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Disclaimer  

The contents of this document are the copyright of the FRAME consortium and shall not 

be copied in whole, in part, or otherwise reproduced (whether by photographic, 

reprographic or any other method), and the contents thereof shall not be divulged to any 

other person or organization without prior written permission. Such consent is hereby 

automatically given to all members who have entered into the FRAME Consortium 

Agreement, dated 01.07.2018, and to the European Commission to use and disseminate 

this information.  

The information and content of this report is the sole responsibility of the FRAME 

consortium members and does not necessarily represent the views expressed by the 

European Commission or its services. Whilst the information contained in the documents 

and webpages of the project is believed to be accurate, the author(s) or any other 

participant in the FRAME consortium makes no warranty of any kind with regard to this 

material. 
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1 Introduction 

The prime aim of work package (WP) 3 in the FRAME project is to produce a map of 

strategic and critical raw materials (SCRM) for Europe, including the so-called energy and 

conflict minerals. In cooperation with other FRAME WPs, there was a consensus on the 

methodology used for the identification and selection process of the SCRM to be included 

in the metallogenic map (Arvanitidis, et al., 2019), linked mainly to information collected 

from existing databases , such as the ones of ProMine, Minerals4EU (M4EU) and 

European Geological Data Infrastructure (EGDI).  

In this report we present a general overview of the main metallogenetic provinces in 

Europe and, in more detail, we present the metallogenetic maps and their description for 

rare earth elements, graphite, cobalt, lithium, phosphor, niobium and tantalum with the 

contribution from the other FRAME work packages (WP4, WP5 and WP6) and the Mineral 

Resource Expert Group (MREG) on landbased cobalt and phosphor metallogenic areas in 

the European sea with the contribution from the MINDeSEA project. The digital version 

on the metallogenetic areas have been prepared and delivered in D3.2. The Methodology 

and some example of prospectivity maps are presented in this report while all final 

prospectivity maps for selected CRM commodities will be presented in report D3.5.  

EuroGeosurveys’ Mineral Resources Expert Group (MREG) presented an updated map on 

critical raw materials in 2017, (Bertrand et al., 2018) (Figure1), based on the ProMine 

mineral deposit database. The mineral resource information, including data sharing and 

networking by European Geological Surveys, is crucial and the main focus in FRAME’s 

WP3 is to update the CRM and strategic raw materials data setsand also to introduce pan 

European metallogenetic belts on selected commodities, including Critical Energy and 

conflict minerals.  
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Figure 1. An overview of main Critical Raw Material (CRM) deposits (source: Bertrand et al., 2018)  

2 Predictivity map  

2.1 Introduction  

In the past, economic geologists used a light table to simply overlay different thematic 

maps to examine spatial relationships and analogue data integration between important 

multi-disciplinary criteria to guide exploration and produce mineral potential and other 

relevant maps. Nowadays, it is possible to collect and store the data and information in 

digital formats and to use different GIS and statistical approaches to deliver maps 

showing favourable areas referring to a specific commodity. Carranza (2017) describes 

mineral potential mapping (MPM- also termed mineral potential modelling) as 

quantifying and mapping of the likelihood that mineral deposits may be found by 

exploration in a study area. 
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An objective of WP3 in the FRAME project is to produce predictive assessments – in the 

form of prospectivity maps (predictivity maps) - of CRM based on GIS exploration tools at 

the continental scale, in order to identify high potential mineral provinces and mining 

districts.  

The basic purpose of prospectivity mapping is to assess the spatial distribution of the 

favorability of occurrence of a non-random phenomenon (assuming that a phenomenon 

cannot be predicted if it is purely random). In the case of mineral prospectivity mapping, 

the phenomenon is the occurrence of a mineralization. Many mineral prospectivity 

mapping methods exist. They can be grouped in two categories: 

- The “expert guided” methods rely on the existing knowledge of experts, in the 

form of e.g. exploration guides or metallotects. These guides are searched to 

discover analogs and hopefully new mineralization. This is more or less how 

mineral exploration was empirically conducted by economic geologists in the past 

centuries. The development of computers and databases during the last decades 

allowed to automatically process larger volumes of data and thus improve the 

accuracy and reliability of the methods. 

- The “data driven” methods rely more on the processing of data to deduce 

“knowledge” (“learning” from input datasets) that is then used to identify the 

areas that are favourable to discover new mineralization. Date driven methods 

largely progressed in the past decades with the tremendous development of 

computing capacities and databases. 

When it comes to mineral prospectivity mapping at continental scale (which is the goal 

of this work), encompassing huge geographic coverage, numerous geological 

environments and large volumes of data, data driven methods are well appropriate. In 

this work, we have used a data driven approach – the CBA (for Cell Based Association) – 

that has been recently developed by BRGM (Tourlière et al., 2015). Preliminary result on 

prospectivity mapping are presented and published in different events (e.g.  Bertrand et 

al., 2020, Sadeghi et al., 2020a and Sadeghi et al., 2020b) 

 

2.1.1 Cell based association (CBA)  

Most data driven mineral prospectivity mapping methods are based on unequivocal 

relationships between points (e.g., known deposits) and the cartographic entities that 

contain them (pixels or polygons associated with, for instance, geological information). 
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The knowledge “learned” by the process will be solely based on this unequivocal 

relationship. For instance, a deposit will unequivocally be linked to the lithology polygons 

that contains it, without considering surrounding lithologies. This “shortcut” may lead to 

several issues that could significantly bias the results. 

The first issue resides in the uncertainties in polygon contours and point location. 

Cartographic objects are drawn with a certain error in their location that could be 

significant, especially at continental scale. That may result in a wrong association 

between a point (deposit) and a polygon (lithology). In addition, geological maps display 

surficial formation that could cover large areas but are not related to mineralization 

(Quaternary covers, for instance). 

The second issue resides in the fact that the surface of polygons is often considered a 

relevant parameter for weighting. That is the case for instance in the Weight of Evidence 

method (Bonham-Carter et al., 1988, 1989; Agterberg et al., 1990) where surfaces of 

lithological formations are used to calculate density of deposits. This may lead to artefacts 

because geology is in 3D and the surface extension of a formation is not necessarily 

related to its overall importance. 

The third issue resides in the spatial distribution of points that is often not considered in 

data driven mineral prospectivity methods. That may lead to the inappropriate 

generalization of a local feature to a whole formation. For instance, skarn deposits are 

not located in a whole carbonate formation, but along its contact with intruding 

magmatic bodies. 

To solve these issues, we believe that considering the geological environment around 

known deposits and “learn” from this information to assess the favorability is more 

appropriate than considering solely the “point-polygon” unequivocal link. The CBA 

method has been developed with this underlying base principle. 

 

2.1.1.1 Description of the CBA method 

The application of the CBA method relies on a succession of relatively simple steps of data 

processing and calculation. The basic needs in terms of data to apply the method are 1) 

a set of known deposits containing the targeted commodity in the area of study (learning 

set) and 2) a map of relevant geological features. In the present study, we have used 



 

11 

 
 

datasets of deposits produced by work packages 4, 5 and 6 of the FRAME project, and 

the 1 to 1.5 million geological map of Europe compiled by BRGM (Billa et al., 2008). 

The first step of the CBA method is to superimpose a regular grid (“cells”) over the area 

of study (Figure 2). The size of the cells is an important parameter that is directly 

connected to the scale of the input map. If they are too small, most of them will intersect 

only one lithology polygon, if they are too large, they will intersect “too many” (if not all) 

lithology polygons. The cell size needs to be carefully chosen to allow sufficient 

lithological association variability in all the cells. 

 

Figure 2. The first step of the CBA method is to superimpose a regular grid over the area of study. 

In the second step, an attribute table is built from the intersection between the grid and 

the map polygons. This attribute table codes the presence (1) or absence (0) of each 

lithology in each cell of the grid. It then provides a “lithological spectrum” that describes 

the lithological associations in all cells of the grid. Note that the surface of the intersection 

between lithological polygons and cells is not considered, because it is likely meaningless 

in 2D (as geology is 3D). 
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Figure 3. Each cell of the grid (left) is coded in an attribute table (right) for the presence (1) or absence 

(0) of each lithology. 

In a third step, we identify the lithological associations related to known deposits. To do 

so, a buffer is drawn around each deposit, which surface is equal to those of cells. 

Lithological associations in all buffers are coded similarly to grid cells. At the end of this 

process, we have built two attribute tables to describe lithological associations: one for 

the cells of the grid and one for the buffers around known deposits. The lithological 

associations in buffers are associated with deposits and are then considered favourable 

(Figure 3). The following step is to compare lithological associations of grid cells and 

buffers. A simple way is to consider as favourable all associations in grid cells that are 

exactly similar to favourable associations in deposit buffers. For instance, in Figure 4, the 

two green cells in the upper middle of the figure could be considered favourable because 

they have exactly the same association found in deposit 2 buffer. Another way to 

compare lithological associations in grid cells and buffers is to group them, using 

algorithms such as AHC (ascending hierarchical classification). A third way is to score all 

cells of the grid on their similarity with favourable associations in the buffers. This last 

yields a continuous range of values for all cells of the grid, allowing a more precise 

assessment of their relative favourability. 
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Figure 4. lithological associations in cells and deposit buffers are compared to identify favourable 

cells. 

