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1. INTRODUCTION 
 
The main aim of this thesis is to understand the spatial variation of metals in 
graptolite argillite (GA), the nature and position of this type of black shale in the 
Early Palaeozoic section in Estonia; and present a possible GIS-based application for 
assessment of environmental conditions.  Thus, this PhD thesis includes two different 
applications of GIS methods: (1) the studies of the geology of the Estonian 
Palaeozoic graptolite argillite and its metal resources, and (2) assessment of public 
perception of landscape and environmental changes.   
 
 
1.1. Black shale and the Estonian Palaeozoic graptolite argillite and its 
metal distributions  
 
1.1.1. Shales and black shales 
 
Shale is usually a fine-grained sedimentary rock containing organic matter and silt- 
and clay-size mineral grains that have accumulated together. Shale is characterized by 
fissility – it breaks along thin laminae, parallel layering or bedding texture that is less 
than one centimeter in thickness. Black shale commonly forms in anoxic or low 
oxygen conditions and it contains unoxidized carbon and iron sulfides such as pyrite. 
Minor amounts of authigenic carbonate minerals, either dispersed in cements or in 
concretions, are characteristic features of many black shale units. Most black shale is 
marine in nature and may have areal extents of thousands of square kilometers. It 
typically requires conditions that are conducive to the accumulation of large 
quantities of organic matter, as well as slow accumulation rates to prevent the dilution 
of the accumulating metals. Metals may be derived from seawater, either directly or 
via pre-concentration in planktonic organisms. Unusual circulation patterns and 
volcanic ash deposition may enhance metal enrichments. There is currently no 
consensus on the source of metals and genesis of black shale. It is plausible that 
several sources and mechanism may be responsible for different black shale 
formations. Black shale is common in many Palaeozoic and Mesozoic strata 
worldwide including Fennoscandia and Baltoscandia. Black shale commonly contains 
abundant heavy and other metals. Its units may have beds enriched in metals by 
factors much greater than 50 for Ag, for example, and greater than 10 for Mo 
(Krauskopf, 1955). Such increased concentrations of Ag, Mo, Zn, Ni, Cu, Cr, V, and 
less commonly Co, Se, and U are conspicuous features of only some black shales 
(Vine and Tourtelot, 1970). There are black shales that are quite enriched in uranium, 
for example, the Estonian graptolite argillites and Swedish alum shale are the main 
future resource of uranium for Europe.  
 
 



9 

 
1.1.2. Lower Paleozoic black shales 
 
These occurrences of Middle Cambrian to Late Ordovician organic-rich black shale 
deposits in an extensive area of Sweden (alum shale; Andersson et al., 1985), the 
Oslo region (Henningsmoen, 1960), Bornholm (Poulsen, 1966), Estonia (known as 
graptolite argillite (Hints et al., 2014; Voolma et al., 2013; Hade & Soesoo, 2014a -
PAPER I, II, III) or “Dictyonema shale” (Männil, 1966), and kukersite as proper oil 
shale), Poland (Szymariski, 1973) and northwest Russia (Baturin & Ilyin, 2013) have 
been known for a long time. The alum shale, as well as graptolite argillite, contains 
remarkably high concentrations of trace metals such as U, Mo, V and Ni, but may 
also be locally enriched with REE, Cd, Au, Sb, As, Pt (Voolma et al., 2013 – PAPER 
II; Hade & Soesoo, 2014a - PAPER III). The beds have historically been exploited 
for local uranium production in Sweden and Estonia. Kerogen in the black shale is of 
algal origin and the content of total organic carbon is mostly between 10-25 wt% 
(Andersson et al., 1985). The mineral matter of the black shale is dominated by clay 
minerals, illite-smectite and illite (Pukkonen & Rammo, 1992; Lindgreen et al., 
2000). 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 (Andersson et al., 1985) - Baltoscandia and 
Fennoscandia (Fig. 1). A possible spatial continuity of those complexes are the 
graphitic phyllites that are found in the tectonically disrupted allochtonous and 
autochtonous Caledonian complexes in central and northern Sweden and Norway 
(Sundblad & Gee, 1985). The metal-enriched phyllites exhibit similar geochemical 
signatures to the unmetamorphosed black shale of Baltoscandia (Sundblad & Gee, 
1985). These geochemical similarities suggest that organic-rich mud might have 
accumulated over a wide geographic area and under fairly different depositional 
conditions – from pericratonic shallow marine settings to continental slope 
environments. The black shale of Fennoscandia and the graptolite argillite of Estonia 
can thus be treated as metal ore and a twofold energy source (including U and shale 
oil); the rocks have high scientific and significant economic value.  
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Fig.1. Lower Palaeozoic black shale (alum shale, graptolite argillite) occurrences in 
Fennoscandia and Baltoscandia. E – Estonia, R – Russia, F – Fasta Åland, St – 
Stepeniokk, N – Nordaunevoll, O – Oslo, Ös – Östersund, Öl – Öland, Sk – Skåne, 
Bo – Bornholm.      
 
 
1.1.3. Black shale worldwide 
 
There are many known Palaeozoic black shale deposits in various basins. The 
Silurian Zn-Pb deposits of Howards Pass (Canada) are also located in graptolite shale 
and contain in excess of 100x106 metric tonnes of ore (Gustavson & Williams, 1981). 
Devonian representatives are the well-known Zn-Pb deposits of Rammelsberg and 
Meggen in Germany and the Selwyn Basin Pb-Zn deposits in the Yukon Territory, 
Canada (Gardner & Hutcheon, 1985).  
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Some black shale is significantly enriched in noble metals, sometimes coupled with 
Mo- and Ni-bearing shale.  For example, the Lower Cambrian black shale of southern 
China contains up to several hundred ppb’s PGE’s and Au in the strata deposited as 
individual, metal-rich sulfide layers, 2-15 cm thick (Grauch et al., 1991). Some of 
these elements in the Fennoscandian-Baltoscandian black shale may be of 
commercial value. In many Precambrian terrains metamorphosed sedimentary rocks, 
which were initially black shale, are known and also provide great economic interest.    
 
Major base metal deposits in shale also occur in the Proterozoic of Australia, North 
America, and Africa. In Africa, the most prominent and best known are the deposits 
of the Zambian Copper Belt (Fleischer et al., 1976). In Australia, there are several Pb-
Zn-Ag deposits hosted in Proterozoic shale, such as Mt. Isa, Hilton, McArthur River, 
and Lady Loretta (Gustavson & Williams, 1981). In North America, the known shale-
hosted mineral deposits of Proterozoic age include the White Pine copper deposit in 
Michigan and the Sullivan Pb-Zn deposit in British Columbia (Gustavson & 
Williams, 1981).  
 
 
1.1.4. Fennoscandian black shale resources 
 
The Fennoscandian Shield provides several good examples of metamorphosed metal-
rich black shale of the Precambrian age (Yudovich & Ketris, 1988; Arkimaa et al., 
1999). A few are in active mining operation, several in exploration stage and many 
waiting to be discovered and exploited. The Talvivaara mine in Finland, with more 
than one-billion-ton resource, has been in production since 2008, by Talvivaara 
Mining Company Plc, and is the first mining operation collectively recovering 
NiCoCuZn(Mn)(U) by bioheapleaching polymetallic black shale. In the Viken area, 
Sweden, Continental Precious Minerals Inc. has estimated the uranium resource to be 
1.05 billion lbs. of U3O8 in alum shale and large amount of other metals.  
 
The Geological Survey of Finland has compiled a distribution map of Precambrian 
black shale in Finland, based on magnetic and apparent resistivity datasets (Arkimaa 
et al., 1999). An extensive study of on the Palaeozoic alum shale has previously been 
conducted in Sweden. The Geological Survey of Norway is compiling information 
about various aspects of black shale in the country. Russian scientists have also 
conducted drilling and studies of black shale (graptolite argillites) in the Leningrad 
oblast area. In Estonia, a compilation of existing and new geochemical studies has 
resulted in distribution maps of some element and elemental resource calculation (see 
Soesoo & Hade, 2014 – PAPER V; Voolma et al., 2013).  
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1.1.5. Alum shale and graptolite argillite of Fennoscandia as environmental 
concern 
 
Apart from the commercial value of ore, there is another important aspect related to 
black shale – the environmental one. It has been known for a long time that the early 
mining in Sweden and Estonia has caused significant damage to environment and 
human health. However, mining is not the only cause of environmental impact. On or 
near the surface sedimentary black shale emanates radon, weathering of shale releases 
harmful elements into the soil and groundwater, and so on. It is only recently that we 
have started comprehending all the possible negative impacts related to this type of 
organic- and metal-rich shale. It is also important to note that metamorphosed 
Precambrian black shale also has an environmental impact -- even if it is not mined. 
This sulfide-rich black shale weathers more easily and thus releases more harmful 
elements than most of types of rock in the Fennoscandian Shield. For example, a 
study of a small lake in a black shale area in Finland indicated that it has been 
acidified for 9,000 years already (Loukola-Ruskeeniemi et al., 1998). 
 
 
1.2. Public participation GIS  
 
Environmental issues remain in focus of relationship between society and 
environment at present and in the future. Moreover, in modern societies sustainable 
development and clean environmental usage is a key issue to support growing wealth 
and population numbers. This in turn requires much better planning in landscape, 
natural resource and environment usage and better human population 
accommodation. The new approach should be able to grasp the relationship between a 
number of variables as a whole, taking into account the natural, historic, cultural, 
economic, and social factors, in conjunction with common human needs and 
environmental policies. A tool that allows matching qualitative and quantitative data 
with numerically immeasurable opinion of local people is called Public Participation 
Geographical Information System, or PPGIS (Sieber, 2006).   
 
Relationships between people and their environment have been examined in several 
scientific disciplines in recent years in which the concept of land use and better 
planning has become central (Hade and Soesoo, 2014b – PAPER VI). New aspects 
and research methods are constantly introduced, and an integrated approach which 
includes examining the interchange between natural, physical, culture-historical and 
social factors and considers the social implications in environmental planning, has 
gained popularity (Cosgrove & Daniels, 1988; Jones, 1991; Bender, 1993; Duncan & 
Ley, 1994; Hirsh & O'Hanlon, 1995; Olwig, 1996; Cinderby, 1999; Granö, 2001; 
Peil, 2005; Hade et al., 2005; Brown, 2006; Couper & Miller, 2008; Brown & Weber, 
2011; Brown, 2012). 
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The initial idea behind PPGIS was empowerment and inclusion of marginalized 
populations, who have little voice in the public arena, through geographic technology 
education and participation. PPGIS uses and produces digital maps, satellite imagery, 
sketch maps, and many other spatial and visual tools to change geographic 
involvement and awareness on a local level. With worldwide development of 
Internet, the Internet-based PPGIS becomes an affordable and accessible GIS tool for 
public engagement in many key issues of environmental planning. Here we briefly 
present a case study on the Pakri Peninsula, Northern Estonia, to show how PPGIS 
method can be used in assessment of landscape change, environmental pollution and 
recreational qualities of the area (Hade & Soesoo, 2014b).  
 
 

2. MATERIAL AND METHODS 
 
2.1. Estonian graptolite argillite data 
 
Several publicly available graptolite argillite data sources and new geochemical data 
acquired by the workgroup at the Institute of Geology(TUT), have been used in this 
study, including Niin, Rammo & Saadre (2008; including digital map at a scale of 
1:200 000); Pukkonen & Rammo (1992); Detkovski, Pukkonen & Rühko (1987), and 
Rühko & Pukkonen (1984).  
 
In addition, selected data available from the Estonian geological base map (Estonian 
Land Board; www.maaamet.ee) has been used for layer thickness distribution 
analysis of underlying and overlying seams of GA. The Estonian graptolite argillite 
database (Niin, Rammo & Saadre, 2008; Geological Survey of Estonia; www.egk.ee) 
contains information on GA thickness, depths and elemental average concentrations 
of U, V, Mo, Zn and Pb in drill cores. In this database, 468 drill core total analyses 
are presented. For metal distribution and resource calculations, the database 
information has been evaluated and selected data were used in the calculations. For 
example, element concentration surfaces were modeled by the Kriging method using 
spherical distances (ESRI ArcGIS). For the distribution model of V the data from 297 
drill cores were selected, for Mo 325, and for Pb 345 drill cores were used. 
 
