concentrations. A common distinctive feature of the
sections is the occurrence of the highest concentrations of the elements in the lower half of the section.

Trace metal enrichment in black shales is mostly explained by two alternative theories:
(1) syn-sedimentary sequestration of metals under oxygen-deficient conditions from marine water,
e.g., [49,50] or (2) flushing the sediments by metal-enriched syngenetic brines or contemporaneous
exhalation of such brines into marine basin, e.g., references [51-53]; however, these theories are
challenged by works that underline the influence of source rocks and particulate precursor material on
the final character of metal enrichment in black shales, or the crucial role of diagenetic redistribution
processes induced by late diagenetic brines. Johnson et al. [54] proposed, based on complex stable
isotope and pyrite geochemical data, that the preeminent source of metals in black shales globally could
be terrigenous rocks after all, but their hypothesis brings in the possibility that very high oxygenation of
the atmosphere promoted substantial oxidation of terrigenous material that in turn released metals into
oceans. If true, these re-occurring events must have taken place together with widespread, but timely
constrained (global) marine anoxia, which allowed the fixation of (redox-sensitive) metals into black
shale sediments.

In general, U-Mo-V-Pb-(Co) enriched trace metal association with sporadically elevated
concentrations of some other trace elements were detected in GA from Saka (east) and Pakri (west)
sections (Table 2) and in regional EW and NS profiles (Figure 12). The U-enriched bottom part of GA
can be well followed in the western part of the country, whereas in the east, where the most important
phosphorite deposits are situated, its distribution becomes more heterogeneous.

Most of the highly enriched trace metals in GA as well as other abundant trace elements, like
As, Sb, Ni, Cu and Re, belong to the group of the redox-sensitive and/or stable sulfide-forming
metals and might undergo considerable partitioning in marine geochemical and biogeochemical
cycles. As indicated by the studies of trace elements in modern marine environments e.g., [55-57],
the redox-sensitive elements mostly occur as soluble species under oxidizing conditions. Under the
oxygen-depleted conditions, however, the redox-sensitive elements typically are present via insoluble
species (metal-organic complexes, sulfides, metal oxyhydrates, etc.) and thus tend to sequestrate into
sediments. The whole metal trapping process is strongly linked with organic matter breakdown and
sulfate reduction processes, which inhibit the crystallization of sulfides.

Based on comparative studies of trace element accumulation in modern and ancient organic-rich
sediments (e.g., [23,58,59]) it has been suggested that oxygen availability in the sedimentary environment
could have had major control over the development of enriched trace metal associations in different
black shales.
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Figure 12. West-East and North-South geochemical profiles across the graptolite argillite area of
Estonia. Dots indicate samples. Note the large heterogeneity of uranium concentrations.

In general, the dominance of common marine redox-sensitive elements among enriched metals
in GA favors syngenetic enrichment as the major process of trace metal sequestration. On the other
hand, the remarkably high concentration of enriched elements in GA and the lack of clear spatial
covariance patterns imply that element sequestration solely from seawater due to Eh gradients is likely
an insufficient model for explaining the observed large-scale trace metal heterogeneity in GA [23].
The common distinctive feature of sections is the occurrence of the highest concentrations of enriched
elements in the lower half of the complex; however, the considered trace metals do not show linear
covariance patterns and the maximum (and minimum) enrichment intervals of different enriched
components mostly do not overlap. In the case of the Pakri GA sequence, one can separate about 1.3 m
thick lower part, which is enriched with some trace metals like Mo, U and Sb, and also contains more
organic matter as indicated by higher LOI 500 °C values.

While Mo gradually decreases towards the upper part of the Pakri sequence, U and V contents
are somewhat more erratic. Box plots as well as distribution histograms in Figure 13 clearly show that
U, V, Mo and TOC are always more concentrated in the lower part of the north-western Estonian GA
bed. The thinner GA complex from Saka, which on average contains more Mo, U and V than the Pakri
GA, is also characterized by the larger variance of those elements. In Saka samples, no clear vertical
distribution trends of Mo and U can be followed, the concentrations fluctuate in a large scale and very
high values alternate with low ones.