2.1.1.2 Specific developments 

In the present work, we have chosen to score (rank) all the cells of the grid on the 

similarity of their lithological associations with those contained in the deposit buffers. To 

do so, we use a frequency ratio (FR) that is calculated according to the following formula: 

𝐹𝑅 =
frequency of lithology n in all deposit buffers

frequency of lithology n in all cells of the grid
 

FR shows if a lithology is preferably associated with known deposits (FR>1) or not (FR≤1). 

There are certainly many ways to combine frequency ratios to calculate the score of each 

cell. In this work, we have tested five of them that are: 

• The sum of FR of all lithologies present in the cell; 

• The product of FR of all lithologies present in the cell; 

• The sum of « favourable » lithologies (FR>1) present in the cell; 

• The product of « favourable » lithologies (FR>1) present in the cell; 

• The simple sum of the frequency in deposit buffers of all lithologies present in the 

cell. 

For each commodity (i.e. dataset) in the scope of the project, these five scoring 

approaches were statistically tested, in order to assess their performance and identify 

the most accurate. To do so, we performed the followings tasks for each dataset: 
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• 100 CBA prospectivity test maps were calculated; 

• For each one of them, 50% of the dataset (randomly selected) was used as 

training set and the remaining 50% was used as controlling set; 

• For each test map, a ROC (Receiver Operating characteristic) curve was calculated 

with the controlling set and its performance was measured with the AUC (Area 

Under Curve) indicator; 

• For each scoring method, an average AUC value and standard deviation were 

calculated, that allowed to measure its performance per dataset. 

For each dataset, scoring methods were evaluated on their average AUC value. The 

results of these statistical tests for the lithium, cobalt and natural graphite datasets are 

synthetized in the Figure 5 below. They show that the “simple product of FR” scoring 

technique is largely underperforming for all 3 datasets. This result is not really a surprise 

as the product of all frequency ratios is likely to produce a high variability of results, which 

could hamper accuracy and reliability. It also shows that the “simple sum of frequencies 

in deposit buffers” scoring technique is slightly underperforming for all 3 datasets. Finally, 

the statistical test results show that the “simple sum of FR”, the “sum of favourable FR” 

and the “product of favourable FR” scoring techniques provide results of quite similar 

accuracy, with slightly better results for the “simple sum of FR” scoring technique for all 

3 datasets. Therefore, we have used this scoring technique for the CBA prospectivity 

maps of lithium, cobalt and natural graphite. 
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Figure 5. Results of the statistical tests of CBA cell scoring methods for the Li, Co and natural graphite 

datasets. 

 

2.1.2 Fuzzy weights of evidence  

Fuzzy weight of evidence (Fuzzy-WofE) is the fuzzy analog of the ordinary WofE method 

(more details on methodology can be read from Porwal et al., 2003 and Porwal et al., 

2006 and references therein). This method provides a better theoretical framework for 

handling the complexity of modeling multi-class data in a flexible and consistent way.  

In brief, the followed method estimates the fuzzy favorability membership value for each 

of the jth class in the ith lithology related variable, using the knowledge-based logistic 

membership function (Porwal et al., 2003): 

 

 μA~xij =
1

 1 + ⅇ−a(xij−b)
 

 

where b is the inflexion point (values between 0 and 100), α is the slope of the function 

and xij the overall class score of the jth class in the ith lithology related variable. 

The overall class score is calculated by the following equation: 

𝑋𝑖𝑗 = 𝑊𝑗 ∗ 𝑊𝑖 

where wj is the class weight of the jth class in the ith lithology related variable and wi is 

the weight of the ith lithology related variable. 

The fuzzy values were estimated through a fuzzy simple additive weighting method 

(FSAW) that captures the knowledge of a group of experts according to the method 

proposed by Chou et al. (2008).  

Generated fuzzy predictor patterns are based on (a) knowledge-based fuzzy membership 

values and (b) data-based conditional probabilities applied to a comparison of the results.  

 

https://www.sciencedirect.com/science/article/pii/S0048969717336902#bb0365
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/inflection-point
https://www.sciencedirect.com/science/article/pii/S0048969717336902#bb0115
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2.2 Exmples of prospectivity (Favourability) maps 
The CBA prospectivity maps were calculated with the deposit datasets compiled by WP 4 

(phosphate), 5 (lithium, cobalt and natural graphite) and 6 (niobium and tantalum) of the 

FRAME project and the final maps and description will be presented in deliverable report 

D3.5. The 1 to 1.5 million geological map (1/1,500,000) compiled by BRGM (Billa et al., 

2008) and a regular grid of 10 by 10 km cell size. 10 by 10 km may seem rather coarse, 

and it certainly is, but it is in the order of size of an exploration permit, and it was a good 

compromise between “geological reality” and “computing constrains”. Note that the CBA 

prospectivity maps do not include Greenland, although it is a highly strategic region for 

mineral exploration. The reason is that the input 1 to 1.5 million geological map of Europe 

does not cover Greenland. However, the fuzzy weight of evidence approache, in the 

present work, uses different data sources and includes Greenland. 

To ease the reading of the prospectivity maps, favourability scores have been color coded 

in five classes, going from “very low” to “very high” favorability. Note that it is a relative 

classification. Note also that the visual result significantly depends on the method used 

to classify the scores. 

Finally, note that only the geology (lithology) was used to characterize the associations in 

grid cells and deposit buffers. No geochemical or geophysical datasets were used because 

no such dataset was available at the scale of the whole European continent. Anyway, 

further developments of the present work could be done to refine the CBA prospectivity 

mapping at regional scale, in favourable areas, with additional pertinent datasets. 

The CBA favourability map for lithium (Figure 6) was built with the database of energy 

critical elements deposits compiled by the WP5 of the FRAME project. This database 

contains 595 deposits and occurrences containing lithium. CBA scores were calculated 

with the “simple sum of frequency ratios” scoring technique. They were grouped in 5 

classes, from “very low favourability” to “very high favourability” using the Jenks natural 

breaks classification.  
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Figure 6. CBA favourability map for lithium in Europe. 

The Fuzzy-WofE method has applied for the conflict minerals containing tantalum (Ta). 

Figure 7 shows the prospectivity map for Tantalum using this method (Sadeghi et al., 

2020b). The results of our prospectivity mapping highlight several Ta mineral potential 

areas related to evolved granite to leucogranite bodies mostly in Scandinavia, Spain, 

France and Portugal (e.g Morille-Martinamor district, Fontão and Penouta where 

previous exploration activities on those elements were carried out in past). The late 

Neoproterozoic to early Cambrian Schist-Greywacke Complex (SGC) of the Variscan belt, 

in Central Iberian Zone, is also indicated as favourable area for Nb and Ta. Pegmatites in 

the Campo Mineiro De Lagares in the CIZ are another area of interest. Pegmatites in 

central Iberian zone is another area of interest, as is the case for Campo Mineiro De 

Lagares. The late Neoproterozoic to early Cambrian Schist-Greywacke Complex (SGC) of 

the Variscan belt, in Central Iberian Zone, is also indicated as favourable area for Ta.  In 

Sweden, the pegmatites of the Varuträskt area, close to Skellefteå, dated to c. 1.8-1.77 

Ga, are clearly highlighted in the prospectivity maps. The areas related to Fennoscandian 
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carbonatites appear also to be strongly favourable as Nb and Ta mineral potential targets. 

In the northern, central and southern parts of Sweden, high to moderately favourable 

areas are related to numerous individual granitic pegmatite dykes of Proterozoic age. 

 

 

 
Figure 7. An example of favorability maps using hybrid fuzzy weights of evidence (Tantalum 

mineralization in Europe) produced in the FRAME project. 

2.3 Summary 

In conclusion, there is not a “best” method to produce a favourability map, and each 

data- or knowledge-driven method has its advantages and limitations, the most 

important being the quality and quantity of input data which is critical to prospectivity 

mapping. We believe that, to produce a valuable and applicable favourability or 

prospectivity map, it is critical to have a set of multidisciplinary harmonized data sets. At 

European scale, probably the best way is to start with data gathering on mineral deposits 
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in a harmonized way, which is a main task for FRAME project (harmonized geological 

dataset that also includes Greenland with same resolution and accuracy). The 

favourability maps presented herein and derived from these datasets enable identifying 

permissive and prospective areas, at continental scale, that reflect the geological data 

and knowledge applied. In further steps, the highest mineral potential will be highlighted 

taking also into account data and knowledge updates related to mineral systems at 

regional scale, economic geology approaches, till and lithogeochemical data, and 

airborne geophysics measurements. 