 
2.2. Geochemistry 
 
In addition to the existing database, the Estonian graptolite argillites were studied in 
outrops (Paldiski, Saka) and in drill cores. Outcrops were sampled with 20-cm 
interval for geochemical analysis. Geochemical analysis was performed using X-ray 
fluorescence (XRF) and ICP-MS analysis at the Institute of Geology (TUT). XRF 
analysis was conducted with S4 Pioneer Spectrometer (Bruker AXS GmbH), using 
X-ray tube with a rhodium anode, which operated with the power of 3 kW. The 
samples were measured with a manufacturer’s standard as MultiRes modification 
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(pre-calibrated standardless method). In-house standard ES-2 (“Dictyonema Shale”) 
was used as reference material. ICP-MS analysis was conducted for rare earth 
elements (see details in Voolma et al., 2013).  
 
The samples solutions for ICP-MS studies were prepared following the nitric acid, 
hydrofluoric acid, hydrochloric acid and boric acid digestion of a 0.250-g pulverized 
sample in Anton Paar MW3000 microwave oven. Some duplicate samples were 
analyzed at ACMELABS in Canada (see details in Voolma et al., 2013).  
 
 
2.3. GIS software  
 
In this work, ArcGIS Desktop ver. 9.3.1 & 10.1 with extensions of Spatial Analyst 
and 3D Analyst (Environmental Systems Research Institute, Inc., ESRI), and 
MapInfo Professional ver. 9.5 software were used. In some grid calculations 
Geochemistry for ArcGIS, Geosoft Inc., version 2.1 was additionally used.  
 
The Natural Neighbour interpolation method in the ArcGIS Spatial Analyst software 
was used in the assessment for generating resource maps and computing resource 
volumes. The algorithm used by the Natural Neighbour interpolation tool finds the 
closest subset of input samples to a query point and applies weights to them based on 
proportionate areas to interpolate a value (Hade & Soesoo, 2014a). The value in an 
unsampled location is computed as a weighted average of the nearest neighbour 
values with weights dependent on areas or volumes rather than distances. It does not 
infer trends and will not produce peaks, pits, ridges, or valleys that are not already 
represented by the input samples. However, the surface grid and volume estimation 
results obtained by the Natural Neighbour interpolation method have been compared 
with other geo-statistical methods, such as Kriging (in ArcGIS Spatial Analyst, ESRI, 
and Geochemistry for ArcGIS, Geosoft Inc., version 2.1). Kriging is based on 
statistical models that include the statistical relationships among the measured points. 
The Kriging method assumes that the distance or direction between sample points 
reflects a spatial correlation that can be used to explain variation in the surface. 
Generally, Kriging is most appropriate when you know that there is a spatially 
correlated distance or directional bias in the data. It has been found that Kriging 
seems to be appropriate for phenomena with a very strong random component or for 
the estimation of statistical characteristics (uncertainty). However, most of the 
surfaces or volumes in the sedimentary environment are neither stochastic nor elastic 
media, but are a result of natural (e.g. sediment fluxes, deposition speed, 
hydromechanics, etc.) processes. Therefore, the Natural Neighbour interpolation 
method is thought to be more appropriate in case of the GA resource spatial/volume 
calculations in the present geological situation. In this case, the gridded GA thickness 
surface created by the Kriging method is slightly wider and calculated volumes are 
slightly higher (less than 1%; Hade & Soesoo, 2014a). 
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2.4. Public participation geographic information system method 
 
The term Public Participation Geographical Information System (PPGIS) was 
conceived in 1996 at the meeting of the National Center for Geographic Information 
and Analysis (NCGIA) in the United States to describe how GIS technology could 
support public participation for a variety of applications with the goal of inclusion 
and empowerment of marginalized populations (Sieber, 2006). Since the 1990s, the 
range of PPGIS applications has been extensive, ranging from community and 
neighbourhood planning to environmental and natural resource management to 
mapping traditional ecological knowledge of indigenous people or local society (see 
Dunn, 2007; Brown, 2005; Sawicki & Peterman, 2002 for a review of PPGIS 
applications and methods). However, the formal definition of PPGIS remains still 
nebulous (Tulloch, 2007) with use of the term PPGIS emerging in the United States, 
Australia and developed country contexts while the term Participatory GIS (PGIS) 
emerged from participatory planning approaches in rural areas of developing 
countries, the result of a spontaneous merger of Participatory Learning and Action 
(PLA) methods with geographic information technologies (see Rambaldi et al., 2006). 
PGIS is often used to promote the goals of nongovernmental organizations, grassroots 
groups, and community-based organizations that may oppose official government 
policy, especially as pertaining to the rights of indigenous/local peoples and the 
current distribution of wealth and political power. In contrast, PPGIS may be 
sanctioned by government agencies, especially in Western democratic countries, as 
more effective means to engage in public participation and community consultation in 
land-use planning and decision-making.  
 
The public participation is a vital part of environmental planning. It is not only 
dealing with deliberate hearings, but also seeking and facilitating public involvement 
in planning topics and the decision-making process (Goodspeed, 2008). Effective 
participation is a two-way process that includes sending information out to the 
publics and getting back their ideas, concerns and thoughts. The resulting “map of 
public positions, attitudes and wishes” is a good base for democratic and scientifically 
settled planning activities.  
 
How the method works? Mapping of landscape and environment values, pollution 
and other spatial attributes can be achieved using a number of different data 
collection methods: paper maps through mail surveys, electronic maps through the 
Internet, and structured interviews or facilitated group processes such as workshops. 
Each approach has its inherent strengths and weaknesses. Even though the paper GIS 
method is the simplest method for collecting landscape value information from the 
general public, it may be not the cheapest and fastest. Following the instructions 
provided with a paper map, participants place sticker dots (or use other markers) on a 
study area. The respondent’s data on the maps are then digitized into a GIS. 
Structured interviews or facilitated group meetings can be done with either paper or 
electronic maps, but considerable human effort is required to set up the interviews or 
meetings. Electronic mapping via the Internet can have the shortest turnaround time 
but has the disadvantage of requiring prospective participants to have access to both a 
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computer and the Internet. However, the internet questionnaire provides the 
participants an additional freedom of not disclosing his/her personality. The internet-
based study can be implemented and completed using some digital map-based 
interface and data storing software. The Internet-based PPGIS method provides for 
rapid development and implementation of the studies at significantly reduced cost 
compared with a mail or workshop-based approach.  
 
Once the spatial data are collected, the data can be analyzed using a variety of 
methods. The most useful starting point for analysis is to generate descriptive maps of 
topics under the question (landscape values, special place locations, pollution, etc.). 
The maps can be generated for each question/problem with different layers, if needed. 
The resulting maps can be analyzed by researchers and/or open for discussions by 
participants and other local society members for future elaborations and adequate 
decision-making. This is a good way to map the society’s response to particular 
problems before the decisions are made.  

The explosion in Internet mapping applications (including Google Maps and Google 
Earth) and virtual earth models has created an environment that should be favorable 
to the expansion of PPGIS methods in everyday life. However, the slow adoption of 
PPGIS methods by government agencies for regional and environmental planning 
does not appear technological but may reflect a lack of government commitment to 
public participation and two-directional consultation in general. The general lack of 
familiarity with PPGIS as a new consultation methodology and concerns with the 
accuracy and validity of lay knowledge in environmental decision processes serve to 
reinforce a propensity toward agency inertia. 
 
 

3. RESULTS AND DISCUSSION 
 
3. 1. Geology of the Estonian graptolite argillite 
 
Organic-rich Early Ordovician marine metalliferous black shale -- graptolite argillite 
(GA) lies beneath most of northern Estonia (Fig. 2). Historically, it was called 
“Dictyonema shale”, “Dictyonema argillite” or “alum shale.”  The word dictyonema 
came from the benthonic root-bearing Dictyonema flabelliforme, which subsequently 
turned into planktonic nema-bearing Rhabdinopora flabelliformis (Erdtmann, 1986). 
Here the term “graptolite argillite” is used, while “Dictyonema shale” is still used in 
Russian literature. However, general term “black shale” would be also appropriate to 
use in case of the Estonian graptolite argillite.  
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Fig. 2. A. Location map of the drill holes penetrating argillite layers (black dots) of 
the Estonian graptolite argillites (a) and the graptolite argillite thickness of model (b). 
The thickness of GA was modelled by ArcInfo 10.1, based on the studied drill holes. 
For creating the thickness grid, the Natural Neighbor interpolation method was used, 
and the grid cell size is 400 meters. Due to the location at the southern margin of the 
Precambrian Fennoscandian Shield GA layer is dipping southwards following the 
regional trend. Figure from Soesoo & Hade, 2014a.  
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The Estonian graptolite argillite is fine-grained, unmetamorphosed, (sub-)horizontally 
lying and undisturbed, organic-rich lithified clay (Türisalu Formation), which is 
commonly 0.5 to 6 m thick and belongs to the group of black shale of sapropelic 
origin (Petersell, 1997; Voolma et al., 2013; Hade & Soesoo, 2014a). The graptolite 
argillite is formed in the proximal settings of the Baltic palaeobasin in the Early 
Ordovician when Baltica was at approximately 40–50 degrees of southern latitudes 
(Cocks & Torsvik, 2005, Fig. 3).  
 
Today, the graptolite argillite crops out in some places in Northern Estonia, in the 
klint area or in some narrow river valleys. Since the entire Estonian Lower Palaeozoic 
sedimentary section is inclined towards the south due to its geological position on the 
southern slope of Fennoscandian Shield (Soesoo et al., 2004), at the southwest end, 
the GA deposit lies at a depth of more than 250 meters (Fig. 3).  
 
The shale of the Türisalu Formation, which contains fossilised fragments of early 
planktonic graptolites, is characterised by high OM content ranging from 8% to 20%, 
fine silt fraction dominating the composition and variable pyrite abundance (Kaljo & 
Kivimägi, 1970; Loog et al. 2001; Hade & Soesoo, 2014a, Hints et al., 2014). The 
OM of the Türisalu Formation is N-rich, highly aromatic and, according to previous 
studies, composed dominantly of transformation – condensation products of marine 
microbial matter (Klesment & Urov, 1980; Sumberg et al., 1990; Lille, 2003). From 
other biogenic components, early planktonic graptolites, fragments of phosphatic 
lingulid brachiopods, conodonts, acritarchs and polychaete jaws have been reported 
(e.g. Kaljo & Kivimägi, 1970; Kaljo et al., 1986; Paalits, 1995; Hints & Nõlvak, 
2006). A characteristic feature of the Türisalu Formation is the absence of calcareous 
fossils. 
 
Although the reserves of GA 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 (Pukkonen & Rammo, 1992) and the Fischer Assay oil yield is 
3–5% (e.g. for Estonian kukersite, it is about 30–47%; Veski and Palu, 2003). The 
moisture content of fresh GA ranges from 11.9 to 12.5%, while average composition 
of the combustible part is: C – 67.6%, H – 7.6%, O – 18.5%, N – 3.6% and S – 2.6% 
(Lippmaa & Maremäe,  2000). However, considering it is a low-grade oil source, its 
potential oil reserves are about 2.1 billion tonnes (Veski & Palu, 2003). The 
Fennoscandian black shale together with Estonian GA is considered to be a potential 
energy reserve for the future.  
 