These results agree with the observation that V, U and Mo content in black shales typically correlates
with the abundance of organic matter (Figure 13), likely indicating early fixation via metal-organic
complexes. Previous studies have suggested that ~30% of the uranium in GA is associated with organic
matter, 30% with phosphate, another ~30% with clay phases and about 6% with pyrite [60]; however,
recent microanalyses have revealed a mainly bimodal distribution of U only between organic matrix
and phosphate phases, while adsorption onto organic matter is assumed the primary occurrence
form [61].

Bimodal character of U occurrence is also reflected in bulk geochemistry, whereas the association
of U with TOC is stronger in the upper GA bed and association with P, on the other hand, is stronger in
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the lower bed (Figure 13). The correlation coefficient is somewhat biased from the occasional distinctly
high P concentrations, but the simultaneously occurring highest U values (>200 ppm U) are again
speaking in the favor of phosphate-associated U in the lower GA bed. Generally, the relationship of U
is the highest with Mo (U-Mo biplot in Figure 13), quantified by a correlation coefficient of 0.83 in the
upper GA bed.
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Figure 13. Associations of U in black shale with other redox-sensitive elements, P and total organic
carbon (TOC). The division is made between the upper and lower bed. Based on core material
originating from NW Estonia, no of observations 239 [38].

Complex research on GA geochemistry and pyrite trace elements by laser ablation ICP-MS in Pakri
outcrop (western Estonia) revealed that Th is mostly associated with pyrite and again, is most abundant
in pyrite of the lower part of GA, averaging at about 200 ppm Th. Simultaneously, the variance of
Th concentrations is the highest in the lowest section. Thorium is thus clearly enriched in pyrite
compared to bulk rock [54,62]. Since pyrite formation seems to be mainly associated with bacterial
sulfate reduction (negative 53*S), Th could also be captured from the seawater during pyrite formation;
but again, the high variance of this metal concentration remains unanswered.

The organic-rich black shale, from which Estonian graptolite argillite is just a part of, is covering
a large area of Baltoscandia and Fennoscandia (Figure 14). It was formed in proximal settings of
Baltic Palaeobasin in Early Ordovician in times when Baltica was located around 40-50 degrees at
southern latitudes [63,64]. On the regional scale, these black shales form a patchy, but vast Middle
Cambrian-Lower Ordovician black shale belt in the Baltoscandian region stretching east-west from
Lake Onega to the Jutland peninsula. Originally it has accumulated in a large exceptionally flat-floored
epeiric sea, which has now been tectonically disturbed, especially in the northern sections (Figure 14).
Even the black shale in Sweden (known as Alum Shale) has historically been used mostly for uranium
production, there are rising commercial interests in other metals. As the resource is vast in tonnage
and geographical scale, the black shales should be considered as a possible future resource for several
metals, apart from uranium. Thus, the Estonian graptolite argillite together with the Swedish Alum
Shale may be the largest European reserve for uranium.
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Figure 14. The extent of Cambrian—Ordovician black shale (Alum shale, graptolite argillite and
Dictyonema shale) in Fennoscandia and Baltoscandia [2,65,66].