Then the prospectivity mapping at district and local scale will identify target areas of 

advanced exploration potential. Ultimately, potential assessment of those areas will 

consider knowledge and data updates addressing deposit scale exploration efforts 

including alteration, mineralogy, ground geophysics and detail geochemical sampling. 

This methodology represents different development stages, scales and progress of 

economic geology surveys which could be a tool to improve effectiveness and efficiency 

of future investments in exploration. Improved understanding and support for a balance 

management of competitive land-usage interests is an additional benefit. 

 

 

 

 

 

 

 

 

 

 



 

20 

 
 

3 Overview of the Metallogenetic provinces in Europe  

The geological evolution of European terrains provided favourable conditions for the 

formation of a variety of mineral deposits in time and space. Distribution of metallogenic 

provinces strongly correlates with tectonic setting and evolution, and the largest 

metallogenic provinces are shown in Figure 8. These include the Fennoscandian Shield, 

Caledonian province, Variscan province, Alpine province and Greenland comprising the 

Gardar and north Atlantic igneous province.  

 

 

Figure 8. an overview on geological map of Europe and Greenland modified after Asch (2005) and 

the main metallogenetic areas in Europe. GLGB: central Lappland greenstone belt; NB: Norrbotten; 

Sk:Skellefte; BR: Bergslagen; S-CAL: Scandinavian Caledonides; IS-CAL: Ireland-Scotland 

Caledonides; EAP: Eastern Alpine province; WAP: Western Alpine province; WC: Western 

Carpathian; EC: Eastern Carpathian; CB: Carpathian-Balkan Zone; SMZ: Serbian-Macedonian Zone; 
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HEL: Hellenides; CE: Central massif; VAR:Variscan metallogenic province; Gr: Gardar province; 

NAIP: North Atlantic Igneous Province.   

3.1 Fennoscandian shield 
The Precambrian geological history and metallogeny of this province were summarized 

by Weihed et al. (2005). Fennoscandia is the most important metal mineralization district 

of Europe. Metallogenic areas within Fennoscandian are geographically rather 

distributed, although variable in age and importance (Lahtinen et al., 2012). The FODD 

database and metallogenic map over Scandinavian outlines several important 

metallogenic and geotectonic events (Figure 9). 

The oldest rocks in Fennoscandian are Archean rocks that host several critical metals, for 

example granitoids rocks with 2.9-2.7 Ga in Lobash and Mätäsvaara representing Mo 

porphyry and 2.7 Ga granite and pegmatite hosting orogenic gold contain Au, Li, Be (e.g. 

in Pampalo). A Paleoproterozoic cratonic to rifting stage affected the Archean continents 

at 2.50-2.44 Ga, producing mafic layered intrusion that contain Cr, PGE, Ni, V, Ti (e.g. 

Kemi deposit, Mustavaara). 2.4-2.0 Ga Cratonic rifting contain Ni, Co, V in black shale 

hosted and SEDEX deposits (e.g. Talvivaara). 2.1-2.05 Ga rifting produced mafic and 

ultramafic intrusion, VMS and alkaline intrusion contain Ni, PGE, V, Ti, REE, Nb (e.g. 

Kevitsa, Viscaria). Rifting process at 2.0 Ga produced magmatic Ni-Cu such as Pechenga. 

Paleoprotrozoic subduction-related 1.93-1.88 Ga arcs hosting several VMS deposit 

epithermal deposits, IOCG (e.g. Pyhäsalmi, Falu mine, Garpenberg, Boliden, Zinkgruvan, 

Kristineberg) with critical metals such as P in addition to base metals. Paleoproterozoic 

collision during 1.91 Ga-1.79 Ga produced orogenic gold and mafic -ultramafic intrusion 

with potential for Au, Ni and Co (e.g. Kittilä, Björkdal, Pahtohavare). Paleoproterozoic late 

to post collisional 1.88 -1.62 Ga magmatism produced mafic intrusion, pegmatites and 

carbonatite with potential for Ti-V, Li, Nb-Ta-Be, REE- and Ni. (e.g. Koivusaarenneva, 

Korsnäs, Rodsand, Espedalen). 1.6-1.14 Ga cratonic, in continental margin hosted Co-Ni 

related to mafic -ultramafic intrusion (e.g. Skuterud). 1.14-0.97 Ga collisional host mafic 

and felsic intrusion contain Mo, Ni (e.g. Knaben, Flåt) and finally, 960-920 Ma post 

collisional host mafic intrusion contain Ti-V (e.g. Tellnes). 

Neoproterozoic rifting and passive margin tectonics host VMS and carbonatite deposits 

(e.g. Fen and Mojfjell) with potential for critical commodities such as REE, Nb, P,  and V. 

Phanerozoic passive margin, island arc and ophiolites contain V, Mo, Ni, PGE 
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mineralization, VMS-style base metal and black shale-related mineralization (e.g. 

Stekenjokk, Lokken, Joma, Myrviken). Finally, an intraorogenic phase started 435-440 Ma 

continues with mafic and ultramafic intrusion hosting base metal and Ni. 430-390 Ma 

collisional orogeny with sandstone hosted and orogenic gold bearing critical elements 

such as Ti and Au (e.g. Laisvall) and during the post collisional 400-360 Ma, REE, Nb, Zr 

hosted in the alkaline intrusion, and ultramafic alkaline and carbonatite (e.g. Kovdor, 

Sokli) and finally during the 300-240 Ma rifting so called Oslo rift; Mo and Ag in the 

porphyry and hydrothermal vein getting developped (e.g. Nordli, Kongsberg). 

 

Figure 9. General view on the Fennoscandian shield (European part) and main mineralizations. 

(Source of deposit: Fennoscandian ore deposit database (FODD) – Eilu et al. 2012).  

In this report we summarize a selection of the key metallogenetic provinces in the 

Fennoscandian shield  
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3.1.1 The Skellefte District (Sweden) 

The bedrock in the Skellefte district was formed or reworked by Svecokarelian orogenic 

processes (from about 1.96 to 1.75 Ga). This time interval includes subduction-related 

processes, collision, and extension-related collapse of the thickened crust. The peak of 

Svecokarelian deformation and metamorphism occurred between 1.85 and 1.80 Ga 

(Stephens et al. 1997), but earlier phases of deformation at 1.89 – 1.87 Ga have been 

reported by Skyttä et al. (2012a, b). 

The Svecokarelian orogen comprises Svecokarelian intrusive rocks, formed by orogenic 

processes and Svecofennian supracrustal rocks, i.e. early orogenic sedimentary and 

volcanic rocks, the latter hosting the VMS deposits of the Skellefte district. Major shear 

zones trending north-south and WNW-ESE are linked to changes in metamorphic grade 

(Skyttä et al., 2020) and also played a role in controlling the present location of VMS 

deposits in this province (Carranza and Sadeghi, 2012).   

The Skellefte metallogenic area is defined by the presence of different rocks hosting 

different types of mineral deposits. The Skellefte group hosts a large number of VMS 

deposits which historically is the most important economic deposit type in the area 

(Kathol and Weihed, 2005). The Jörn GI metagranitoids (Figure 10) host non-economic 

porphyry copper mineralization. Volcanic rocks of the Arvidsjaur Group and coeval 

intrusive rocks of the Perthite monzonite suite dominate the bedrock in the area north 

of the Skellefte district. The replacement copper- zinc (Cu ± Zn) ores of the Adak mining 

camp, the Storliden mine, and the Svartliden prospect are all probably related to the early 

evolution of a juvenile continental arc. These deposits share several characteristics with 

VMS deposits but are characterized by stringer zone Cu mineralization instead of massive 

sulphide deposits. A few deposits, interpreted to have been formed by epithermal 

processes (i.e. the Boliden ore, Bergman Weihed et al. 1996), are known in the Skellefte 

district (epithermal gold). These deposits may have been formed under subaerial or 

shallow-water conditions. 