 
3.2. The environment of shale formation and lithology 
 
Between Mid-Cambrian and Early Ordovician, the Baltica made through an anti- 
clockwise rotation. At the beginning of Tremadocian, Baltic palaeobasin was situated 
at western margins of the continent, facing the Iapetus Ocean in the west and the 
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Tornquist Sea in the south and south-west (Cocks & Torsvik, 2005). On a regional 
scale, the Türisalu Formation is part of a patchy but vast Mid-Cambrian – Lower 
Ordovician black shale belt in the Baltoscandian region, extending in the east – west 
dimension from Lake Onega to Jutland (Andersson et al., 1985; Kaljo et al., 1986). It 
accumulated in a large, flat-floored epicontinental sea (Nielsen & Schovsbo, 2011). 
Nielsen & Schovsbo (2006) considered the Estonian and Russian Tremadocian black 
shale to be a shallow-water tongue of the alum shale formation (in Sweden). In 
Estonia, the roughly flat-lying Türisalu Formation occurs within the tectonically 
undisturbed lower Palaeozoic sedimentary succession, and the entire Palaeozoic 
sedimentary complex is generally characterised by very low thermal maturity 
(Kirsimäe et al., 1999). Its distribution in Estonia and Russia has been considered one 
of the best examples of very shallow- marine near-shore Cambrian and Early 
Ordovician deposits with siliciclastic sedimentation (Kaljo et al., 1986; Mens & 
Pirrus, 1997; Artyushkov et al., 2000).  
 
 

 
 
 
Fig. 3. A. Palaeogeography of Baltica continent in the Early Ordovician (after Cocks 
& Torsvik, 2005). B. Modern distribution of the Türisalu Formation and sampling 
localities Saka and Pakri on the Baltic klint. C. Lithostratigraphy of the Tremadocian 
deposits (Heinsalu et al., 2003) of Estonia. Figure from Hints et al. (2014). 
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The characteristic feature of the black shale is its high but spatially variable content 
of redox-sensitive trace elements, such as V, U and Mo, showing general positive 
covariance with OM abundance (Pukkonen & Rammo, 1992). The Türisalu 
Formation occurs on top of a complex of commonly cross-bedded siltstone and 
sandstone (Kallavere Formation; Fig. 4.) containing debris or rich coquinas of 
phosphatic brachiopods denoting a large-scale skeletal phosphorite accumulation 
episode during the Cambrian – Ordovician transition (Ilyin & Heinsalu, 1990; Hiller, 
1993). These siliciclastic deposits also contain interbeds and lenses of black shales. In 
NW Estonia, a thick organic-rich mudstone bed caps a subaerial regional 
unconformity at the base of the transgressive Kallavere Formation (Nemliher & 
Puura, 1996). In NE Estonia, the black shale overlies the siliciclastic beds of the 
Kallavere Formation, presenting dense interfingerings of siltstone with phosphatic 
detritus and organic-rich mudstone beds (Heinsalu et al., 2003). The onset of 
accumulation of primary organic-rich muds of the Türisalu Formation across Estonia 
was not concurrent (Kaljo & Kivimägi, 1970) (Fig. 3). The older black shales in 
western Estonia belong to the Cordylodus lindstromi/angulatus conodont biozones 
(Pakerort Regional Stage). Eastwards the black shales become gradually younger, and 
in NE Estonia, the succession is assigned to the Paltodus deltifer pristinus conodont 
zone (Varangu Regional Stage; Kaljo et al., 1986; Heinsalu et al., 2003). The 
Varangu age generally denotes a major regressive episode in the region (e.g. Dronov 
et al., 2011). The upper boundary of the Türisalu Formation comprises a regional 
unconformity that is capped by organic-poor grey shales or glauconitic sandstones 
(Heinsalu, 1980) and marks a sea-level drop that terminated organic-rich mud 
accumulation in the proximal settings of the Baltic palaeobasin.  
 
In western and north-central Estonia, the Türisalu Formation has been described as a 
considerably homogeneous black shale unit comprising laminated or massive 
lithologies (Tabasalu Member). The massive black shale varieties that are dominant 
in somewhat younger north-central Estonian settings have supposedly accumulated 
under more active hydrodynamic regime than the beds in the western settings 
(Pukkonen & Rammo, 1992). However, Heinsalu (1990) reported irregular 
encounters of cross- and wavy-lamination, trace fossils and minor ripple marks in 
older western Estonian black shales. In NE Estonia, the Türisalu Formation becomes 
thinner and more variable (Toolse Member). It embodies numerous silt intercalations 
that are regularly associated with authigenic carbonate or sulphide mineralisation, and 
the entire Türisalu Formation has been suggested to represent a shallower-water 
setting and a more variegated sedimentation environment than represented by the 
Tabasalu Member (Kaljo & Kivimägi, 1970; Kivimägi & Loog, 1972; Loog et al., 
2001). For example, in the Toolse area, the Türisalu Formation was divided into four 
distinct intervals with different textural and structural characteristics and trace metal 
content (Kivimägi & Teedumäe, 1971). Furthermore, Heinsalu et al. (1994) suggested 
that the areas around Toolse and Rakvere (Rakvere Phosphorite Area) acted as a 
border zone between sub-environments with different hydrodynamic regimes in this 
proximal part of the palaeobasin during the Early Tremadocian and that subaerial 
highs likely existed in this shallow-water area before a main organic-rich mud 
accumulation episode (Fig. 3.). 
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In the rather homogenous mineral assemblages of the Türisalu Formation, K-feldspar 
has been found to dominate over quartz, illite-smectite and illite (Utsal et al., 1982; 
Kleesment & Kurvits, 1987; Loog & Petersell, 1995; Loog et al., 2001). High K-
feldspar content is the characteristic feature of the Türisalu Formation, distinguishing 
the complex from the typical alum shale formation of Sweden in which K-rich clay 
minerals (illite and illite-smectite) tend to dominate in mineral assemblages, and 
which have been reported to present generally lower K2O/Al2O3 molar ratio than 

Tremadocian black shales from Estonia (Snäll, 1988; Lindgreen et al., 2000; 
Schovsbo, 2003). It is remarkable that substantial amount of K-feldspar in the 
Türisalu Formation is likely authigenic in origin (Utsal et al., 1982; Loog et al., 2001; 
Hints et al., 2014). For quartz, a genetic link with primary biogenic silica has been 
suggested in NE Estonia, where lenticular intercalations of siliceous sponges are 
common (Müürisepp, 1964; Loog & Petersell, 1995).  
 
Some geochemical indices, enrichment of redox-sensitive elements and high OM 
content seem to favour the idea that the primary mud formed in anoxic environment 
(Hints et al., 2014). In contrast, the observed traces of bioturbation and dynamic 
sedimentation features suggest oscillating redox conditions in the lower water column 
during primary mud accumulation. Metal sequestration in such environments could 
have been favoured by steep redox gradients at sediment–water interfaces covered by 
microbial mats. 
 
As the Estonian GA is characterized by high to very high concentrations of U (up to 
1200 ppm), Mo (1000 ppm), V (1600 ppm) Ni and other heavy metals, and is rich in 
N, S and O (Pukkonen & Rammo, 1992; Soesoo & Hade, 2012; Voolma et al., 2013) 
it may be of economic interest.. In this respect, the amount of metals and their spatial 
distributions can be modelled. The modelling approach is discussed below.  
 
 
3.3. Estonian graptolite argillite as a metal resource 
 
It has been long recognised that the Estonian graptolite argillite has high 
concentrations of a number metals. Most of the geological information on the 
Estonian GA is obtained from basement mapping and exploration projects conducted 
by the Geological Survey of Estonia, which started in the 1950s. The vast amount of 
detailed information on the GA lithology and geochemistry was collected when 
Estonia’s phosphorite resources were prospected in the 1980s.  
 
 
3.3.1. Tonnage of the Estonian graptolite argillite 
 
The previous estimates of the graptolite argillite reserves in Estonia range from 60 
(Petersell, 1997) to 70 billion tonnes (Veski & Palu, 2003) and little is known about 
the calculation methods and the initial data (number of drill cores etc.) that were used. 
Although practically no new data have been added during the last two decades, the 
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GIS-based methods now allow us to obtain better estimates of the total resource and 
metal distribution (see Hade & Soesoo, 2014a). The combined database of 468 drill 
cores (Geological Survey of Estonia & Estonian Land Board database, see at 
www.maaamet.ee) has been used as the initial data. The estimated area of the 
Estonian GA on the mainland and islands is 12 212.64 km2, with a corresponding 
volume of 31.92 billion m3 (Hade and Soesoo, 2014a). In order to calculate the total 
weight of the GA, the value of the specific gravity (density) is required. It is known 
(Petersell, 1997) that the density of the graptolite argillite varies to a great degree, 
mostly  between  1 800  and  2 500  kg/m3.    So,  assuming  an  average   density  of  
1 800 kg/m3,  the total  mass  of  GA  is  about  57.45  billion tonnes, while in case of  
2 500 kg/m3 the mass is 79.80 billion tonnes.  Assuming  the  average  density  to  be  
2 100 kg/m3, the total weight of GA is about 67 billion tonnes (Fig. 4), which is 
between the earlier estimates of 60 to 70 billion tonnes.  
 

 
 
Fig. 4. Calculated volume and tonnage of Estonian GA (in situ and partly eroded area 
between the Estonian mainland and West-Estonian islands) as a function of specific 
gravity. Figure from Hade & Soesoo (2014a).  
 
 
3.3.2. Metals in Estonian graptolite argillite  
 
The Estonian GA is characterized by high to very high concentrations of U (up to 
1200 ppm), Mo (1000 ppm), V (1600 ppm), Ni and other heavy metals, in addition to 
high N, S and O concentrations (Pukkonen & Rammo, 1992; Soesoo & Hade, 2012; 
2014; Voolma et al., 2013). Locally, the shale is enriched in REE, Cd, Au, Sb, As, 
and Pt (Voolma et al., 2013).  
 
The chemical composition of GA is definitely of great interest and its specificities 
have been known for nearly a century. Besides the high concentration of a number of 
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metals, its potassium and sulphur contents are much higher and the content of sodium 
and calcium lower than in average clays and shale. The concentration of K2O in GA 

is higher than could be expected, based on the composition of known shale-forming 
minerals (Vaughan et al., 1989).  With the increase in the volume of silt interlayers 
from the west to the east, the concentration of SiO2, CaO and P2O5 increases, while 
that of Al2O3, K2O and MgO decreases (Voolma et al., 2013). Based on previous 
geochemical exploration (Pukkonen & Rammo, 1992), three geochemical zones have 
been distinguished in the Estonian GA – Western, Central and Eastern. These zones 
differ mainly in the concentration of metals that are characteristic of GA – Mo, V, 
and U. However, based on recent studies (Voolma et al., 2014; Hade & Soesoo, 
2014a) it appears that the distribution of metals in GA has a more complex pattern. 
Study by Voolma et al. (2014) dealt with two vertical sections of graptolite argillite 
(Pakri in North-Western and Saka in North-Eastern Estonia) and indicated the 
existence of pronounced fine-scale trace metal variability and the remarkably 
different behaviour of trace elements. The content of enriched elements was shown to 
change greatly over the examined sections. For example, an elevated abundance of a 
number of other trace metals, e.g. Pb, Zn, Cd, Cu, As and La, was detected in samples 
with an enhanced content of sulphur or phosphorus.  
 
With respect to the standard values, such as PAAS and NASC, the Estonian GA is 
extremely rich in U and V. For example, the average U concentration in the Saka 
section (267 ppm) is a hundred times higher than the corresponding values for NASC 
(Voolma et al., 2013). In case of V, there is nine-fold difference between the 
concentrations in NASC and the average concentrations detected, for example, in the 
Saka section, in Eastern Estonia (1,190 ppm; Voolma et al., 2013). In general, the 
content of U in GA shows quite strong positive correlation with the organic matter 
content which most likely indicates early fixation via metal-organic complexes. At 
the same time, correlation of P2O5 with other enriched trace elements, such as U was 
not detected.  
 
The high variability of the trace metal composition of GA, including heterogeneous 
REE patterns, may point to the polygenetic nature of metal compositions, apparently 
formed as the cumulative product of multistage evolution. However, our knowledge 
about metal distribution, and especially its origin, is still rather fragmentary and a 
multidisciplinary exploration is needed to adequately predict potential metal 
resources of GA in the future. 
 