4.2. Metals in Phosphorite

The Estonian phosphorite is a European-scale phosphorus reserve. At the same time, high REE
enrichment makes it attractive for REE production, which in turn will put a focus on a number of
environmentally hazardous elements, including uranium and thorium. Even if Estonian sedimentary
phosphorite has low concentrations of U and Th, its processing might concentrate radionuclides into
main or by-products depending on the chosen technological flowsheet, and therefore might result in
the generation of Technologically Enhanced Naturally Occurring Radioactive Materials (TENORM).
It would be beneficial to consider the extraction of U along with phosphate products as this would
leave behind less environmentally hazardous by-products. It is likely, if the decision is made to utilize
the Estonian phosphate ore, uranium and thorium cannot be dumped into the waste piles, instead they
would be extracted as co-products.
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The presently determined variability of REE and U in the Estonian phosphorites cannot easily
be explained. As the recent lingulates are commonly not rich in trace elements, including uranium
and REEs (below or a few ppm), later processes will be a likely cause for the metal enrichment in the
phosphorites. According to the current understanding, the high and very heterogeneous concentrations
of metals are the result of post-depositional diagenetic processes; however, geological processes
and other conditions (pH, Eh, etc.) need further detailed studies. Although the phosphate raw
ore beneficiation (separating shells from sandstone) and phosphorous extraction are technologically
feasible, the technology for REE and uranium extraction in parallel with the phosphorous acid
production needs further technological developments. From the perspective of creating marketable
by-products from phosphorite trace constituents, the northern part of the Toolse deposit seems to be
attractive due to relatively higher contents of U as well as total REEs compared to the Rakvere deposit;
however, the total resources of U and REEs seem to be greater in the Rakvere deposit and its individual
blocks as phosphorite bed is thicker in there.

Relying on the vast phosphorite reserves in Estonia, the critical nature of both the phosphorus and
REEs for the European economy and security, it may be a worthwhile opportunity to develop these
resources into production at the European scale. It is important to note that due to the neighboring
geological positions in cross-section of the black shale and phosphorite, the future mining activity can
be complex. There are no easy extraction technologies that can be applied on only one of those resources
separately. Both the graptolite argillite and phosphorite need to be treated as a complex multi-resource.

5. Conclusions

Regarding uranium and thorium, three possible rock types/resources can be in focus in Estonia:
Ordovician black shales, Cambrian-Ordovician phosphorites and two sites with secondary resources
(tailings). Due to the neighboring geological positions the black shale and phosphorite can be treated
as a complex multi-resource, possibly at the continental scale. Because of mining technologies and
environmental concerns, these resources can be most likely mined simultaneously.

About 60 billion tons of Estonian black shale contain 5.666 million tons of U, 16.533 million tons of
Zn, 12.762 million tons of Mo, 47.754 million tons of V and at least 0.213 million tons of Th.

Estonian phosphate resources are estimated to be more than 800 million tons of P,Os or 3 billion
metric tons as phosphate ore. The phosphorite contains in large quantities rare earth elements, in smaller
quantities uranium and thorium. Perspective uranium resources associated with phosphorite are
calculated to be in between 147,000 to 175,000 tons. Considering future possible mining operations
with an annual production of 5 Mt tons of ore—about 120 tons of uranium and 27 tons of thorium
could be extracted as a co-product together with 720 to 900 tons of total REEs.

The mining waste dump at the Maardu town contains at least 3650 tons of U and 730 tons of Th.
The Sillamée radioactive waste depository contains about 1200 tons of U and 800 tons of Th.
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Appendix A
Table A1. Phosphorite (P2O5 in Mt) and associated element resources in different Estonian deposits. Adapted from reference [4].
Reserve Type Reserves of P05 (Mt) Element Ratios Resources of Minor Components, Mt
b of
g
s £z %
p g = o
v = T o £ . o} &
g ke Q82 E o} Q Sy & 3,
Deposit 2 2 ~ g ~ ¢ o & s = ) F Sr  TR,O3 Y,05 U
& o o S 9] & = o e)
A~ & v g = E = n o ™~ =
£ s 3 8 £ =
9] Y 9 o =
= =« & g
— @] = o0
:
g z

Toolse 27.3 - - - -

Toolse - 14.2 415 104 0.093 0.0138 0.007  0.00178  0.0002 38 0573 029 0.074 0.0083

Aseri 224 - - - - - - - - -

Aseri - 4.5 26.9 8.7 0.093 0.0138 0.007 0.00178 0.0002 | 2,502 0371 0.188 0.048 0.0053
Southern Maardu - - 137 137 8.7 0.081 0.0138 0.007  0.00178 0.0002 | 11.097 1.891 0.959 0.244 0.0274
Rakvere, including: - - - 675 - - - - - - 68946 9.295 3408 0.846 0.1343