Regional-scale mapping of the prospectivity for volcanogenic massive sulphides (VMS) 

deposits and estimation of undiscovered VMS endowment in the Skellefte district was 

carried out by Carranza and Sadeghi (2010) and they obtained estimates of 709 Kt of 

undiscovered Cu endowment, 3190 Kt of undiscovered Zn endowment, 95 Mt of 

undiscovered ore tonnage, and 48 undiscovered VMS deposits. 
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Figure 10. Detailed view of the metallic mineral deposits in the Skellefte district (modified from 

Skyttä et al, 2020) 

3.1.2 The Norrbotten District (Sweden) 

Two lithotectonic units (the Norrbotten and Överkalix units) occur inside the 

Paleoproterozoic (2.0–1.8 Ga) Svecokarelian orogen in northernmost Sweden. Archean 

(2.8–2.6 Ga and possibly older) basement, are the oldest rocks in this province. Siliciclastic 

sedimentary rocks, predominantly intermediate to felsic volcanic rocks, and both spatially 

and temporally linked intrusive rock suites, deposited and emplaced at 1.9–1.8 Ga, form 

the syn-orogenic component (Bergman and Weihed ,2020). Metallogeny of the Northern 

Norbotten ore province has been recently published by Martinsson et al. (2016), while 

geology and mineralization in Norrbotten was described by Bergman et al. (2001). Iron 

oxide-apatite (IOA) mineralization, including the two worldlargest underground Fe ore 

mines (Kiruna and Malmberget), skarn-related Fe oxide, base metal sulphide, and 

epigenetic Cu–Au and Au deposits occur in the Norrbotten lithotectonic unit.  
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The Northern Norrbotten Ore Province in northernmost Sweden includes the type 

localities for Kiruna-type IOA deposits and has been the focus for intense exploration and 

research related to Fe oxide-Cu-Au mineralization during the last few decades. Several 

different types of Fe-oxide and Cu-Au ± Fe oxide mineralization occur in the region and 

include: stratiform/stratabound Cu ± Zn ± Pb ± Fe oxide type, iron formations (including 

BIF's), Kiruna-type IOA mineralization, and epigenetic Cu ± Au mineralization. Generally, 

the formation of Fe oxide ± Cu ± Au mineralization is directly or indirectly dated between 

~2.1 and 1.75 Ga (Martinsson et al., 2016) 

 

In summary, The Norrbotten lithotectonic unit contains one of Sweden’s major mining 

districts with two underground mines (Kiruna and Malmberget), dominated by Fe and 

Cu–Au metallic mineral resources hosted by Paleoproterozoic rocks (Figure 11). The 

metallic mineral resources in the Norrbotten and Överkalix lithotectonic units (Figure11) 

are classified and summarized by Billström et al. (2011) as follow: 

1. Kiruna-typeFe oxide-apatite deposits hosted by Paleoproterozoic (1.9 Ga), syn-

orogenic volcanic rocks (Svecofennian lithostratigraphic sequence), with a focus on the 

largest deposit at Kiirunavaara, immediately south of the town of Kiruna in the 

Norrbotten lithotectonic unit. 

2. skarn-related Fe oxide deposits, attention being addressed here to the Sahavaara 

deposit close to Kaunisvaara, in the northeastern part of the Norrbotten lithotectonic unit 

(Figure 11). 

3. stratiform–stratabound base metal sulphide deposits hosted by volcaniclastic rocks in 

the early Paleoproterozoic (2.5–2.0 Ga) pre-orogenic rocks (Karelian lithostratigraphic 

sequence), the focus being placed here on the Viscaria Cu–Fe and Huornaisenvouma Zn–

Pb–Ag–Cu deposits (Figure 11); and 

4. epigenetic Cu–Au and Au deposits, attention below being placed on the Pahtohavare 

and Aitik deposits in the Kiruna and Gällivare areas, respectively, hosted by different rock 

successions inside the Norrbotten lithotectonic unit (Figure 11). 

Other types of mineralization, including minor Fe–Ti–V deposits in mafic intrusive rocks 

of different ages and some molybdenite deposits in felsic intrusive rocks, occur in the 

Norrbotten and Överkalix lithotectonic units. More information can be found in Bergman 

et al. (2001), Hallberg et al. (2012), Martinsson et al. (2016) and the Fennoscandian Ore 

Deposit Database at http://en.gtk.fi/mineral_resources/exploration.html. 
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Figure 11. Spatial distribution of different types of metallic mineral deposits in the Norrbotten and 

Överkalix lithotectonic units classified by commodity. Currently operating mines are shown with 

larger symbols. Data extracted from the Geological Survey of Sweden’s mineral resource database. 

(modified from Bergman and Weihed, 2020) 

3.1.3 The Bergslagen District (Sweden) 

Felsic volcanic rocks (c. 1.91–1.89 Ga) and interlayered limestone, hosting Zn–Pb–Ag ± Cu 

± Au ± Fe sulphide and Fe oxide deposits, characterize the Bergslagen lithotectonic unit, 
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Svecokarelian orogen, south-central Sweden. Three sulphide mines are currently in 

operation. Siliciclastic sedimentary rocks stratigraphically envelop this volcanic 

succession, and all the rocks are intruded by a dominant calc-alkaline, c. 1.91–1.87 Ga 

plutonic suite. More alkali–calcic magmatic activity, combined with the emplacement of 

anatectic granite and pegmatite, overlapped and succeeded the polyphase 

metamorphism and migmatization events at c. 1.87–1.83 Ga and c. 1.82–1.75 Ga, 

respectively. The younger granites are genetically linked partly to W skarn deposits and 

locally host Mo mineralization (Stephens and Jonsson, 2020). 

The Bergslagen lithotectonic unit is characterized by several thousand metallic mineral 

occurrences of variable composition, dominated by Zn–Pb–Ag ± Cu ± Au ± Fe sulphide 

and various types of Fe oxide deposits, the latter including skarn hosted deposits, banded 

iron formations (BIFs) and Kiruna type Fe oxide-apatite deposits. Skarn W and some minor 

granite-hosted Mo sulphide deposits are also present. This metallogenic province is 

commonly referred to as the Bergslagen ore (or mining) district.  

The Zn–Pb–Ag ± Cu ± Au ± Fe sulphide and Fe oxide deposits are spatially and temporally 

associated with this early major magmatic phase. The emplacement of granite, 

granodiorite, syenitoid rock and subordinate quartz monzodiorite, gabbro and ultramafic 

rocks (the GSDG intrusive rock association), combined with the deposition of volcanic 

rocks, occurred during subsequent phases of magmatic activity at c. 1.87–1.84 Ga and c. 

1.81– 1.78 Ga (Figure 12). However, granite plutons sensu stricto – locally associated with 

pegmatite, containing high contents of U and/or Th and lacking coeval mafic or ultramafic 

counterparts – are volumetrically the most prominent magmatic component formed 

after c. 1.87 Ga (Figure 12; granite and pegmatite (GP) intrusive rock association) 

(Stephens and Jonsson, 2020). In particular, granite and pegmatite plutons emplaced at 

c. 1.82–1.75 Ga are associated with some of the W skarn and Mo sulphide deposits. 

The metallic mineral resources in the Bergslagen ore district are presented by Stephens 

and Jonsson (2020), making use of a division proposed by Allen et al. (1996) and Stephens 

et al. (2009): 

1. stratabound, volcanic-associated, limestone–skarn hosted, Zn–Pb–Ag–(Cu–Au) ± Fe 
sulphide deposits (SVALS-type); 
2. stratiform ash–siltstone-hosted Zn–Pb–Ag ± Cu sulphide deposits (SAS-type); 
3. skarn- or carbonate-hosted Fe and Fe–Mn oxide deposits, including both syngenetic 
and contact metasomatic varieties; 
4. REEs in skarn-hosted Fe oxide deposits and pegmatites; 
5. quartz-rich Fe oxide deposits, including BIF facies; 
6. Kiruna-type, apatite–Fe oxide deposits; 
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7. W skarn deposits; 
8. granite-hosted Mo sulphide deposits; and 
9. orthomagmatic Ni–Cu sulphide deposits. 
Allen et al. (1996) and Stephens et al. (2009) provide more detailed geological 
information on individual deposits. More details on such deposits can also be found in 
Stephens et al. (2009), Sadeghi (2019) on REE, Jonsson et al (2019) on REE and CRM. 

 
Figure 12. Spatial distribution of metallic mineral deposits in the Bergslagen lithotectonic unit and 

surrounding areas, classified based on commodity. The three currently operating mines are shown 
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with larger symbols. Data extracted from the mineral resource database at the Geological Survey 

of Sweden. (Figure modified from Stephens and Jonsson, 2020) 

3.1.4 The Vihanti-Pyhäsalmi area (Finland) 

The Vihanti-Pyhäsalmi district is located at the border zone between the Archaean craton 

in the northeast and the Paleoproterozoic Svecofennian domain in central Finland. It is 

part of the Savo belt and contains one operating and four past mines and several 

uneconomic VHMS (Volcanic Hosted Massive Sulphide) deposits. Regional, semi-regional 

and mine scale 3D models of the Vihanti-Pyhäsalmi area were built during the ProMine 

project (Laine et al., 2015). VHMS mineralization in this area forms a linear ore belt (Eilu 

et al, 2013) and this belt formed in an intra-arc extensional setting at c. 1.92 Ga (Lahtinen 

et al., 2012).  The Savo belt is the NW part of the Raahe-Ladoga zone also known as the 

Main Sulphide Ore Belt in Finland or the Raahe-Ladoga Shear Complex (Kärki et al. 2012) 

(Figure 13). In terms of exploration criteria in this area, spatial association of VHMS 

deposit with lower Pyhäsalmi group or the overlaying Vihanti group and also co-genetic 

subvolcanic intrusions are extremely important for exploration on this area.   