The distribution of U, Zn, Mo and V in the Estonian GA has been modelled and 
shown in studies by Voolma et al. (2013) and Hade & Soesoo (2014a). These 
elemental concentration data represent the average concentrations in the GA in the 
drill core. The central and western parts of the Eastern Zone show the highest 
concentrations for V and Mo, whereas V is also high in the southern part of the 
Eastern and Central Zones. Uranium shows the highest concentrations in the most 
easterly part of Estonia, while in Western Estonia the concentrations show medium 
values and the lowest values are characteristic of the Central Zone. Distribution of U 
has not been modelled on the Estonian islands due to the small number of analyses. 
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The high concentrations in the southwest corner may be an artefact of the model, 
since there are only a few drill cores available and those show locally high contents of 
U. Generally, it can be concluded that the concentration of most metals (except Zn) is 
relatively low in the Central Zone of the GA area (Hade & Soesoo, 2014a; Soesoo & 
Hade, 2014).   
 
However, it is important to emphasize that the available chemical data is relatively 
unevenly distributed across the area and the present geochemical generalization is 
informative, but must be taken with caution. There is very little data on the southern 
margin of the GA area, so the concentrations may vary, but due to its limited 
thickness (less than 0.5 m) the total elemental amounts have not affected the 
calculations very much.  
 
 
3.3.3. Tonnage of metals in the Estonian graptolite argillite  
 
As average metal concentrations are very useful in indicating “poor” and “rich” 
deposits, the total content of a certain element depends on the thickness of the deposit 
layer. In order to calculate the total amount of the element/metal based on square 
meters, ESRI ArcGIS software was employed. As an example, the total concentration 
(tonnage) of uranium in the Estonian GA is shown on Fig. 6. This calculation is 
based:  
- on the element/metal grid, which shows the element distribution in ppm (e.g. Fig. 5 
for U);  
-  on an interpolated grid of the GA thickness, in meters;  
-  by assuming the average density of the GA to be 2 100 kg/m3;  
-  since the element/metal  and  thickness  grids  were calculated  with  the cell size of  
400 x 400 meters, the same cell size was used for the calculation of the total amount 
of an element/metal.  
 
The results of U tonnage and market value within the cell of 400 m x 400 m (at the 
thickness of GA in the area) are presented in Hade & Soesoo (2014a). These 
calculations allow for the provision of a more realistic total amount for the metal in 
the Estonian GA (not just based on an average concentration value in ppm). For 
example, the calculated total weight of U is about 5.67 million tonnes (6.68 million 
tonnes as U3O8). Zn is as high as 16.53 million tonnes (20.58 million tonnes as ZnO) 
and for Mo is 12.76 million tonnes (19.15 million tonnes 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, the Central Zone where the enrichment is the 
lowest, still shows high amounts of Zn. The pure market value of these metals is high: 
about € 460 billion for the uranium, € 30 billion for the zinc and about € 350 billion 
for the molybdenum, considering the average market prices in April 2013 (Hade & 
Soesoo, 2014a; Soesoo & Hade, 2014). However, since a simple, environmentally 
friendly and economic technology has yet to be developed for the co-extraction of 
most of the enriched elements from GA, its economic value remains just theoretical. 
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Fig. 5. Modelled uranium content in 
Estonian GA based on calculated 
average drill core analyses (data: 
Geological Survey of Estonia; Estonian 
Land Board - www.maaamet.ee; Insti-
tute of Geology at TUT). The element 
concentration surface is modelled by the 
Ordinary Kriging interpolation method.  
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Fig. 6.  U,  Zn  and  V tonnage (in tonnes)  model  in  the  400 m × 400 m  cell  at  the 
modeled thickness of graptolite argillite. 
 
 
3.3.4. Volume and tonnage of in situ and eroded graptolite argillite in Western 
and Northern Estonia.  
 
In the similar way we can calculate the volume of eroded material between the 
Estonian mainland and Hiiumaa Island, and also in the northern extent. The 
calculation of the partly eroded and in situ GA material between the mainland and 
Hiiumaa Island is based on extrapolation of thickness data (Fig. 7B). Assuming the 
average  specific  gravity  of  1 800  kg/m3, the  tonnage of the  eroded  GA is about  
16.23 billion tonnes, while 2 500 kg/m3 gives 22.54 billion tonnes and 2 100 kg/m3 
gives about 18.93 billion tonnes (Figs. 4 and 7B). It is more difficult to calculate the 
volume (presently totally eroded) of GA that occupied the area north of the present 
erosional line, towards the north of the North Estonian Klint (Fig. 7A). Assuming a 
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U-shaped depositional area, a minimum extension can be shown (see Fig. 7A). The 
volume of this hypothetical northern extension is about 8.80 billion m3, which is in 
same order to the area between Estonian mainland and Hiiumaa Island. It is even 
more problematic to calculate the amount of metals in the eroded material. 
Extrapolating the average metal contents in the drill cores of the Western, Central and 
Eastern zones, with emphasis on the northern drill holes, the concentration values can 
be established.  The  estimated  total  amount  of  U  is  1.8  million  tonnes,  Zn  –  
22 million, Mo – 4.4 and V – 13 million tonnes. These values are similar to those 
calculated for the Western part. However, it must be mentioned again that these 
values are hypothetical and must be considered as preliminary estimates.  
 
Very little is known about the timing and cause of erosion in Northern and Western 
Estonia. The most prominent feature of this erosion is the North Estonian Klint. One 
hypothesis which explains the klint formation is related to a large, old, possibly Late 
Cenozoic, river system (Overeem et al., 2001; Soesoo & Miidel, 2007). A vast 
amount of terrigenous sediments is known to exist in the North Sea with an area of 
100 000 km2 (Overeem et al., 2001). The Eridanos River System, which drained most 
of North and North-Western Europe, developed during the Late Cenozoic as a result 
of the simultaneous uplift of the Fennoscandian Shield and the accelerated subsidence 
in the North Sea Basin. The erosion of the area to the north of the present mainland of 
Estonia and Western Estonia is most likely attributable to the Pra-Neva River, the 
tributary of the Eridanos. 

It is well known that the fluvial deposits of Miocene to Early Pleistocene Age in 
Germany and the Netherlands were transported to the delta of the Eridanos River 
System (Rhebergen, 2009). However, the exact provenance of this sedimentary 
material continues to be a subject of discussion. Some of the sand from the 
Fennoscandian crystalline rocks, Ordovician terrigenous material, erratics with well-
defined Ordovician fossils, which are similar to those in Northern Estonia and the St. 
Petersburg region (Russia) (Rhebergen, 2009), are known to exist within the 
sediments in the Eridanos fluvio-deltaic system in the North Sea area, the Netherlands 
and Germany. Most likely, the erosion of the Lower Palaeozoic sections in Western 
Estonia, including graptolite argillite, is related to those processes which generated 
the klint. The exact timing of those processes remains unknown; however, the 
original erosional processes were most likely active during the Late Miocene (some 
20 to 5.332 million years ago) to Pliocene (5.332 to 2.588 million years ago). Some 
of the material may have been re-deposited during the Quaternary. 

Assuming the volume and average chemical composition of the eroded graptolite 
argillite (Figs. 3 and 7), the amount of eroded, partly dissolved and re-deposited 
metals can be calculated. Based on the extrapolated GA thickness and average metal 
contents in the drill cores from the most westerly and northerly parts of Estonia, and 
from Vormsi and Hiiumaa islands, the minimum total amount of uranium (elemental 
U) that has been eroded and re-deposited reaches 1.80 million tonnes, zinc (Zn)  
23.00 million tonnes, lead (Pb) 7 million tonnes, molybdenum (Mo) 4.58 million 
tonnes, and vanadium (V) 13.30 million tonnes. 
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As for volume, the contribution of graptolite argillite from Northern and Western 
Estonia to the Eridanos sedimentary budget is not high, considering the overall        
62 000 km3 of sediments in the Southern North Sea Basin alone (Overeem et al., 
2001) versus 9 015 km3 derived by erosion from Northern and Western Estonia. 
However, the metal contribution of GA to the overall Eridanos sedimentary budget is 
remarkable. The total amount of the elements that have now been re-deposited is 
extremely large. One can only imagine approximately 1.8 million tonnes of uranium 
and 13 million tonnes of vanadium (as minimum) incorporated into sediments 
somewhere below the Holocene sediments of the North Sea! 

 

 
Fig. 7. Extrapolated extent, thickness, volume and metal tonnages of GA in Northern 
Estonia (A) and between Western Estonia and the islands (B). Modified figure from 
Hade & Soesoo (2014a).  
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3.4. Alum shale and graptolite argillite as health risk and environmental 
concern 
 

Sedimentary, unmetamorphosed black shale has historically been used in Sweden and 
Estonia. In Sweden, the Cambrian and Lower Ordovician alum shale has been known 
for more than 350 years. Mining the shale for alum began in 1630s in Skåne. The 
alum shale was also recognized as a source of fossil energy and, toward the end of the 
1800s, attempts were made to extract and refine hydrocarbons (Andersson et al., 
1985). Before and during World War II, alum shale was retorted for its oil, but 
production ceased in 1966 owing to the availability of cheaper supplies of crude 
petroleum. During this period, about 50 million tonnes of shale was mined at 
Kinnekulle and Närke in Sweden.  
 
For uranium production, a pilot plant built at Kvarntorp, Sweden, produced more than 
62 tonnes of uranium between 1950 and 1961. A small uranium mill was constructed 
at Ranstad and went on-stream in 1965. The plant operated at reduced capacity for 
three years producing about 300 tonnes of yellowcake. The alum shale was also 
burned with limestone to manufacture ”breeze blocks”, a lightweight porous building 
block that was widely used in the Swedish construction industry. Production stopped 
when it was realized that the blocks were radioactive and emitted unacceptably large 
amounts of radon. 
 
Just after World War II, due to the atomic bomb “competition”, the Soviet Union 
started looking for uranium deposits. The nearest place where geologists found large 
quantities of uranium ore (graptolite argillite) was in Northeast Estonia and the first 
Soviet uranium processing facility was started in a small town called Sillamäe. A 
total of 22.50 tonnes of elemental uranium was produced from 272 000 tonnes of GA 
from an underground mine near Sillamäe (Veski & Palu, 2003; Soesoo & Hade, 
2012). The plant operated as a top-secret Soviet institution until 1991.  
 
 
3.4.1. Graptolite argillite as a co-product of phosphorite mining 
 
In addition, graptolite argillite is also a co-product of phosphorite mining in Estonia, 
so the Maardu area near Tallinn is among the most polluted regions in Estonia 
(Jüriado et al., 2012). Between 1964 and 1991, approximately 73 million tonnes of 
GA was mined from a covering layer of phosphorite ore at Maardu, near Tallinn. It 
should be mentioned that the phosphorite in Estonia lies directly below the GA. The 
GA was mixed up with other overlying deposits, such as carbonate rocks, sandstone, 
glauconite sandstone, and Quaternary sediments, and piled into waste heaps. In 1989, 
opencast mining at Maardu was carried out on more than 6 km2. Today, waste hills in 
Maardu contain about 73 million tonnes of GA, which contains, a minimum content 
of 30 ppm U, totally as much as 2.19 million kg of U (Jüriado et al., 2012). This 
waste leaches into the surface water and groundwater.  
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Under normal weathering conditions GA easily oxidizes, and spontaneous 
combustion can occur. In some places, for example at Maardu waste hills in Northern 
Estonia, the temperatures in the heap occasionally exceeded 500 ºC. It is interesting 
to note that spontaneous combustion can occur in heaps  that are a  few  months or 
over  
20 years old, which leads to the conclusion that some old heaps can still be 
dangerous. These processes lead to annual leaching of 1 500 tonnes of mineral matter 
per square kilometre of a waste dump and the waste-water being discharged into Lake 
Maardu. In 1990, at the average temperature of the heap, estimated 520.3×103 tonnes 
of oxygen was spent on oxidizing the rocks buried in the heap. The amount of gases 
emitted from burning shale was estimated as SO2 - 104 tonnes and CO2 - 73.3×103 

tonnes (Pihlak, 2009). The effluent of the Maardu opencast mine and processing 
plant,  which  was  directed  into  Muuga  Bay  (Gulf  of  Finland)  delivered  up  to  
20.18 million m3 of water with varying levels of polluting elements each year. The 
amount of dissolved minerals delivered into the sea was estimated at up to 38.4×103 
tonnes annually (Pihlak, 2009; Jüriado et al., 2012).  
 