(a) Régavere 188.1 - - 188.1 94 0.093 0.0138 0.007 0.00178 0.0002 | 17493 259 1.317 0.335 0.0376
(b) Western locality - - 69.8 69.8 7.9 0.093 0.0138 0.007  0.00178 0.0002 | 6.491 0963 0.489 0.124 0.014
(c) Assamalla - - 185.7 185.7 9.6 0.087 0.0111 0.0031  0.00075 0.00016 | 16.156 2.061 0.576 0.139 0.0297
(d) S(;ggl'ﬁ;‘“em - - 143 143 85 | 0087 00111 00031 000075 000016 | 12.441 1587 0443 0107 0.0229

(e) Kabala,

including: 188.1 - - 188.1 12.3 0.087 0.0111 0.0031  0.00075 0.00016 | 16.265 2.088 0.583 0.141 0.0301
Western Kabala 113 - - 113 14 0.087 0.0111 0.031  0.00075 0.00016 | 9.831 1254 035 0.085 0.0181

Total - - - 675 - - - - - - 86.405 12.127 4.845 1212 0.1753




Minerals 2020, 10, 798 23 of 25

References

1. Veski, R.; Palu, V. Investigation of Dictyonema Oil Shale and Its Natural and Artificial Transformation
Products by a Vankrevelenogram. Oil Shale 2003, 20, 265-281.

2. Hade, S.; Soesoo, A. Estonian graptolite argillites revisited: A future resource? Oil Shale 2014, 31, 4-18.
[CrossRef]

3. Estonian Land Board Drill-Cores. Geoportal. Available online: https://geoportaal. maaamet.ee/eng/Maps-
and-Data/Geological-Data/Drill-cores-p355.html (accessed on 29 June 2020).

4.  Detkovski, S.; Pukkonen, E.; Rithko, V.; Petersell, V. Exploratory Assessment of Metallogeny and Study of the
Material Composition of Phosphorites and Covering Deposits of Estonia during 1985-1987; EGF4262; Geological
Survey of Estonia: Tallinn, Estonia, 1987; p. 208. (In Russian)

5. Petersell, V,; Giisson, J.; Larionov, A.; Reiman, I. Geological and Economic Assessment and Technological Studies of
Phosphate Rock as a Complex Mineral Raw Material; EGF3584; Geological Survey of Estonia: Tallinn, Estonia,
1979; p. 132. (In Russian)

6.  Petersell, V.; Detkovski, S. Geological-Economic Evaluation and Technological Study of the Complex Processing of
Phosphorite Raw Material; EGF3876; Geological Survey of Estonia: Tallinn, Estonia, 1981; p. 149. (In Russian)

7. Beljankina, N.; Serdobova, L.; Burkov, V.; Bystrjakova, V. The study of the Material Composition and Metal
Content of Estonian Phosphorites and Overburden Deposits with the Aim of Their Long-Term Assessment as Complex
Raw Materials; EGF4224; Institute of Mineralogy, Geochemistry and Crystallochemistry of Rare Elements
(IMGRE): Moscow, Russia, 1986; p. 104. (In Russian)

8. Ehdwall, H.; Sundblad, B.; Nosov, V.; Mustonen, R. Content and Environmental Impact from the Waste Depository
in Sillamie; Swedish Inst. of Radiation Protection: Stockholm, The Swedish, 1994; p. 42.

9. International Atomic Energy Agency. Geological Classification of Uranium Deposits and Description of Selected
Examples; International Atomic Energy Agency (IAEA): Vienna, Austria, 2018; p. 430.

10. Amstutz, G.C.; Park, W.C. The paragenetic position of sulfides in the diagenetic crystallization sequence.
Soc. Min. Geol. Jpn. (Spec. Issue) 1971, 3, 280-282.