 



 

30 

 
 

Figure 13. General view of the Vihanti and Pyhäsalmi areas and the semi-regional 3D modelling build 

up in the ProMine project (red) and the most important Zn-Cu deposits (stars). The main structural 

features are presented by black lines. (map from Laine et al., 2015) 

3.1.5 Central Lapland Greenstone Belt (Finland) 

The Central Lapland greenstone belt is dominated by Paleoproterozoic rocks formed at 

c.2450 Ma comprising mantle plume-related komatiitic to rhyolitic lavas on the Archean 

cratonic basement (Hanski, 2015). These activities are associated with large layer mafic 

intrusion. These rocks hosting stratiform Cr and Fe-Ti-V deposits, PGE-enriched reefs, and 

Ni-Cu-PGE contact and offset mineralization. During a 300-400 Ma period, a succession 

of quartzite-dolomite and basalt took place and was followed by komatiitic to picritic 

volcanism. Mafic magmas intermittently formed layered sill-like intrusions within the 

sediments, most notably at -~2220 Ma and ~2050 Ma. At a later stage, when deep-water, 

pelitic continental margin sediments were deposited, intruding mafic magma produced 

Ni-Cu deposits (2050 Ma) in relatively small magma chambers. This prolonged extensional 

regime was interrupted by a collisional event, which led to thrusting of a ~2000 Ma slab 

of ancient oceanic lithosphere (the Kittilä Group) onto older cratonic rocks. This took 

place at ~1920 Ma, as deduced from felsic dikes and granodioritic plutons of this age 

within the Kittilä Group. Roughly simultaneously, a juvenile calc-alkaline arc complex was 

formed farther north (western part of the Inari area) and was shortly followed by the up 

thrust of the Lapland granulite belt. 

 

The supracrustal rock sequence in central Lapland was completed with the deposition of 

molasse-like, coarse- clastic sediments in a fore-arc basin soon after -1880 Ma 

synorogenic felsic plutonism and associated minor volcanism.  

Summarizing, the supracrustal units of the central Lapland Greenstone belt can be 

divided into ;  the Karelian 2.44–2.0 Ga rift-related metamorphosed volcano-sedimentary 

sequence deposited on the Archean basement and the 1.89–1.77 Ga Svecofennian 

sequence dominated by clastic metasedimentary units (Lehtonen et al., 1998; Hanski et 

al., 2001; Hanski and Huhma, 2005). Niiranen et al, (2015) stated, based on the modeling 

of gold in this area, still there is potential to be undiscovered gold large deposit in the 

part (Figure 14). Rasilainen et al., (2017) published a series of mineral resource 

assessment in Finland and in Figure 15 Shown the main metallogenic area for Au, PGE, 

Co-Cu-pd-Zn, and Ni in the entire Finland. More details can be found in Rasilainen et al. 

(2017) and reference therein.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/mineralization
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/continental-shelf
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/magma
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/magma-chamber
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Figure 14. Location of central Lapland Greenstone Belt (CLGB) and the main lithology- (modified from 

Niiranen et al., 2015) 
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Figure 15. Metallogenic areas dominated by PGE, Ni, Cu, Zn and Au deposits in Finland (Eilu et al., 

2009, 2012). Note that (1) metallogenic areas for gold and nickel overlap at Kuhmo and (2) the 

Talvivaara area comprises three separate subareas. (Figure from Rasilainen et al., 2017) 
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3.2 Caledonides province (northwest Europe and Greenland) 
The Caledonides: Metallogeny and Critical and Strategic metal potential 

3.2.1 The Caledonian Orogeny 

The Caledonides trend north-eastwards through Ireland, Scotland, Scandinavia, and 

eastern Greenland, tracing the suture of the Iapetus Ocean. The Caledonian Orogeny 

evolved over >200 Myrs from the early- to mid-Palaeozoic, resulting in the collision of the 

Laurentia, Baltica , Avalonia , Dashwoods, Ganderia, Meguma, Carolinia and Suwanee 

palaeocontinents during the closure of the Iapetus Ocean (Figure 16). Phases of arc-arc, 

arc-continent and continent-continent collision occurred leading to crustal deformation 

and thrust faulting, arc-related magmatism, and Barrovian-style metamorphism. The 

Caledonides were subsequently subject to post collisional collapse, high-K calc-alkaline 

magmatism, and later erosion and exhumation  leading to the exposure of rocks from a 

range of palaeodepths (Roberts, 2003).  

 

 

 

Figure 16. Outline of the Caledonian and Appalachian mountain ranges, tracing the suture of the 

Iapetus Ocean, after McNamara et al. (2001). 

Caledonian deformation and magmatism led to orogenic and stratabound mineralization 

styles within Pre-Caledonian basement rocks. Orthomagmatic mineralization formed 

through early stage primitive magmatism and later ophiolite exhumation, whereas 

magmatic and magmatic-hydrothermal deposits associated with more evolved calc-

alkaline to alkaline magmas formed during the mid- to latter-stages of convergence. 
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Distinct stratabound mineralization styles formed throughout the orogeny including 

Volcanogenic Massive Sulphide (VMS) and Irish type deposits whilst late-stage orogenic 

collapse and extension yielded a range of polymetallic veins that host diverse 

mineralization. 

 

3.2.1.1 Ireland 

The Iapetus suture runs Northwest through central Ireland from Limerick to Drogheda. 

Thrusting and deformation associated with the Caledonian orogeny run sub-parallel to 

this structure. Ireland is divided into several basins and mineral provinces: The North-

western Basement Province, the Mayo-Curlew, Central Ireland, and Munster Basins and 

the Longford-Down and Leinster Massifs.  

Palaeozoic Orogenic Au deposits 

Proterozoic basement rocks of the North-western Basement Province and within the 

Mayo-Curlew basin host orogenic Au deposits that formed as mineralised quartz veins 

and shear zones during the latter stages of the Caledonian Orogeny (e.g. Curraghinalt and 

Cregganbaum; Rice et al., 2016). The Au was likely scavenged from a Proterozoic 

basement source however, Te enrichment in the Wicklow and Wexford deposits suggest 

a possible magmatic influence (Standish et al., 2014).  

Ordovician VMS deposits 

A phase of VMS mineralization is recognised within intermediate to felsic calc-alkaline 

magmas of the Upper Ordovician, including the Avoca Cu-(Pb-Zn) deposit of the Leinster 

Massif and the Charlestown Cu-(Zn-Pb-Ag) deposit, Co. Mayo (Hollis et al., 2014).  

Granite-hosted and porphyry-style mineralization 

Large S-type batholiths were emplaced across Ireland during the late stages of the 

Caledonian Orogeny in the late Silurian to early Devonian. The Galway Granite and Newry 

Igneous Complex both exhibit weak Mo-(Cu) porphyry and skarn style mineralization 

whereas the Leinster Granite exhibits spodumene and muscovite pegmatites, 

anomalously enriched in Li, W, Cs, Nb and Ta (Chew and Stillman, 2009; Barros and 

Menuge, 2016). Au and Pt stream sediment anomalies were identified proximal to the 

Leinster Granite by the ongoing Tellus survey. 

Irish-type Zn-Pb deposits 
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“Irish type” carbonate-hosted Zn-Pb deposits (e.g. Navan) occur within the Central Ireland 

and Munster Basins. The occur along NE-trending Caledonian faults and are hosted within 

Carboniferous carbonate rocks of the late Courceyan substage, but were likely formed 

during the Chadian (Hitzman, 1995; Johnston et al., 1996).  

Carbonatite-hosted Rare Earth Elements (REEs) 

The Carboniferous Cahermore carbonatite of the Beara Peninsula, southwest Ireland 

represents one of the few known carbonatite intrusives of the southern Caledonides and 

exhibits moderate light REEs, Co, Cr and Ni enrichment (Brady and Moore, 2012). 

3.2.1.2 Scandinavia 

The Scandinavian Caledonides encompass the entirety of Norway and parts of western 

Sweden. They are defined by a series of NNE-trending nappes containing allocthonous 

material from the Laurentian plate that are bound by Baltic basement to the east and 

west (Grenne et al. 1999). 

Sediment-Hosted deposits 

Basement rocks of the Uppermost Allocthon of western Norway host a range of sediment 

hosted deposits including stratabound polymetallic and dolomite-hosted stratiform Fe 

(+Mn) deposits; graphite-rich metasedimentary deposits are also distributed throughout 

the Holandsfjord, Senja and Lofoten-Vesterålen regions (Grenne et al., 1999; Gautneb, 

2015).  

The Organic Carbon, U, V, Mo, Ni and REE enriched Alum Shales formed through anoxic 

sedimentation along the Baltic coastal margin during the mid- to late Cambrian; they are 

widely distributed across northern Europe, but are of economic interest in the Billingen-

Fallbygden area, southern Sweden (Grenne et al., 1999). 

Prior to Caledonian orogenic collapse, sandstone-hosted Pb-Zn±(Ag-Cu-F-Ba) sulphide 

deposits were deposited within Neoproterozoic to early Cambrian sediments of the 

orogenic foreland of Sweden and Norway. A lesser group of dolomite-hosted Zn-(Pb) 

Mississippi Valley Type deposits formed in the Sagelvvatn area of northern Norway during 

this time (Grenne et al., 1999).  