 
3.4.2. Graptolite argillite as a living environment 
 
GA, if lying on or near to the surface, is also a major source for radon (Rn) in Estonia 
and elsewhere. Very high radon concentrations of up to 10 000 Bq/m3 have been 
recorded at some natural outcrops of GA in the North Estonian Klint (Soesoo & 
Hade, 2012). Radon is a highly radioactive and carcinogenic element causing 
mutations, especially lung cancer.  
 
In spite of the fact that the impact of black shale on a nation’s health and biological 
environment is well recognized, little is being done to quantify these impacts in a real 
and reliable way. Moreover, only a small number of measures are being taken to 
avoid direct contamination of soil and groundwater and direct and indirect influences 
on the local people. Sometimes, contaminated black shale industrial areas are used as 
a political instrument in decision-making or for someone’s commercial interest. In 
many cases, no real environmental improvement results from those decisions (Soesoo 
& Hade, 2014).  
 
There are areas in Estonia, Sweden and elsewhere in Fennoscandia where black shale 
forms the surfaces where human live and conduct their everyday activities, thus 
directly influencing health and well-being. For example, there are a number of towns 
in Northern Estonia, which are located in area where graptolite argillite crops out or 
occurs in vicinity, including the capital Tallinn, Paldiski, Kunda, Aseri and others 
(Fig. 8). In Sweden, in the focus for the current interest in Alum shale mining is the 
Östersund area, where people have historically lived on the top of black shale. These 
influences need to be quantified and measures taken to minimize negative health and 
environmental impacts. However, as nations depend on mining and metal/electronics 
industries, the need for new resources cannot be neglected and a balance must be 
achieved between the nation’s sustainable economic development, exploitation of 
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black shale resources and public 
health. A new, modern, science-based 
revision of black shale resources and 
related environments across Estonia – 
NW Russia – Sweden – Finland – 
Norway is proposed (Soesoo & Hade, 
2014). This kind of data compilation 
will definitely foster a better 
understanding of the problem, and 
help to create an industrially and 
environmentally sound expert model 
of the Fennoscandian and 
Baltoscandian black shale potential 
(see Chapter 3.5).      
 
 
 
 
 
Fig. 8. Areal extent of Estonian 
graptolite argillite and its possible 
environmental impact zone.  
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3.5. Towards a common Fennoscandian-Baltoscandian-scale black shale 
database  
 
Creating regional, large-scale, cross-border databases is not uncommon in geology. 
Geological maps are the best and oldest form of such information compilation, which 
extend across political borders and continents. An initiative group on the 
Fennoscandia Metallogenic Map and Database, which involves specialists from the 
geological surveys and other organizations in Finland, Norway, Russia and Sweden, 
has been active for more than a decade. The work has resulted in well-compiled, 
cross-border database and a digital map (see 
http://en.gtk.fi/informationservices/databases/fodd/index.html). 

The Fennoscandian Ore Deposit Database (FODD) is a comprehensive numerical 
database that includes the metallic mines, deposits and significant occurrences in 
Fennoscandian Shield, which could be part of the geological information compilation 
and standardization, and be very useful for future metal ore discoveries. The first 
FODD metallogenic map was published in 2009. An updated version became in 
August 2013. This database contains information on about 1 700 (June 2013) mines, 
deposits and significant occurrences in Fennoscandia. The map contains 168 major 
metallogenic areas, of which 46 are completely or partly in Finland, 40 in Norway, 41 
in Russia, and 41 in Sweden. The map includes 24 areas that cross international 
border (http://en.gtk.fi/informationservices). The database and map contain 
information on the location, mining history, tonnage and commodity grades, with 
comments on data quality, geological setting, age, ore mineralogy, and types of 
mineralization, as well as genetic models and the primary sources of data. This range 
of information is also important in “mapping” black shale.  

Since the Fennoscandian Shield and Palaeozoic Baltoscandia provide a large variety 
of black shale, with different genetic characteristics and metal, sulfur and carbon 
occurrences, and different environmental aspects, there is a need for a new and 
updated assessment and re-evaluation of this resource. Data should be gathered on 
both Palaeozoic black shale and Precambrian metamorphic black shale.  
 
Compared to the Fennoscandian sedimentary and metamorphic black shale, the 
geological position and stratigraphic characteristics of Estonian black shale are very 
simple. Therefore, Estonia may be a good example on which to base the future 
Fennoscandian-wide compilation. At the moment, in Estonia, all available 
information is systemised and visualised from the point of metal concentrations and 
distributions. The environmental impact, however, has not been well studied and the 
real impacts need to be uncovered.  
 
Our proposal is to compile the geological, geochemical and environmental 
information into the Fennoscandian-Baltoscandian Black Shale Database (FBSD) 
with browser-based visualization possibilities for thematic maps (Fig. 9).  
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1. The database should include both sedimentary and metamorphosed black shale 
from the Precambrian and Lower Palaeozoic ages. There will be some overlapping 
with FODD data concerning some Precambrian ores, which had formerly been black 
shale. However, compiling Fennoscandian Precambrian and Palaeozoic black shale 
data according to a common standard may even add some understanding of sulphide 
ore geology, and especially environmental conditions. 

2. The data structure should include: a) location; b) geological setting and structure, 
body/deposit size; c) age; d) major and trace element geochemistry, calorific values; 
e) ore mineralogy, style of mineralization; f) tonnage and commodity grades with a 
comment on data quality; g) genetic models; h) groundwater and surface geology/soil 
and hydrogeological parameters; i) data on biological environment/harmful element 
assessment; j) infrastructure and population density; k) data source and l) mining 
history (Fig. 9). 

3. The database should have GIS-based, easily browserable thematic layers allowing 
for the assessment of specific impacts as well as metal/element concentrations, 
additional resource (oil, gas, etc.) potential assessment and more. 

This database can then be used by a number of specialists and officials including 
mineral explorers and local government decision-makers for preparing environmental 
impact assessments, as well as in infrastructure and social development planning. 
This information is also very useful for public health monitoring and development. 

As far as the mineral resource part is concerned, the European Commission already 
has taken steps to improve the long-term availability of raw materials through the 
implementation of the Raw Material Initiative in 2008. The Initiative lists fourteen 
economically important metals and minerals labeled as critical, that are subject to a 
higher risk of supply interruption (e.g. REE, PGE, Co, etc.). As some of these metals 
have been concentrated in black shale, black shale too could be under consideration 
as a source of some of the EU’s critical metals in near future. Thus, the FBSD 
initiative would fulfill several requirements at the EU and national levels, including 
resource, environment, public health and economy policies. 
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Fig. 9.  Structure of a possible database (FBSD). Inputs and outputs of the 
Fennoscandian – Baltoscandian black shales database is shown. Tight interaction with 
the existing and still developing Fennoscandian Ore Deposit Database (FODD) is 
envisaged.  
 
 
3.6. PP-GIS in studies of landscape and environmental changes 
 
3.6.1 Environmental changes in a former military area: a case study, Paldiski 
Peninsula, North Estonia 
 
The Pakri Peninsula was chosen for a pilot study because of its sensitive environment 
and very complex and ambiguous natural, cultural and social history, including major 
impacts on local landscapes during the two last centuries. Several projects have been 
launched on the Pakri Peninsula in recent years, but there is still lack of reliable and 
unified understanding how the recent changes affect local perception (Hade et al., 
2005).  
 
The Pakri Peninsula is situated in the north-western part of the Estonian mainland, 
Harjumaa County, between Lahepere and Paldiski Bays of the Baltic Sea. The length 
of the peninsula is about 12 km, the width is 5 km, and the area in total is ca 35 km2.  
Geologically, the Pakri Peninsula is a plateau bordered by the Ordovician and 
Cambrian limestone and sandstone outcrops. The highest part of the limestone cliff 
on the Cape Pakri is about 25 m above the sea level. The relief of the peninsula is flat, 
with some ice-edge formations, like ridges and moraines. The Quaternary cover is 
mainly gravel, its thickness ranging from some centimeters to some meters. The Pakri 
peninsula is a colourful example of the North-Estonian Klint with its peculiar 
landscapes. The peninsula is edged by a klint escarpment, thus being one of the most 
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remarkable klint sections of the entire Baltic Klint (Soesoo & Miidel, 2007). The 
north-westward rising limestone plateau of the klint peninsula is nearly 25 m high at 
the northern tip of the peninsula (Cape Pakri) and as high is the bordering 
escarpment. From west of Paldiski, up to Kersalu in the east (18 km in total), the klint 
peninsula is bordered by a 2–24-m-high escarpment. Five separate coastal cliffs are 
differentiated here: Paldiski, Uuga, Pakerort, Leetse and Lahepere. 
 
Historically, the deep and wind-sheltered Paldiski Bay has attracted seafarers already 
since the times of the Vikings. In the 17th century, the Swedes established a sea 
fortress.  Peter the Great planned to build a giant military port of Rogerwiek here. 
Construction of the port started in 1716. Despite the efforts of thousands of convicts, 
the planned 2-km-long giant facility was not completed and later the completed part 
was quite soon destroyed by autumn storms. In 1762, Catherine II renamed the sea 
fortress of Rogerwiek to Baltiiski Port. The precipices and hills preserved from the 
fortress at the northern edge of the town are popularly known as the Peter’s Fortress 
or Muula Hills. After the town came into the possession of Estonians, it was renamed 
as Paldiski in 1920. In May 1940, civilians were deported from both the Pakri 
Peninsula and Pakri Islands were to build Soviet military facilities here. In 1941, the 
area was occupied by the Germans, who burned down the town and the port at their 
withdrawal in 1944.  
 
In the post-war period, the Pakri Peninsula and Paldiski town were the military sites 
of the Soviet Army. In 1962, Paldiski became a Soviet Navy nuclear 
submarine training center. Two PWR type nuclear reactors, 70 and 90 MW in output 
power, were used for training in safe operations of the nuclear Delta and Echo class 
submarine propulsion systems. With two land-based nuclear reactors, and employing 
some 16 000 people, it was the largest such facility in the Soviet Union. Because of 
its military importance, the whole town was closed off with barbed wire until the last 
Russian warship left in August 1994. Apart from two submarine hull sections, several 
other pollution-related facilities existed on the site, including liquid waste storage and 
treatment facilities. 
 
The initial study was carried out in 2003 and followed by second study in 2010. The 
geographical map based questionnaire was used in both as printed and web-based 
forms. People living in Paldiski town and on the Pakri Peninsula were eligible to fill 
out the forms. Majority of local population preferred the web-based questionnaire. 
After anonymously defining person’s sex, education and age, the participant moved 
to a set of maps where by using the paintbrush tool (in web-based version) or colour 
pencils (in paper version) he or she could answer the questions dealing with the 
extent of pollution, general landscape change and recreational possibilities on the 
Pakri Peninsula.  
 
Separate maps were painted according to person’s knowledge and preferences. Then 
the printed maps were digitised. In the Adobe Flash web-based interface the 
coordinates of painted sections were recorded and saved in MySQL backend database 
in the server with php scripts. By digitally summarizing all (answered) maps sheets, 
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the resulting maps showed in colour grades the topical perception of local people (see 
Fig. 10).   
 