11.  Vulimiri, M.R,; Cheney, E.S. Stratiform mineralization and origin of some of the vein deposits, Bunker Hill
mine, Coeur d"Alene district, Idaho. In Proceedings of the Symposium on Mineral Deposits of the Pacific
Northwest, Corvallis, USA, 20-21 March 1980; pp. 248-260.

12.  Schieber, J. The origin and economic potential of sandstone-hosted disseminated Pb-Zn mineralization in
pyritic shale horizons of the Mid-Proterozoic Newland Formation, Montana, USA. Miner. Depos. 1991, 26,
290-297. [CrossRef]

13.  Hofmann, B. Erzmineralien in paldozoischen, mesozoischen und tertidren Sedimenten der Nordschweiz und
Stidwestdeutschlands. Schweiz. Miner. Petrogr. Mitt. 1989, 69, 345-357.

14. Grauch, R1I; Murowchick, J.B.; Coveney, R.M., Jr.; Nanshengnou, C. Extreme concentration of Mo, Ni, PGE
and Au in anoxic marine basins China and Canada. In Proceedings of the 25 years Society for Geology
Applied to Mineral Deposits, Anniversary Meeting, Nancy, France, 30 August-3 September 1991; pp. 531-534.

15. Lukkaroinen, J. Financial Review 2019; Terrafame Ltd.: Sotkamo, Finland, 2020.

16. Andersson, A.; Dahlman, B.; Gee, D.G.; Snéll, S. The Scandinavian Alum Shales; Sveriges Geologiska
Undersokning: Uppsala, The Swedish, 1985.

17.  Henningsmoen, G. Cambro-Silurian deposits of the Oslo region. Geol. Nor. 1960, 208, 130-150.

18. Poulsen, V. Early Cambrian Distacodontid Conodonts from Bornholm; Munksgaard: Copenhagen, Denmark,
1966; p. 19.

19. Mainnil, R. Evolution of the Baltic Basin during the Ordovician; Valgus: Tallinn, Estonia, 1966; Volume 201.

20. Chajduk, E.; Bartosiewicz, I.; Pyszynska, M.; Chwastowska, J.; Polkowska-Motrenko, H. Determination
of uranium and selected elements in Polish dictyonema shales and sandstones by ICP-MS. ]. Radioanal.
Nucl. Chem. 2013, 295, 1913-1919. [CrossRef]

21. Baturin, G.N.; Ilyin, A.V. Comparative geochemistry of shell phosphorites and dictyonema shales of the
Baltic. Geochem. Int. 2013, 51, 23-32. [CrossRef]

22.  Pukkonen, E.; Rammo, M. Distribution of molybdenum and uranium in the Tremadoc Graptolite Argillite
(Dictyonema Shale) of north-western Estonia. Bull. Geol. Surv. Est. 1992, 2, 3-15.

23.  Voolma, M.; Soesoo, A.; Hade, S.; Hints, R.; Kallaste, T. Geochemical heterogeneity of Estonian graptolite

argillite. Oil Shale 2013, 30, 377-401. [CrossRef]


http://dx.doi.org/10.3176/oil.2014.1.02
https://geoportaal.maaamet.ee/eng/Maps-and-Data/Geological-Data/Drill-cores-p355.html
https://geoportaal.maaamet.ee/eng/Maps-and-Data/Geological-Data/Drill-cores-p355.html
http://dx.doi.org/10.1007/BF00191076
http://dx.doi.org/10.1007/s10967-012-2330-9
http://dx.doi.org/10.1134/S0016702913010023
http://dx.doi.org/10.3176/oil.2013.3.02

Minerals 2020, 10, 798 24 of 25

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Soesoo, A.; Hade, S. Black shale of Estonia: Moving towards a Fennoscandian-Baltoscandian database.
Proc. Karelian Res. Cent. Russ. Acad. Sci. 2014, 1, 103-114.

Loog, A.; Petersell, V. The distribution of microelements in Tremadoc graptolitic argillite of Estonia.
Acta Comment. Univ. Tartu. 1994, 972, 57-75.