VMS stratabound deposits  

Cu-Zn-(Pb) VMS deposits are hosted within Cambrian to Silurian age Ultramafic and 

basaltic lavas of the Gula Complex and Støren Group of Trondheim, central Norway as 

well as the Fundsjø and Stekenjokk volcanic units. Several large early Ordovician VMS 

deposits including the Lokken Cu-Zn-(Pb-Ag-Au) deposit formed within supra-subduction 
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zone ophiolites of the Karmøy-Bømlo-Bergen area, the western Grong District, Leka island 

and the Lyngen peninsula. Lesser Zn-Pb and Cu-Zn VMS deposits occur in the early- to 

mid-Ordovician of southwest Norway and the late Ordovician of the Røros, Meråker, 

Sulitjelma and Birtavarre-Vaddas districts respectively (Grenne et al., 1999). 

Carbonatite-hosted REEs 

Carbonatites of latest Precambrian to Early Cambrian occur within the Seiland Igneous 

Province of northern Norway and the Fen Complex southwest of Oslo. Whilst the Fen 

complex has been mined for Fe, Nb, P, Mn and Th, these carbonatites are also a potential 

economic source of REEs, containing up to 1.6 wt% total REEs in regions (Marien et al., 

2017). 

Orthomagmatic hosted PGMs (± Chromite) and base metal deposits 

Layered gabbros of the latest Precambrian Seiland Igneous Province host Fe-Ti-(V) 

mineralization as ilmenomagnetite and ilmenite disseminations and localised 

concentrations of Ni, Cu and PGMs, whereas ultramafic and mafic magmas of the Gula 

and Råna Complexes exhibit disseminated Ni-Cu sulphide mineralization (e.g. Bruvann). 

Caledonian ophiolites of the Seve Nappes and the early Ordovician supra-subduction 

zone ophiolites both exhibit chromite (± PGM) cumulate layers, whereas massive 

sulphide Cu-Ni-PGM mineralization occurs in the upper ophiolite section of the Gjersvik 

Group, central Norway (Grenne et al., 1999).  

Granite-hosted and porphyry-style mineralization 

Shoshonitic to high-K calc-alkaline plutons and associated porphyry-style Cu-Mo 

mineralization were emplaced in the mid-Ordovician including Follafoss and Møklevatn 

in central Norway (Grenne et al., 1999). Sub-economic molybdenite-bearing pegmatites 

were emplaced at Malvika during the culmination of arc-style convergence in the Late 

Ordovician to Early Silurian and exhibit skarn-style W enrichment (James et al., 1993). 

Polymetallic vein mineralization 

Polymetallic vein deposits variably containing Ag, Au, Cu, Zn, Pb, Sb, As, Bi, U, W, F and 

Be formed in several settings in the late stages of the Caledonian orogeny. These include 

within Late Ordovician to Early Silurian granite batholiths, in basement structural domes 

and shear zones, in deformed pegmatites between Rana and Ofoten, and associated with 

Caledonian foreland thrust faults (Grenne et al., 1999). 
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3.2.1.3 Eastern Greenland 

The Caledonides are traced NNE across the northeastern margin of Greenland from 

Scoresby Sund in the south to Kronprins Christian Land in the north. In this region they 

are predominantly composed of folded and thrusted portions of the Laurentian crustal 

margin. The extensive glacial and geological cover and relatively low levels of exploration 

in these regions make this region is highly prospective for future exploration however 

several significant resources are already known. 

3.2.2 Pre-Caledonian basement mineralization 

Orthomagmatic Ni-Cu, Au and PGE mineralization occurs either as disseminated 

sulphides or as PGE-bearing chromitite layers within mafic and ultramafic rocks of the 

Vestfjord and Liverpool Land regions. Magnetite, and hematite-ilmenite layers occur in 

association with basaltic magmas in the Gletscherland area, containing significant Fe and 

Ti mineralization as well as traces of V. Archean and lower Proterozoic gneisses and 

migmatites bearing U and Au mineralization are observed at the Flyverfjord complex and 

in the Frænkel Land region associated with the Lower Proterozoic Hagar migmatite sheet. 

Paleoproterozoic skarn mineralization bearing REEs, Ag, W, Cr and V at Dickinson Fjord 

and Ni, Cu and Ag mineralization at Charcot Land (Stendal and Frei, 2008; Kolb et al., 

2016).  

Neoproterozoic stratabound Cu 

Stratabound copper occurrences occur within the Neoproterozoic Eleonore Bay 

Supergroup at eight stratigraphic levels. Mineralization is hosted within quartzite and 

shales and may be traced over 275 km. Although mineralization is dominated by 

interstitial chalcopyrite in sandstone, shales either host chalcocite-(bornite) or pyrite-

chalcopyrite occurring within coarser-grained laminae and as veins (Stendal and Frei, 

2008). 

Granite-associated W-Sb-As mineralization 

“Skarnoid” scheelite mineralization occurs within metasedimentary rocks proximal to 

granite and granodioritic intrusions at various localities across central East Greenland 

from Milne Land to Andrees Land. Arsenopyrite-bearing and scheelite-bearing vein 

systems occur at the base of the Eleonore Bay Supergroup in association with granites 

and pegmatites. Carbonate-hosted scheelite and stibnite mineralization occurs along an 

extensional fault system within the Neoproterozoic to Middle-Ordovician Yomer Ø 

Group, lower intervals within this sequence also exhibit pyrite, sphalerite, galena, 

chalcopyrite, arsenopyrite and gold mineralization (Stendal and Frei, 2008). 
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3.2.3 Late Caledonian polymetallic vein mineralization 

Variably base metal, As, Bi, Sb, Ag, Au and U enriched veins occur regionally in association 

with N-S trending faults of the eastern fault zone in central East Greenland. 

Mineralization exploited the fault zone as a pathway, facilitating the upwelling of metal 

enriched basinal brines. Veins range in size from centimetres to meters in thickness and 

in some instances, may be traced over >1.5 km (Stendal and Frei, 2008).  

3.3 Variscan province 
The Variscan orogen or Variscan belt formed in the late Paleozoic by the collision between 

the continents of Gondwana and Laurussia during the Variscan (Hercynian) Orogeny. This 

belt was divided into three main segments, which are the Appalachians, Variscides, and 

Urals (Matte, 1991, 2002). The Variscan or Variscides orogen extends from Morocco, the 

Iberian Peninsula, and Central Europe. In the latter zone, it is limited to the NE by the 

Tornquist or Trans-European Fault zone which stretches from the Baltic coast of Poland 

to the Carpathians. The southern limit is the Alpine Front (inset in Figure 17). 

This continental collision caused the development of a polyphase orogeny, from the Early 

Devonian to the Early Permian, and comprising three major stages of metallogenesis. The 

first stage of the Variscan orogeny (Early Devonian-Early Carboniferous) corresponds to 

the closure of the Rheic Ocean followed by continental subduction and it is during this 

stage that the sediment-hosted Pb-Zn and volcanogenic massive sulfide deposits (VHMS) 

were deposited. The second stage corresponds to the Variscan continental collision. The 

third stage (Pennsylvanian to Lower Permian) is a syn- to post-orogenic collapse marked 

by normal faults, development of granulite metamorphism of the lower crust, and 

emplacement of granites. Most of the magmatic-hydrothermal rare-metal 

mineralizations and hydrothermal metal-rich sulfide mineralizations are associated with 

the emplacement of peraluminous granites and rare-metal granites of this stage 

(Marignac and Cuney, 1999). 

In the Iberian Peninsula, the Variscan orogen appears throughout the NW, named the 

Iberian Massif, which in turn is divided into several areas with different structural and 

stratigraphic characteristics. The different areas comprise the Cantabrian (CZ), Western 

Asturian-Leonese (WALZ), Central Iberian (CIZ), Galicia-Trás-Os-Montes (GTMZ), Ossa-

Morena (OMZ) and South Portuguese (SPZ) zones (Figure 17). A brief description of the 

metallogeny of each area with a focus on CRM is shown below. 

The eastern part of the CZ is well-known by the variety of small-sized mineral occurrences 

of Pb-Zn-Ba-Hg, F-Ba, Cu-Co-Ni, Hg-Ba, Sn-As, Fe-Mn, As-Sb-Fe which are usually in 

Carboniferous carbonates, either related to the Permian-basement unconformity or 
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inside fractures or folds caused by the Late Variscan orogeny (Luque et al., 1990). There 

is also a Carboniferous Mn-Fe sedimentary deposit, with small hydrothermal Mn nodules 

deposited in a deep-marine environment, which probably was the source bed for most 

of the epithermal deposits of Permian age in the CZ (Martínez García et al., 2004). 