Figure 10 exemplifies the local perception of the question/problem – “Where has the 
landscape changed most during the last decade on the peninsula?” As seen, the drastic 
changes happened before year 2000 and in early 2000, while 2010 results show 
already diminishing impact on the landscape (Fig. 10). This is also true for other 
environmental changes, including pollution. These results show that the major 
landscape change and environmental impact was related to the period when the 
Soviet troops abandoned the area. However, the extent of environmental impact 
during the location of the Soviet military camp on the Pakri Peninsula is unknown 
because the area was closed and no such studies were conducted. Likely, the period 
of 10 to 15 years is minimum time to get first results on land and environment 
rehabilitation and, thus, change the perception of local people.  
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Fig. 10. Resulting sketch-map of the public geographical map-based questionnaire 
showing local people perception to the question “Where has the landscape most 
changed during the last decade on the peninsula?” The study was conducted in 2003 
(A) and repeated in 2010 (B). Previous Soviet military sites are shown (presently not 
operational). 
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4. CONCLUSIONS 
 
The occurrence of the Middle Cambrian to Upper Ordovician organic-rich black shale 
deposits in an extensive area of Baltoscandia has been known for a long time, but its 
economic and environmental impacts are not well understood. Alum shale as well as 
the Estonian graptolite argillite contains remarkably high concentrations of trace 
metals such as U, Mo, V and Ni, but may also be locally enriched with REE, Cd, Au, 
Sb, As and Pt.  

The observed lithological characteristics of the Estonian graptolite argillite layers 
provide evidence that the sedimentary dynamics of the Türisalu Formation deposition 
time varied spatially and temporally, whereas intermittent accumulation with rapid 
short-term sedimentary fluxes prevailed. The cohesive sediment dispersal and 
deposition were mainly controlled by the near-bed storm-induced flows, which, 
besides causing the dynamic deposition of mud, also acted as eroding and reworking 
agents on muddy seafloor.  

The combined database of 468 drill cores has been used as the initial data. The total 
estimated area (by GIS methods) of the Estonian GA on the mainland and islands is 
about 12 210 km2, with the corresponding argillite volume of about 31.92 billion m3. 
The  estimated  in situ  and  eroded  area  between the West-Estonian islands is about  
3 190 km2 with the corresponding eroded material volume of 9.02 billion m3. The 
calculated total volume of Estonian GA extends up to 40 935 km3. Assuming an 
average GA specific gravity of 2 100 kg/m3, the amount of GA is about 67 billion 
tonnes. The amount of the material between the Estonian mainland and Hiiumaa 
Island is about 18.9 billion tonnes, while as minimum, the similar amount has been 
totally eroded in Northern Estonia.  
 
These new thickness and element concentration models (the Estonian mainland and 
island, except under the sea) allow more realistic estimates of the total amount of 
metals in the Estonian GA (not just based on an average concentration value in ppm). 
For example, the calculated total weight of U is about 5.67 million tonnes (6.68 
million tonnes as U3O8). Zn is as high as 16.53 million tonnes (20.58 million tonnes 
as ZnO) and for Mo is 12.76 million tonnes (19.19 million tonnes as MoO3). The 
highest studied element amounts show somewhat similar pattern – Western Estonia 
has the highest potential, especially for U and Mo. However, there are also 
distinctions between those elements. For example, the Central Zone, where the 
enrichment is the lowest, still shows high amounts of Zn.  
 
Using the thickness model, it can also be interpolated (cell size 400 X 400 m vs. 
thickness grid), the uranium tonnage in the region between the Estonian mainland and 
islands reaches 1.80 million tonnes (at an average content of 95 ppm), zinc (Zn) 22.70 
million tonnes (average 1200 ppm), lead (Pb) 6.60 million tonnes (average 350 ppm), 
molybdenum (Mo) 4.50 million tonnes (average 235 ppm) and vanadium (V) 13.30 
million tonnes (average 700 ppm). At least similar amounts have been eroded from 
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the northern part of Estonia (due to the Baltic Klint formation). Extrapolating the 
average metal contents in the drill cores of the Western, Central and Eastern zones, 
with emphasis on the northern drill holes, the concentration values in the eroded part 
can  be  established.  The  total  amount  of  U is estimated 1.8 million tonnes,  Zn –  
22 million, Mo – 4.4 and V – 13 million tonnes. These values are similar to those of 
calculated for the Western part. However, it must be mentioned again, these values 
have to be considered as preliminary estimates. However, since a simple, 
environment-friendly and economic technology has yet to be developed for the co-
extraction of most of the enriched elements from GA, its economic value remains 
theoretical.  
 
Apart from being a future metal resource, the GA is also an environmental concern. 
During mining and re-deposition of GA, under normal weathering conditions GA 
oxidizes easily, and spontaneous combustion can occur. For example, in some places, 
for example at Maardu waste hills, in Northern Estonia, the temperatures in the heap 
occasionally exceeded 500 ºC. The GA, if lying on or near to the surface, is also a 
major source for radon. Very high radon concentrations of up to 10 000 Bq/m3 have 
been recorded at some natural outcrops of GA in the North Estonian Klint. In spite of 
the fact that the impact of black shale on a nation’s health and biological environment 
is well recognized, little is being done to quantify these impacts in a real and reliable 
way. Moreover, only a small number of measures are being taken to avoid direct 
contamination of soil and groundwater and direct and indirect influences on the local 
people. There are areas in Estonia, Sweden and elsewhere in Fennoscandia where 
black shale forms the surfaces where human live and conduct their everyday 
activities, thus directly influencing health and well-being. For example, there are a 
number of towns in northern Estonia, which are located in area where graptolite 
argillite crops out or occurs in the vicinity, including the capital Tallinn, Paldiski, 
Kunda, Aseri and others. These influences need to be quantified and measures taken 
to minimize negative health and environmental impacts.  

A new, modern, science-based revision of black shale resources and related 
environments across Estonia – NW Russia – Sweden – Finland – Norway is 
proposed. This kind of data compilation will definitely foster a better understanding 
of the problem, and help to create an industrially and environmentally sound expert 
model of the Fennoscandian and Baltoscandian black shale potential. The proposed 
Fennoscandian-Baltoscandian-scale database should include (as minimum): a) 
geographical/stratigraphical position and resource/reserve estimate; b) metal/element 
distribution, calorific value etc.; c) environmental and health impact assessment, soil 
and groundwater impact. The compiled data should be put in a database and 
visualized in geographical space, and made accessible to the public.  

Environmental issues remain in focus of relationship between the society and 
environment. A tool which allows matching qualitative and quantitative data with 
numerically immeasurable opinion of local people is called Public Participation 
Geographical Information System, or PPGIS. The Pakri Peninsula was chosen for a 
pilot study because of its sensitive environment and very complex and ambiguous 
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natural, cultural and social history, including major impacts on local landscapes 
during the last two centuries. The initial study was carried out in 2003 and followed 
by a second stage in 2010. The geographical map based questionnaire was used in 
both printed and web-based forms. The results were summarized as colour-graded 
maps showing perception of local people in environmental pollution, landscape 
change and recreational domains. The results show that the major landscape change 
and environmental impact was related to the period when Soviet troops abandoned 
the area. Likely, the period of 10 to 15 years is a minimum time to acquire first results 
on land and environment rehabilitation and, thus, change the perception of local 
people. This is a suitable GIS-based way to map the society’s response to particular 
problems before making the local and regional decisions. 
 
 
  



41 

 
 
 
 
 

 
 
 

 
 

ACKNOWLEDGEMENTS 
 
I thank my supervisor Prof. Alvar Soesoo for support and advice through the years. 
Several study visits supported by the Estonian Ministry of Education and Research 
(e.g. DoRa 6, DoRa 8, DoRa contract No. 30.1-6/882/82) have improved my views 
and understandings of geological processes and GIS methods. Dr. Rowen Lehne is 
thanked for introduction to ArcGIS software and for hospitality while I was on a 
study visit at the Darmstadt Technical University. Many geological discussions with a 
number of researchers and PhD students at the Tallinn University of Technology have 
greatly advanced my understanding in geological processes and black shales.    
 
The study was financially supported by the target financing project of the Estonian 
Ministry of Education and Research No. SF0140016s09, and by the Estonian Science 
Foundation grant ETF8963. 
 
 
Dr. Tarmo Kiipli is acknowledged for reading the early version of the thesis and for 
useful comments. I am grateful to Saima Peetermann for English corrections. 
 
 
 
 
 



42 

REFERENCES 
 
ANDERSSON, A., DAHLMAN, B., GEE, D. G., SNÄLL, S. 1985. The Scandinavian 
Alum Shales. Sveriges Geologiska Undersökning, 56, 1–50. 
ARKIMAA, A., HYVÖNEN, E., LERSSI, J., LOUKOLA-RUSKEENIEMI, K., VANNE, 
J. 1999. Compilation of maps of black shales in Finland: Applications for exploration 
and environmental studies. In: S. Autio (ed.). Geological Survey of Finland. Spec. 
Paper, 27, 113–116. 
ARTYUSHKOV, E.V., LINDSTROM. M., POPOV, L.E. 2000. Relative sea-level 
changes in Baltoscandia in the Cambrian and early Ordovician: the predominance of 
tectonic factors and the absence of large scale eustatic fluctuations. Tectonophysics, 
320, 375–407. 
BATURIN, N.G., ILYIN, A.V. 2013. Comparative Geochemistry of Shell 
Phosphorites and Dictyonema Shales of the Baltic. Geochemistry International, 51(1), 
27–37. 
BENDER B. 1993. (Ed.). Landscape: politics and perspectives. Oxford: Berg 
Publishers.  
BROWN, G. 2012. An empirical evaluation of the spatial accuracy of public 
participation GIS (PPGIS) data. Applied Geography, 34, 289–294.  
BROWN, G., WEBER, D. 2011. Public Participation GIS: A New Method for Use in 
National Park Planning. Landscape and Urban Planning, 102(1), 1–15. 
BROWN, G. 2006. Mapping Landscape Values and Development Preferences: A 
Method for Tourism and Residential Development Planning. International Journal of 
Tourism Research, 8(2), 101–113. 
BROWN, G. 2005. Mapping Spatial Attributes in Survey Research for Natural 
Resource Management: Methods and Applications. Society & Natural Resources, 
18(1), 1–23. 
CINDERBY S. 1999. Geographic Information Systems for Participation: the future of 
environmental GIS? International Journal of Environment and Pollution, 11(3), 304–
31. 
COCKS, L.R.M., TORSVIK, T.H. 2005. Baltica from the late Precambrian to mid- 
Palaeozoic times: The gain and loss of a terrane's identity. Earth-Science Reviews, 
72, 39–66. 
COSGROVE D., DANIELS S. 1988. (Eds.). The iconography of landscape: essays on 
the symbolic representation, design and use of past environments. Cambridge: 
Cambridge University Press, 318 p. 
COUPER M.P., MILLER, P.V. 2008. Web survey methods introduction. Public 
Opinion Quarterly, 72(5), 831–835. 
DETKOVSKI, S., PUKKONEN, E., RÜHKO, V. 1987. Eesti fosforiitide ja neid 
katvate setendite ainelise koostise uurimine ja metallisisalduse otsinguline hinnang 
aastatel 1985–1987. Report in Estonian Geological Foundation (in Russian). 
DRONOV, A.V., AINSAAR, L., KALJO, D., MEIDLA, T., SAADRE, T., EINASTO, 
R. 2011. Ordovician of Baltoscandia: facies, sequences and sea-level changes. In: 