Puritch, E.; Rodgers, K.; Sutcliffe, R.; Orava, D.; Salari, D.; Lawrence, R.; Nodwell, M.; Armstrong, T.;
Burga, D.; Brown, E. Updated Technical Report, Resource Estimate and Preliminary Economic Assessment on the
Viken MMS Project, Sweden Latitude 63° 4’ 35” N, Longitude 14° 16’ 48” E; P & E Mining Consultants Inc.:
Brampton, ON, Canada, 2014.

Lindgreen, H.; Drits, V.A.; Sakharov, B.A.; Salyn, A.L.; Wrang, P.; Dainyak, L.G. Illite-smectite structural
changes during metamorphism in black Cambrian Alum shales from the Baltic area. Am. Miner. 2000, 85,
1223-1238. [CrossRef]

Sundblad, K.; Gee, D.G. Occurrence of a uraniferous-vanadiniferous graphitic phyllite in the K6li Nappes of
the Stekenjokk area, central Swedish Caledonides. Geol. Foreningen I Stockh. Forhandlingar 1984, 106, 269-274.
[CrossRef]

Erdtmann, B.-D. On the anisograptid affiliation of ‘Dictyonema’ flabelliforme (Eichwald 1840) and its
nomenclatural consequences. Geol. Soc. Lond. Spec. Publ. 1986, 20, 21-25. [CrossRef]

Petersell, V. Dictyonema argillite. In Geology and Mineral Resources of Estonia; Raukas, A., Teedumade, A., Eds.;
Estonian Academy Publishers: Tallinn, Estonia, 1997; pp. 313-326, ISBN 9985-50-185-3.

Soesoo, A.; Puura, V.; Kirs, J.; Petersell, V.; Niin, M.; All, T. Outlines of the Precambrian basement of Estonia.
Proc. Est. Acad. Sci. Geol. 2004, 53, 149-164.

Lippmaa, E.; Maremae, E. Uranium production from the local Dictyonema shale in North-East Estonia.
Oil Shale 2000, 17, 387-394.

Petersell, V.; Mineyev, D.; Loog, A. On the mineralogy and geochemistry of the North-Estonian obolus
sandstones and dictyonema shales. Acta Comment. Univ. Tartu. 1981, 561, 30—49.

Rammo, M.; Morozov, O.; Vaher, R.; Uusmaa, A.; Dantshenko, V.; Radik, E.; Morozova, L.; Beljajev, B.;
Popova, S.; Kirikova, M.; et al. Phosphorite Exploration in the South-West from Maardu (O-34-XII, O-35-1, VII) y.
1986-1989; EGF4359; Geological Survey of Estonia: Kohtla-Jdrve, Estonia, 1989; p. 254. (In Russian)

Kattai, V.; Lokk, U. Historical review of the kukersite oil shale exploration in Estonia. Oil Shale 1998, 15,
102-110.

Kivimagi, E. Study of the Complex Utilization of Toolse Deposit; EGF3355; Governance Office of the Council of
Ministers of ESSR, Keila Exploration Party: Tallinn, Estonia, 1975; p. 111. (In Russian)

Pukkonen, E.; Buchardt, B. The Dictyonema Shale of Estonia, Final reports III, Pre-Westphalian Source Rocks in
Northern Europe; University of Copenhagen: Copenhagen, Denmark, 1994; p. 37.

Vind, J.; Bauert, H. Geochemical Characterisation of the Tremadocian Black Shale in North-Western Estonia, EGF9330;
Geological Survey of Estonia: Rakvere, Estonia, 2020; p. 91.

Chernoff, C.B.; Orris, G.J. World Phosphate Mines, Deposits, and Occurrences; U.S. Geological Survey: Menlo
Park, CA, USA, 2002.

Puura, V. Geology and Mineral Resources of the Rakvere Phosphorite-bearing Area. In Academy of Sciences of
the Estonian SSR; Tallinn Valgus Publishers: Tallinn, Estonia, 1987.