The WALZ offers a wide variety of mineralization, although often of small size. The metal 

elements present are Fe, Pb, Zn, Cu, Ag, Au, Mo, Sb, Mn, W, U, Hg, As, and Co, and the 

most important nonmetallic minerals are barite and magnesite (Luque and Ruiz, 1990).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 17. Location of Variscan orogen and zones in the Variscan belt in the Iberian Peninsula. Zone 

boundaries modified after Julivert et al. (1974), Quesada (1991) and Martínez-Catalán et al. (2014). 

 

The CIZ is the largest area and a major metallogenic province of the Iberian Massif. The 

main metallogenic features that characterize the ore deposits of this zone are described 

according to their geological setting and their relationship with the tectonomagmatic 

events (Gumiel and Arribas, 1990). Thus, there are important exhalative Sb-Hg prospects 
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related to preorogenic volcanism such as the stratabound Sb deposit of San Antonio or 

the Almadén deposit that represents the biggest Hg concentration in the world. A large 

and diverse group of Sn, W, U, P, Li, Pb, Zn, Cu, Sb, and Au mineralization related 

genetically to the collisional granitoids intruded during the Variscan Orogeny. Some 

deposits originated from ore-forming fluids produced during the emplacement of the 

granitoids, whereas others were formed as the result of the remobilization of preexisting 

Sedex deposits. Most of the W-Sn deposits related to syn- and late-kinematic granites of 

alkali trend, appear as scheelite, wolframite, cassiterite, and sulphide rich-veins and 

stockworks traverse the granites and metasedimentary host rocks, or as greisen-type 

deposits. There are also important U deposits, intragranitic veins, and some pegmatites, 

which also may contain Be, Nb, Ta, Li, and REE-rich minerals. Some of the main Sn- and -

Li-rich deposits in the Iberian Massif are located in the CIZ and, of a lesser extent, in the 

GTMZ to the northwest. Sn-Li mineralization occurs principally in aplite-pegmatite bodies 

and hydrothermal veins with quartz and phosphates. The Li-rich minerals include 

spodumene, petalite, and Li-rich micas (lepidolite) and the phosphates amblygonite-

montebrasite. An important type of Sn-Nb-Ta-rich mineralization occurs as 

disseminations in the apical or marginal areas of small and fine-grained leucogranite 

bodies. Typical mineralization consists of Ta-rich cassiterite, columbite group minerals, 

microlite, tapiolite, and lepidolite. 

The OMZ extends across the Portugal-Spain borderline, defining a 120 x 240 km2 belt 

with NW-SE orientation. It displays a great variety of types of mineralization and a large 

number of ore deposits and showings (>650), including Fe, Pb-Zn, Cu, Au, Ag, Sb, Ni, Mn, 

W, Hg, barite, variscite, U and coal. They formed by very different processes during the 

Cadomian and the Variscan orogeny (Tornos et al., 2004). Cadomian mineralization, 

include volcanic-hosted massive sulphides, barite, and Zn-Pb Sedex deposits and 

porphyry copper-like mineralization. The Variscan Orogeny led to the formation of syn-

metamorphic and peri-granitic base metal-bearing veins, small volcanic-hosted 

polymetallic massive sulphide deposits, iron oxide replacements, and skarns, magnetite 

and Cu-Ni magmatic ore bodies and Sn-W veins. The Aguablanca ore deposit represents 

the unique example to date of an economic Ni-Cu-(PGE) magmatic sulphide deposit 

related to mafic-ultramafic magmatism in southern Europe. Finally, Late Variscan 

hydrothermal activity is responsible for the formation of Pb-Zn and Cu-dominated lodes, 

Hg replacements, and U-rich veins. 

One of the domains of the SPZ, the Iberian Pyrite Belt (IPB), is a metallogenic province in 

SW Portugal and Spain hosting the largest concentration of massive sulphide deposits 
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worldwide. The IPB is a 250 km long and 20-70 km wide belt that includes eight huge 

VHMS deposits, e.g. Rio Tinto (500 Mt), in Spain, and Neves Corvo (>300 Mt), in Portugal 

(Inverno et al., 2015). The average grade of all VHMS deposits in the IPB is 45% S, 40% Fe, 

1.3% Cu, 2.0 % Zn, 0.7% Pb, 26 g/t Ag and 0.5 g/t Au. Metals such as Sn, Cd, Co, Hg, Bi, 

Se, etc., are present in concentrations ranging from tens to hundreds of ppm. The massive 

ore minerals are pyrite, sphalerite, chalcopyrite, galena (and cassiterite at Neves Corvo) 

and they are also present with quartz-chlorite-sericite-carbonate in the stockwork ore. 

The VHMS deposits in IPB are exhalative or formed by shallow subsurface replacement 

of either muds/shales or coherent felsic volcanic rocks. Hundreds of small Mn deposits 

are also related to the felsic volcanism (Tornos, 2006). 

 

3.4 Alpine -Balkan-Carpathian-Dinaride province 

3.4.1 Eastern Apline province 

The Alpine mountain range, which extends over the area eastwards of the line Bodensee 

Lake (Switzerland ) - Milan (Italy) to the city of Maribor (Slovenia) and Vienna (Austria) as 

its easternmost borders, is based on different geological and structural characteristics, 

divided into Eastern and Southern Alps. The boundary between them is Periadriatic fault 

system - PAF (also called Periadriatic lineament), which extends from Ivrea in the west 

towards Bolzano, Brunico, Gailtal, Karavanke Mountains Velenje, Varaždin and further 

into the Panonian Basin in the east. Eastern Alps occupy the area north of the PAF, the 

same tectonic position as in the West Carpathians, while the area south of the PAF 

belongs to the Southern Alps, where tectonic blocks were overthrust towards south 

during the Alpine orogenesis 

Nappe systems are the main structural feature of Eastern Alps. Most of the Eastern Alps 

is composed of Austroalpine structural units which represent nappe systems of rocks 

developed on Adria microplate. They were overthrust towards the north on Pennnic 

nappes which are composed of rocks formed in Alpine Tethys ocean (Penninic realm). 

The lowermost structural units are rocks of European tectonic plate margin and foreland 

defining Subpenninc and Helvetic nappes. Detailed structure end tectonic evolution of 

Eastern Alps is described in Grad et al. (2009), Schmid et al. (2004, 2013, 2020) and 

Schuster et al. (2013). 

Morphology and structural units of the Eastern Alps were induced by Alpine orogeny from 

Early Cretaceous onwards, when an extensional tectonic regime evolved into a 

compressive one, causing subduction of Pennine ocean crust under Austroalpine, 
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followed by a continental collision with orogenic climax in Eocene. These two events 

caused two metamorphism peaks, first during the Cretaceous (“eoalpine” phase) and the 

second one during Eocene-Oligocene (“neoalpine” phase) (Pohl and Belocky, 1999). The 

peak of metamorphism in Oligocene was followed by collapse of Eastern Alps together 

with opening of Pannonian basin on the east, which resulted in formation of shear zones 

and faults. A tonalitic magma was intruded along the PAF, forming “Periadriatic intrusive 

bodies”.  

Among the most characteristic ore deposit types in the Eastern Alps are carbonate hosted 

Mississippi Valley Type Pb-Zn ore deposits, polymetallic SEDEX ore deposits, metasomatic 

siderite ore deposits, and hydrothermal vein type Au deposits.  

3.4.1.1 Subpenninc and Lower Penninc units of Taueren window 

Metamorphic rocks of the Subpenninic tectonic unit exposed in Tauren tectonic window 

in western part of Austria contain numerous quartz veins and lenses with Au, Ag and As 

mineralization. Arsenopyrite, pyrite and native gold are the main ore minerals, while 

mineralization contains also elevated levels of Bi, Pb and Sb. Gastein is probably the most 

widely known Au deposits in the Taueren window and is part of Rauris-Gastein Au 

metallogenic belt. In the Taueren window, Au mineralization can also be found in 

Schellgaden-Oberdorf, Rotgülden-Schurfspitze, Pöllatal-Maltatal and Hirzbach-

Schiedalpe-Kloben melogenic belts (Weber, 1997). Mineralization postdates the 

Neoalpine metamorphic phase and are connected with retrograde metamorphism in 

Miocene, which caused increased fluid flow (Pohl and Belocky, 1999).  

Another important ore deposit type found in the Tauren window are stratabound W ore 

deposits such is Felbertal – Mittersill for instance. They are hosted by metamorphosed 

clastic sediments and submarine lavas of lower Paleozoic age with scheelite as main ore 

mineral (Holzner and Stumpfl, 1980). Formation of mineralization was considered as 

syngenetic, but discovery of strong connection of high grade W ores with nearby gneiss 

representing metamorphosed metagranitoid of Carboniferous age in Mittersill, show that 

mineralization can be considered as poly-metamorphosed granite related stockwork type 

W deposit (Raith and Schmidt, 2010). Metallogenic associations related to Variscan 

granites in the Subpenninc and Lower Penninc units of Tauern window fit into igneous 

felsic group – Sn, W, Ta, Nb (Mo, Li, Be, B, In, F). 
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Rocks exposed in the Tauern window host also several polymetallic (Cu-Pb-Sb-Zn) 

stratiform and vein type ore deposits. Cu-U deposits in quartzites, gneisses and phyllites 

deposited during metamorphic remobilization are also known at Rauristal (Weber, 1997). 