43 

J.C. Gutierrez-Marco, I. Rabano & D. Garcia-Bellido (eds.). Ordovician of the World, 
Instituto Geologico y Minero de España, Madrid, 143–150.  
DUNCAN J.S., LEY D. 1993. (Eds.). Place/Culture/Representation. London, New 
York: Routledge. 341 p. 
DUNN, C.E. 2007. Participatory GIS – A People’s GIS? Progress in Human 
Geography, 31(5), 616–637. 
ERDTMANN, B.-D. 1986. The planktonic nema-bearing Rhabdinopora flabelliformis 
versus benthonic root-bearing Dictyonema Hall, 1952. Proc. Acad. Sci. Estonian 
SSR, 35(3), 109–114. 
FLEISCHER, V.D., GARLICK, W.G., HALDANE, R. 1976. Geology of the Zambian 
Copperbelt. Ed. K. H. Wolf. In: Handbook of Strata-Bound and Stratiform Ore 
Deposits. Elsevier, Amsterdam, 6, 223–352.  
GARDNER, H.D., HUTCHEON, I. 1985. Geochemistry, mineralogy, and geology of 
the Jason Pb-Zn deposits, Macmillan Pass, Yukon, Canada. Economic Geology, 80, 
1257–1276. 
GOODSPEED, R.C. 2008. Citizen participation and Internet in urban planning. 
Master thesis, University of Maryland, 38 p.  
GRANÖ O. 2001. The archipelago coast as a transitional zone between land and open 
sea – the origins and development of a research tradition grounded in the natural 
environment. Publicationes Instituti Geographici Universitatis Turkuensis, 164, 11–
25 (in Finnish). 
GRAUCH, R.I., COVENEY, R. M. JR., MUROWCHICK, J.B., NANSHENG, C. 1991. 
Black shales as hosts for unconventional Platinum-Group-Element resources? 
Examples from China and Yukon, Canada, and implications for U.S. resources. In: 
U.S.G.S. Research on Mineral Resources, Seventh Annual V. E. McKelvey Forum on 
Mineral and Energy Resources, Reno, Nevada. U.S.G.S., Circular 1062, 33 pp. 
GUSTAVSON, L.B., WILLIAMS, N. 1981. Sediment-hosted stratiform deposits of 
copper, lead, and zinc. Ed. B. J. Skinner. In: Seventy-Fifth Anniversary Vol. The 
Economic Geology Publishing Co. Yale, 139–178. 
HADE, S., SOESOO, A. 2014a. Estonian graptolite argillites revisited: a future 
resource? Oil Shale, 31(1), 4–18. 
HADE, S., SOESOO, A. 2014b. Public perception in monitoring environmental 
conditions using GIS methods. International Journal of Research in Earth and 
Environmental Sciences, 1(3), 11–16. 
HADE, S., PEIL, T., SOESOO, A. 2005. Maastikunägemus geoinfosüsteemi osana. 
Estonian Social Science Online 3: Special Issue of the Estonian Social Science V 
Annual Conference. 
HEINSALU, H., KALJO, D., KURVITS, T., VIIRA, V. 2003. The stratotype of the 
Orasoja Member (Tremadocian, Northeast Estonia): lithology, mineralogy, and 
biostratigraphy. Proceedings of the Estonian Academy of Sciences, Geology, 52(3), 
135–154. 
HEINSALU, H., VIIRA, V., RAUDSEP, R. 1994. Environmental conditions of shelly 
phosphorite accumulation in the Rakvere phosphorite region, northern Estonia. 
Proceedings of the Estonian Academy of Sciences, Geology, 43, 109–121.  



44 

HEINSALU, H. 1990. On the lithology and stratrigraphy of the late Tremadoc 
graptolitic argillites of North-West Estonia. Proceedings of the Estonian Academy of 
Sciences, Geology, 39(4), 142–151 (in Russian). 
HEINSALU, H. 1980. On the facial relations of upper Tremadocian deposits in North 
Estonia. Proceedings of the Academy of Sciences of the Estonian SSR, Geology, 
29(1), 1–7 (in Russian). 
HENNINGSMOEN, G. 1960. Cambro-Silurian deposits of the Oslo region. Ed. A. 
Holtedahl. In: Geology of Norway. Norges geologiske undersmkelse, 208, 130–150. 
HILLER, N. 1993. A modern analogue for the Lower Ordovician Obolus 
conglomerate of Estonia. Geological Magazine, 130, 265–267.  
HINTS, O., NÕLVAK, J. 2006. Early Ordovician scolecodonts and chitinozoans from 
Tallinn, North Estonia. Review of Palaeobotany and Palynology, 139, 189–209. 
HINTS, R., HADE, S., SOESOO, A., VOOLMA, M. 2014. Depositional framework of 
the East Baltic Tremadocian marginal black shale revisited. GFF, 1–19. 
HIRSH E., O'HANLON M. 1995. (Eds.). The anthropology of landscape: 
perspectives on place and space. Oxford: Clarendon Press, 280 p.  
ILYIN, A.V., HEINSALU, H.N. 1990. Early Ordovician shelly phosphorites of the 
Baltic Phosphate Basin. In: A.J.G. Notholt & I. Jarvis (eds.). Phosphorite research 
and development. Geological Society of London Special Publication, 52, 253–259. 
JONES M. 1991. The elusive reality of landscapes. Concepts and approaches in 
landscape research. Norsk Geografisk Tidsskrift, 45, 229–44. 
JÜRIADO, K., RAUKAS, A., PETERSELL, V. 2012. Alum shales causing radon risks 
on the example of Maardu area, North-Estonia. Oil Shale, 29(1), 76–84.  
KALJO, D., BOROVKO, N., HEINSALU, H., KHAZANOVICH, K., MENS, K., 
POPOV, L., SERGEJEVA, S., SOBOLEVSKAJA, R. 1986. The Cambrian-Ordovician 
boundary in the Baltic-Ladoga clint area (North Estonia and Leningrad Region, 
USSR). Proceedings of the Academy of Sciences of the Estonian SSR, Geology, 
35(3), 97–108. 
KALJO, D., KIVIMÄGI, E. 1970. On the distribution of graptolites in the 
Dictyonema shale of Estonia and the uncontemporaneity of its different facies. 
Proceedings of the Academy of Sciences of the Estonian SSR. Chemistry and 
Geology, 19(4), 334–341 (in Russian). 
KIRSIMÄE, K., JØRGENSEN, P., KALM, V. 1999. Low-temperature diagenetic 
illite–smectite in Lower Cambrian clays in North Estonia. Clay Minerals, 34(1), 151–
163. 
KIVIMÄGI, E., LOOG, A. 1972. The main structural types of graptolitic argillites of 
the Toolse deposit. Proceedings of the Academy of Sciences of the Estonian SSR. 
Chemistry and Geology, 21(2), 143–147 (in Russian). 
KIVIMÄGI, E., TEEDUMÄE, A. 1971. Results of a complex estimation of the rocks 
in the phosphorite deposit of Toolse. Proceedings of the Academy of Sciences of the 
Estonian SSR, Chemistry and Geology, 20(3), 243–250 (in Russian with English 
summary). 
KLEESMENT, A., KURVITS, T. 1987. Mineralogy of Tremadoc graptolitic argillites 
of North Estonia. Oil Shale, 4(2), 130–138 (in Russian). 



45 

KLESMENT, I., UROV, K. 1980. Role of bacterial lipids in the formation of geolipids 
and kerogens. Proceedings of the Academy of Sciences of the Estonian SSR, 
Chemistry, 29(4), 241–245. 
KRAUSKOPF, K.B. 1955. Sedimentary deposits of rare metals in Economic Geology. 
Ed. A. M. Bateman. Econ. Geol. 50th Anniversary Vol. 1905-1955, 411–463. 
LILLE, U. 2003. Current knowledge on the origin and structure of Estonian kukersite 
kerogen. Oil Shale, 20(3), 253–263. 
LINDGREEN, H., DRITS, V.A., SAKHAROV, B.A., SALYN, A.L., DAINYAK, L.G. 
2000. Illite-smectite structural changes during diagenesis of Lower Paleozoic black 
Alum Shales from the Baltic area. American Mineralogist, 85(9), 1223–1238. 
LIPPMAA, E., MAREMÄE, E. 2000. Uranium production from the local Dictyonema 
shale in North-East Estonia. Oil Shale, 17(4), 387–394. 
LOOG, A., KURVITS, T., ARUVÄLI, J., PETERSELL, V. 2001. Grain size analysis 
and mineralogy of the Tremadocian Dictyonema shale in Estonia. Oil Shale, 18(4), 
281–297. 
LOOG, A., PETERSELL, V. 1995. Authigenic siliceous minerals in the Tremadoc 
graptolitic argillite of Estonia. Proceedings of the Estonian Academy of Sciences, 
Geology, 44(1), 26–32.  
LOUKOLA-RUSKEENIEMI, K., UUTELA, A., TENHOLA, M., PAUKOLA, T. 1998.  
Environmental impact of metalliferous black shales at Talvivaara in Finland, with 
indication of lake acidification 9000 years ago. Journal of Geochemical Exploration, 
64, 395–407. 
MENS, K., PIRRUS, E. 1997. Vendian - Tremadocian clastogenic sedimentation 
basins. In: A. Raukas, A. Teedumäe (eds.). Geology and Mineral Resources of 
Estonia. Estonian Academy Publishers, Tallinn, 184–191. 
MÄNNIL, R. 1966. Evolution of the Baltic basin during the Ordovician. Valgus, 
Tallinn, 1-200 (in Russian).  
MÜÜRISEPP, K. 1964. Käsnläätsedest Pakerordi lademes. In: ENSV Teaduste 
Akadeemia Looduseuurijate Seltsi aastaraamat, Valgus, Tallinn, 56, 17–24. 
NEMLIHER, J., PUURA, I. 1996. Upper Cambrian basal conglomerate of the 
Kallavere Formation on the Pakri peninsula, NW Estonia. Proceedings of the 
Estonian Academy of Sciences, Geology, 45, 1–8. 
NIELSEN, A.T., SCHOVSBO, N.H. 2006. Cambrian to basal Ordovician 
lithostratigraphy in southern Scandinavia. Bulletin of the Geological Society of 
Denmark, 53, 47–92. 
NIELSEN, A.T., SCHOVSBO, N.H. 2011. The Lower Cambrian of Scandinavia: 
depositional environment, sequence stratigraphy and palaeogeography. Earth-Science 
Reviews, 107, 207–310. 
NIIN, M., RAMMO, M., SAADRE,T. 2008. Eesti maavarade kaart. Diktüoneemakilt 
(graptoliitargilliit).  
Mõõtkava 1:400 000 (1:200 000). Kaart ja seletuskiri. Eesti Geoloogiakeskus, 2008. 
OLWIG K.R. 1996. Recovering the substantive nature of landscape. Annals of the 
Association of American Geographers, 86(4), 630–53. 
OVEREEM, I., WELTJE, G.J., BISHOP-KAY, C., KROONENBERG, S.B. 2001. The 
Late Cenozoic Eridanos delta system in the Southern North Sea Basin: a climate 
signal in sediment supply? Basin Res., 13(3), 293–312. 



46 

PAALITS, I. 1995. Acritarchs from the Cambrian-Ordovician boundary beds at 
Tõnismägi, Tallinn, North Estonia. Proceedings of the Estonian Academy of 
Sciences, Geology, 44(2), 87–96. 
PEIL, T. 2005. Estonian heritage connection: people, past and place: The Pakri 
Peninsula. International Journal of Heritage Studies, 11, 57–69. 
PETERSELL, V. 1997. Dictyonema argillite. In: A. Raukas, A. Teedumäe (eds.).  
Geology and Mineral Resources of Estonia. Estonian Academy Publishers, Tallinn, 
313–326. 
PIHLAK, A.-T. 2009. On the history of investigation of self-burning processes and 
oxygen problems in Estonia. Infotrükk, Tallinn (in Estonian, with Russian summary). 
POULSEN, V. 1966. Cambro-Silurian stratigraphy of Bornholm. Meddelelser fra 
Damk Geologisk Forening, 16, 117–137. 
PUKKONEN, E., RAMMO, M. 1992. Distribution of Molybdenum and Uranium in 
the Tremadoc Graptolite Argillite (Dictyonema Shale) of North-Western Estonia. 
Bulletin of the Geological Survey of Estonia, 2(1), 3–15. 
RAMBALDI G., KWAKU KYEM, A.P., MBILE, P., MCCALL, M., WEINER, D. 
2006. Participatory Spatial Information Management and Communication in 
Developing Countries. EJISDC, 25(1), 1–9. 
RHEBERGEN, F. 2009. Ordovician sponges (Porifera) and other silicifications from 
Baltica in Neogene and Pleistocene fluvial deposits of the Netherlands and northern 
Germany. Est. J. Earth Sci., 58(1), 24–37. 
RÜHKO, V., PUKKONEN, E. 1984. Fosforiite katvate kivimite (diktüoneemakiltade) 
geoloogilis-geokeemiline uuring. Report in Estonian Geological Foundation (in 
Russian). 
SAWICKI, D.S., PETERMAN, D. R. 2002. Surveying the Extent of PPGIS Practice in 
the United States. In: W.J. Craig, T.M. Harris, D.M. Weiner (eds.). Community 
Participation and Geographic Information Systems. Taylor & Francis, London, 17–
36. 
SCHOVSBO, N.H. 2003. The geochemistry of Lower Paleozoic sediments deposited 
on the margins of Baltica. Bulletin of the Geological Society of Denmark, 50(1), 11–
27. 
SIEBER, R. 2006. Public Participation and Geographic Information Systems: A 
Literature Review and Framework. Annals of the American Association of 
Geographers, 96(3), 491–507. 
SOESOO, A., HADE, S. 2014. Black shale of Estonia: moving towards a 
Fennoscandian-Baltoscandian database. Transactions of Karelian Research Centre, 
Russian Academy of Science, 1, 103–114.  
SOESOO, A., HADE, S. 2012. Metalliferous organic-rich shales of Baltoscandia – a 
future resource or environmental/ecological problem. Archiv Euro Eco, 2, 11–14.  
SOESOO, A., MIIDEL, A. 2007. North Estonian klint. Tallinn: Geoguide 
Baltoscandia, 32 p. 
SNÄLL, S. 1988. Mineralogy and maturity of the alum shales of south-central 
Jämtland, Sweden. Sveriges Geologiska Undersökning, C 818, 1–46.  
SUMBERG, A.I., UROV, K.E., AASMÄE, E.E. 1990. Characteristic of the Estonian 
Lower Ordovician fossil organic matter (Maardu member of the Pakerort horizon). 
Oil Shale, 7(3–4), 238–244 (in Russian with English summary). 