Bauert, H.; Soesoo, A. Shelly phosphate rocks of Estonia. In Proceedings of the Strategic Raw Materials of
Estonia, Rakvere, Estonia, 16-17 October 2015; Bauert, H., Soesoo, A., Hade, S., Eds.; p. 60.

Raudsep, R.; Radgel, V. Mineral. wealth of Estonia [Eesti maapouerikkusi]; Geological Survey of Estonia: Tallinn,
Estonia, 1993.

Decree, S. Annex 1 EU PHOSPH New mineralogical and geochemical data on samples from phosphate
deposits/occurrences (WP 4 “Critical Raw Materials in phosphate deposits and associated black
shales”); GeoERA. FRAME—Forecasting and assessing Europe’s strategic raw materials needs. 2020.
(Unpublished report).

Soesoo, A.; Kirsimde, K. Estonian Paleozoic shelly phosphorites: A continent-scale resource for phosphorus
and potential for rare earth elements. In Proceedings of the EGU2020-6062, Vienna, Austria, 3-8 May 2020;
p- D1539.

Juriado, K.; Raukas, A.; Petersell, V. Alum shales causing radon risks on the example of Maardu area,
North-Estonia. Oil Shale 2012, 29, 76-84. [CrossRef]


http://dx.doi.org/10.2138/am-2000-8-916
http://dx.doi.org/10.1080/11035898509454645
http://dx.doi.org/10.1144/GSL.SP.1986.020.01.04
http://dx.doi.org/10.3176/oil.2012.1.07

Minerals 2020, 10, 798 25 of 25

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Soesoo, A.; Hade, S. Metalliferous organic-rich shales of Baltoscandia—A future resource or
environmental/ecological problem. Archiv Euro Eco 2012, 2, 11-14.

Heinsalu, A. Sediment Stratigraphy and Chemistry of Lake Maardu, Northern Estonia. PACT 1996, 51,
163-173.

Maremie, E.; Tankler, H.; Putnik, H. Historical Survey of Nuclear Non-Proliferation in Estonia,1946-1995;
Estonian Radiation Protection Centre: Tallinn, Estonia, 2003; p. 93.

Schovsbo, N.H. Uranium enrichment shorewards in black shales: A case study from the Scandinavian Alum
Shale. GFF 2002, 124, 107-115. [CrossRef]

Algeo, T.].; Maynard, ].B. Trace-element behavior and redox facies in core shales of Upper Pennsylvanian
Kansas-type cyclothems. Chem. Geol. 2004, 206, 289-318. [CrossRef]

Jiang, S.-Y.; Yang, J.-H.; Ling, H.-F; Chen, Y.-Q.; Feng, H.-Z.; Zhao, K.-D.; Ni, P. Extreme enrichment of
polymetallic Ni-Mo-PGE-Au in Lower Cambrian black shales of South China: An Os isotope and PGE
geochemical investigation. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2007, 254, 217-228. [CrossRef]

Loog, A.; Petersell, V. Authigenic siliceous minerals in the Tremadoc graptolitic argillite of Estonia. Proc. Est.
Acad. Sci. Geol. 1995, 44, 26-32.

Coveney, R M.; Glascock, M.D. A review of the origins of metal-rich Pennsylvanian black shales, central
U.S.A., with an inferred role for basinal brines. Appl. Geochem. 1989, 4, 347-367. [CrossRef]

Johnson, S.C.; Large, R.R.; Coveney, R.M.; Kelley, K.D.; Slack, ].E; Steadman, J.A.; Gregory, D.D.; Sack, PJ.;
Meffre, S. Secular distribution of highly metalliferous black shales corresponds with peaks in past atmosphere
oxygenation. Miner. Depos. 2017, 52, 791-798. [CrossRef]

Calvert, S.E.; Pedersen, T.F. Geochemistry of Recent oxic and anoxic marine sediments: Implications for the
geological record. Mar. Geol. 1993, 113, 67-88. [CrossRef]

Morford, ].L.; Emerson, S. The geochemistry of redox sensitive trace metals in sediments. Geochim. Cosmochim.
Acta 1999, 63, 1735-1750. [CrossRef]

Nameroff, T.].; Balistrieri, L.S.; Murray, ]. W. Suboxic trace metal geochemistry in the Eastern Tropical North
Pacific. Geochim. Cosmochim. Acta 2002, 66, 1139-1158. [CrossRef]

Nijenhuis, I.A.; Bosch, H.-J.; Sinninghe Damsté, J.S.; Brumsack, H.-J.; De Lange, G.J. Organic matter and
trace element rich sapropels and black shales: A geochemical comparison. Earth Planet. Sci. Lett. 1999, 169,
277-290. [CrossRef]

Brumsack, H.-J. The trace metal content of recent organic carbon-rich sediments: Implications for Cretaceous
black shale formation. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2006, 232, 344-361. [CrossRef]

Palvadre, R.; Kleemeier, T. Leaching of several heavy metals from argillites. Izv. Akad. Nauk Est. SSR
Ser. Khim. 1982, 31, 243-248.

Kirsimae, K.; Soesoo, A ; Paiste, P.; Romann, T. Complexation of metals in GA. In Applicability of Bioleaching
for the Extraction of Metals from Estonian Graptolitic Argillite (RITA Project); Kivisaar, M., Menert, A., Eds.;
University of Tartu: Tartu, Estonia, 2020; pp. 12-14.

Johnson, S.C. The geochemistry of Metalliferous Black Shales: Understanding Primary Enrichments,
Metamorphic Processes, and the Role of Metal-Rich Black Shales in Archiving Earth Evolution. Ph.D. Thesis,
University of Tasmania, Hobart, Australia, 2017.

Cocks, LR.M.; Torsvik, T.H. Baltica from the late Precambrian to mid-Palaeozoic times: The gain and Loss of
a Terrane’s Identity. Earth-Sci. Rev. 2005, 72, 39-66. [CrossRef]

Hints, R.; Hade, S.; Soesoo, A.; Voolma, M. Depositional framework of the East Baltic Tremadocian black
shale revisited. GFF 2014, 136, 464-482. [CrossRef]

Nielsen, A.T.; Schovsbo, N.H. The Lower Cambrian of Scandinavia: Depositional environment, sequence
stratigraphy and palaeogeography. Earth-Sci. Rev. 2011, 107, 207-310. [CrossRef]

Buchardt, B.; Nielsen, A.T.; Schovsbo, N.H.; Bojesen-Kofoed, J.A. Alun skiferen i Skandinavien. Geol. Tidsskr.
1997, 1997, 1-3.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/11035890201242107
http://dx.doi.org/10.1016/j.chemgeo.2003.12.009
http://dx.doi.org/10.1016/j.palaeo.2007.03.024
http://dx.doi.org/10.1016/0883-2927(89)90012-7
http://dx.doi.org/10.1007/s00126-017-0735-7
http://dx.doi.org/10.1016/0025-3227(93)90150-T
http://dx.doi.org/10.1016/S0016-7037(99)00126-X
http://dx.doi.org/10.1016/S0016-7037(01)00843-2
http://dx.doi.org/10.1016/S0012-821X(99)00083-7
http://dx.doi.org/10.1016/j.palaeo.2005.05.011
http://dx.doi.org/10.1016/j.earscirev.2005.04.001
http://dx.doi.org/10.1080/11035897.2013.866978
http://dx.doi.org/10.1016/j.earscirev.2010.12.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Uranium and Thorium in Black Shales 
	Estonian Black Shale—Graptolite Argillite 
	Estonian Graptolite Argillite Resources 

	Uranium and Thorium in Cambro-Ordovician Shelly Phosphorites 
	Secondary Uranium and Thorium Resources 
	Graptolite Argillite Overburden Dumps in Maardu 
	The Radioactive Waste Depository in Sillamäe, Northeastern Estonia 


	Discussion 
	Metals in Graptolite Argillite 
	Metals in Phosphorite 

	Conclusions 
	
	References