47 

SUNDBLAD, K., GEE, D.G. 1985. Occurrence of a uraniferous- vanadiniferous 
graphitic phyllite in the Köli Nappes of the Stekenjokk area, central Swedish 
Caledonides. GFF, 106, 269–274. 
SZYMARISKI, B. 1973. Osady Tremadoku i Arenigu na obszarze Biatowieiy. Institut 
Geologiczny, Prace, 69, 1–92. 
TULLOCH, D. 2007. Public Participation GIS (PPGIS). In: Encyclopedia of 
Geographic Information Science, SAGE Publications.  
UTSAL, K., KIVIMÄGI, E., UTSAL, V. 1982. About method of investigating 
Estonian graptolithic argillite and its mineralogy. Acta et Commentationes 
Universitatis Tartuensis, Tartu, 527, 116–136 (in Russian).  
VAUGHAN, D.J., SWEENEY, M., DIEDEL, G.F.R., HARANCZYK, C. 1989. The 
Kupferschiefer: An overview with an appraisal of the different types of 
mineralization. Economic Geology, 84, 1003–27. 
VESKI, R., PALU, E. 2003. Investigation of Dictyonema oil shale and its natural and 
artificial transformation products by a vankrevelenogram. Oil Shale, 20(3), 265–281.  
VINE, J.D., TOURTELOT, E. B. 1970. Geoghemistry of Black Shale Deposits – A 
Summary Report. Economic Geology, 65, 253–272. 
VOOLMA, M., SOESOO, A., HADE, S., HINTS, R., KALLASTE, T. 2013. 
Geochemical heterogeneity of the Estonian graptolite argillite. Oil Shale, 30(3), 377–
401.  
ЮДОВИЧ Я. Э., КЕТРИС М.П. 1988.  Геохимия  черных  сланцев.  Л.:  Наука, 
272 с.  
 
 
 
 
 
 
 
 
 
 

  



48 

ABSTRACT 
 
This PhD thesis includes two different applications of GIS methods: (1) in the studies 
of the geology of the Estonian Palaeozoic graptolite argillite and its metal 
distribution, and (2) in public perception of landscape and environmental changes.  It 
is previously known that the Estonian graptolite argillite (GA) contains remarkably 
high concentrations of trace metals such as U, Zr, Mo, V and Ni, however, the 
distribution characteristics of these metals as well total tonnage is not well known. 
The combined database of 468 drill cores has been used as the initial data to 
reconstruct layer thickness and elemental distribution models. The total area of the 
Estonian GA on the mainland and islands is about 12 210 km2, with the 
corresponding  argillite  volume  of  about  31.92  billion m3 and the GA amount of  
67 billion tonnes (at specific gravity 2 100 kg/m3). The estimated in situ and eroded 
area between the West-Estonian islands and the mainland is about 3 190 km2 with the 
corresponding material volume of 9.02 billion m3. The amount of the material 
between the Estonian mainland and Hiiumaa Island is about 18.9 billion tonnes, while 
as minimum, the similar amount has been totally eroded in the North Estonia possibly 
due to Pra-Neva erosional activity. These new thickness and element concentration 
models allow more realistic estimates of the total amount of metals in the Estonian 
GA.  For  example,  the  calculated  total  weight  of  U is about 5.67 million tonnes  
(6.68 million tonnes as U3O8); Zn is as high as 16.53 million tonnes (20.58 million 
tonnes as ZnO) and Mo – 12.76 million tonnes (19.15 million tonnes as MoO3). The 
element amounts show a somewhat similar pattern – Western Estonia has the highest 
potential, especially for U and Mo. Using the thickness model, it can also be 
interpolated (cell size 400 X 400 m vs. thickness grid), the uranium tonnage in the 
region between the Estonian mainland and islands reaches 1.8 million tonnes (at an 
average content of 95 ppm), zinc (Zn) 22.7 million tonnes (average 1200 ppm), lead 
(Pb) 6.6 million tonnes (average 350 ppm), molybdenum (Mo) 4.5 million tonnes 
(average 235 ppm) and vanadium (V) 13.3 million tonnes (average 700 ppm). At least 
similar amounts are eroded from the northern part of Estonia (due to the Baltic Klint 
formation). Apart from being a future metal resource, the GA is also an 
environmental concern, especially due to high population density in the area where 
GA is lying at or close to the surface. In order to facilitate better economic and 
environmental assessment, a new, GIS-based spatial database of black shale resources 
and related environmental-social impacts across Estonia – NW Russia – Sweden – 
Finland – Norway is proposed. 
 
As the environmental issues remain in focus of relationship between the society and 
environment, a GIS-based tool, which allows matching qualitative and quantitative 
data with numerically immeasurable opinion of local people, has been tested on the 
Pakri Peninsula. The results show that the major landscape change and environmental 
impact was related to the period when Soviet troops abandoned the area. Likely, the 
period of 10 to 15 years is minimum time to acquire first results on land and 
environment rehabilitation and, thus, change the perception of local people. 
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KOKKUVÕTE 
 
Doktoritöö eesmärgiks on, kasutades GIS meetodeid, (1) hinnata Eesti Paleosoilise 
graptoliit-argilliidi (GA) kihi paksuse muutlikkust, sisalduvate metallide jaotust ja 
variatsiooni Eesti aladel ning (2) selgitada maastikulist ja keskkonna parameetrite 
muutlikkust läbi kohaliku elanikkonna nägemuse (PP-GIS).  
 
Kambriumi kuni Vara-Ordoviitsiumi vanusega metalli- ja orgaanikarikkad 
settekivimid (tuntud kui alum-kildad, mustad kildad, graptoliit-argilliit) on teada 
laialdasel alal, mis kulgeb Leningradi oblastist üle Põhja-Eesti Lõuna-Rootsisse ja 
pöördub sealt põhja suunas kuni Põhja-Rootsi ning Põhja-Norra aladeni. Mitmete 
metallide (V, Zn, Mo jt.) kõrge sisaldus Eesti graptoliit-argilliidis on ammu teada. 
Vähem on teada elementide paigutus nii ruumiliselt kui läbilõigetes. Doktoritöös on 
kasutatud geokeemilist lähenemist ja GIS meetodeid, mis baseeruvad 468 
puursüdamiku analüüsil, et koostada GA paksuse ja huvipakkuvate elementide 
ruumilised mudelid ning summaarselt hinnata GA massi kogu Eesti esinemisalal. 
Elemendilist variatsiooni on uuritud Saka (Ida-Eesti tsoon) ja Paldiski (Lääne-Eesti 
tsoon) läbilõigetes, mis tuvastasid kõrge elementide muutlikkuse olenemata kihi 
paksusest. Eesti GA hõlmab umbes 12 210 km² ala ja kivimi maht on 31,92 miljardit 
m³. GA kogumass, arvestades eritihedust 2 100 kg/m³ kohta, on 67 miljardit tonni. 
Sellele lisandub ligikaudu 18,9 miljardit tonni kivimit, mahuga 9,02 miljardit m³, mis 
paikneb (ja on põhjaosas kohati ära erodeeritud) umbes 3 190 km² alal Mandri- ja 
Lääne-Eesti saarte vahel. Ligikaudu samas mahus, minimaalselt vähemalt 19 miljardit 
tonni graptoliit-argilliiti on täielikult erodeeritud ja ümbersetitatud ning osaliselt 
lahustunud Põhja-Eesti rannikualalt Balti klindi tekkeperioodil seoses Ürg-Neeva 
tegevusega. Toetudes Eesti GA paksuse ja elementide kontsentratsioonide 
muutlikkuse mudelitele, on arvutatud elementide sisaldused kogu Eesti alal. Mudelis 
on kasutatud horisontaaltasapinnalist  resolutsiooni 400 x 400 m. Näiteks, arvutatud 
elemendiline U sisaldus Eesti GA-s on 5,67 miljonit tonni (U3O8 sisaldus 6,68 
miljonit tonni), Zn kogumass on 16,53 miljonit tonni (ZnO - 20,6 miljonit tonni), Mo 
12,76 miljonit tonni (MoO3 - 19,1 miljonit tonni). Minimaalselt 22 miljonit tonni Zn, 
4,4 miljonit tonni Mo, 13 miljonit tonni V, 1,8 miljonit tonni U on ära erodeeritud 
ning ümbersetitatud Põhja-Eestist, Balti klindist põhja poole jäävatelt aladelt. Mudeli 
põhjal arvutatud metallide kogused Mandri-Eesti ja Lääne-Eesti saarte vahel on 
järgmised: U 1,8 miljonit tonni, Zn 22,7 miljonit tonni, Mo 4,5 miljonit tonni, V 13,3 
miljonit tonni ja Pb 6,6 miljonit tonni. Lisaks sellele, et Eesti GA on mitmete 
metallide tulevikuressurss, on see kivim ka keskkonnaoht, eriti aladel, kus 
inimpopulatsiooni tihedus on kõrge ja kogukonnad paiknevad GA avamusalal. Et 
paremini hinnata Eesti GA, aga samuti Fennoskandia sarnase geneesiga mustade 
kiltade majanduslikku tähtsust ja keskkonnamõju, on töös välja pakutud Eesti, 
Venemaa, Rootsi, Soome ja Norra mustade kiltade ühisandmebaasi struktuur. 
Kasutajatele avatud brauseripõhine andmebaas annaks esmakordselt võimaluse 
hinnata mustade kiltade majanduslikke, sotsiaalseid ja keskkonnamõjusid koos.  
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Autori osalusel väljatöötatud GIS vahenditel baseeruvat internetipõhist rakendust 
(PP-GIS; Partner Participation GIS), mis lubab siduda keskkonna ja elanikkonnaga 
seonduvad kvalitatiivsed ja kvantitatiivsed muutujad ning mitte-numbriliselt 
mõõdetava kohalike elanike arvamuse, on katseliselt testitud Pakri poolsaarel. 
Rakenduse tulemused näitavad, et põhiline maastikuline muutus ja keskkonnamõju 
oli seotud perioodiga, mil Nõukogude Liidu väeosad lahkusid Pakri poolsaarelt. 
Uuringust järeldub, et 10 kuni 15 aastat on minimaalne aeg keskkonnamõjude 
rehabilitatsiooniks, mis kajastub otse ka kohalike elanike maastiku- ja 
keskkonnanägemuses.   
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