The Subpenninc and the Lower Penninc rocks are exposed also in Rechnitz tectonic 

window, where an Sb-vein deposit Schlaing was formed in neoalpine phase (Schroll and 

Pak, 1983), while other connect it with the postorogenic Miocene andesite vulcanism. 

3.4.1.2 Austroalpine unit 

The Austroalpine tectonic unit is composed of a series of nappe systems which differ from 

each other in lithological composition as well as in degree of metamorphosis they 

underwent. Austroalpine tectonic unit is traditionally divided on Upper and Lower 

Austroalpine nappes (Webber, 1997).  

The Lower Austroalpine nappes such as Semmering-Wechsel, Radstadt and Err-Bernina 

nappes have only limited outcrops. These nappes are structurally the lowest unit of the 

Austroalpine nappes. 

The Upper Austroalpine nappes consist of carbonate sediment rocks of Northern 

Calcareous Alps nappes, and low-grade metamorphic rocks of Greywacke zone nappe and 

Silvretta-Seckau nappes. They are overlaid by eoalpine high-pressure metamorphic rocks 

belt represented by the Koralpe-Wölz nappes which was formed during intercontinental 

subduction of middle and lower crust during Cretaceous (Schmid et al., 2020). Structurally 

uppermost parts of Upper Austroalpine are Ötztal-Bundschuh and Drauzug-Gurktal 

nappes composed of the low-grade metamorphic rocks (Schmid et al., 2020). 

3.4.1.3 Lower Austroalpine Unit 

Rocks of the Lower Austroalpine nappes contain several Fe, U, baryte and polymetallic 

Cu-Pb-Zn ore fields (Weber, 1997). Fe mineralization at Semmering is formed as layers 

and lenses of siderite and hematite between Triassic quartzite and dolomite rocks. Veins 

and lenses in quartzite host also U mineralization at Rädestadt Tauern, and Semmering U 

ore fields. On Semmering area discordant fault bound baryte veins and lenses are also 

very frequent. They are hosted by quartzite and dolomite and were formed from fluids 

released during the Cretaceous eoalpine metamorphic phase (Pohl and Belocky, 1999). 

3.4.1.4 Upper Austroalpine unit – Grauwacke zone and Silvretta-Seckau nappes 

Paleozoic rocks of Grauwacke zone at the base of Northern Calcareous Alps host 

significant, even world class ore deposits of Fe and magnesite. Fe ore deposits are 

concentrated especially in the eastern part of Grauwacke zone. The biggest and the most 
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renowned Fe ore deposit is Erzberg, where massive siderite ore forms irregular 

stratabound ore bodies in Devonian limestones. Siderite mineralization is enveloped by 

fine grained ankerite. Some of the researchers proposed marine synsedimentary SEDEX 

origin of mineralization due to the stratiform nature of some parts of ore deposit and age 

difference between siderite and ankerite Holzer and Stumpfl (1980) and Prochaska 

(2016). However, recent research shows that Erzberg ore was formed by hydrothermal-

metasomatic process induced by hypersaline hydrothermal fluids released either by 

eoalpine metamorphic phase in the Creatceous (Pohl and Belocky, 1999) or during the 

Upper Triassic by increased heat flow due to the rifting process combined with 

dewatering of sedimentary basins due to the increased load of platform carbonates 

(Prochaska, 2016).  

According to the Prochaska (2016) magnesite mineralization has similar characteristics as 

the Fe mineralization in Grauwacke zone and was formed during the same process. 

Epigenetic nature of stratiform and stratabound magnesite formation in Veitsch area was 

confirmed by Azim Zadeh et al. (2015), only that they identify its formation in the early 

Permian. The main areas of magnesite/talc occurrences are the areas of Veitsch, Dienten 

and Hochfilzen.  

Metamorphic rocks of the Veitsch nappe contains also significant amounts of graphite 

hosted by graphite slates of Upper Carboniferous. 

The western part of Grauwacke zone is rich with polymetallic Cu, pyrite, Pb and Zn 

mineralization. Schwaz-Brixlegg area contain stratabound, vein and breccia hosted ore 

deposits rich in sulfosalts minerals (Arlt and Diamond, 1998).  Epigenetic Cu ores were 

fund also on area of Röhrerbühel-Kitzbühel, Hohe-Salve-Einheit, Leoganag, Jochenberg-

Einheit, Mitterberg-Mühlbach-Larzenbach, Zell and See-Radstad-Mandling district. Their 

formation can relate to hypersaline fluids released during Cretaceous eoalpine 

metamorphic phase as well as neoalpine metamorphic event in Eocen-Oligocen (Raith 

and Schmidt, 2010). They regularly contain increased Ag, Hg and Sb levels as well as U 

and Co-Ni minerals (Weber, 1997). At Kitzbühel area were discovered also baryte 

concordant and discordant ore lenses. 

3.4.1.5 Upper Austroalpine unit – Northern Calcareous Alps nappes  

For nappes, which compose Northern Calcareous Alps are characteristic stratiform 

synsedimentary SEDEX and early diagenetic ore deposits of Fe and Mn. Iron ores were 

formed in the Permian, Lower and Middle Triassic, while Mn mineralization is connected 

with the Jurassic (Lias) extension of the area. 
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Similar to the Grauwacke zone, epigenetic Cu sulphosalts with elevated levels of Ag, Zn, 

Hg, Mn and Pb ores can be found in Northern Calcareous Alps nappes (Montafon and 

Arlberg for instance). Middle and Upper Triassic carbonate rocks of Northern Calcareous 

Alps frequently contain also stratabound Pb-Zn ores, which is hosted by the same 

lithological sequence as Bleiberg Pb-Zn mine which is representative of Mississippi Valley 

Type Pb-Zn ore deposits. Moreover, also isotopic composition corresponds between 

them, so they can be considered as carbonate hosted Mississippi Valley type deposits. 

Ore contain elevated values of Ag, Bi, Cd, Cu, Ga, Ge, Hg (Weber, 1997). 

Northern Calcareous Alps contain also sedimentary U mineralization in Permian clastic 

rocks and large number of evaporite significant evaporite (halite) deposits. Such deposits 

can also contain phosphate minerals.  

Rocks of Cretaceous Gossau beds, which were formed in small basins within Northern 

Calcareous Alps contain accumulations of bauxite on contacts with underlying lithological 

units. 

3.4.1.6 Eoalpine high pressure zone 

High-grade metamorphic rocks of eoalpine high pressure belt is on area of Weinebene 

and Wölzer Taueren intersected by spodumene-bearing LCT pegmatites, which beside Li 

minerals contain also Be, Nb, Ta and Sn carrying minerals (Göd, 1989, Gourcerol et al., 

2019 and Webber, 1997). They are related to an extensional regime in the Permian. 

Very common are also neoalpine post-Eocene quartz Au-bearing veins, which also 

contain Ag, As, Co, Cu, Pb and Sb. They can be found at Pusterwald, Kliening-Kothgraben 

and Flatschach-Knittelfeld (Weber, 1997). 

The largest part of the ore deposits in the eoalpine high pressure belt belongs to Fe ore 

deposits which can be either siderite or hematite. (Pohl and Belocky, 1999) consider that 

were ore deposits such as Hüttenberg and Waldenstein formed by the hydrothermal 

fluids released during neoalpine metamorphosis. Some of the ore deposits, however, can 

have Paleozoic SEDEX origin were but were metamorphosed during Alpine orogeny 

(Weber, 1997). 

The eoalpine high pressure zone contains also several polymetallic Ag-Cu-Fe-Zn-Pb with 

increased levels of Ga, Ge and In. Mineralization is discordant and epigenetic. Among the 

more important areas of polymetallic mineralization is Schladmnig. Furthermore, 

mineralization of Hg, Sb and W are also known in eoalpine high pressure belt. 

Within Innsbruck quartzphylite the most important role plays the magnesite ore body 

Tux. Magnesite was formed during metamorphic and overthrusting processes (Moretani 
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et al., 1982). Along the magnesite occurrences, As, Sb and W mineralization can be also 

found in Innsbruck quartzphylites. 

3.4.1.7 Upper Austroalpine unit – Ötztal-Bundschuh and Drauzug-Gurktal nappes 

The structurally highest nappes of Austroalpine units are the most characteristic 

carbonate hosted Mississippi Valley Type ore deposits hosted by Middle to Upper Triassic 

(Anisian to Carnian) carbonate rocks and polymetallic Cu-Pb-Zn SEDEX type ore deposits 

hosted by deep-water clastic sediments of Paleozoic age. 

SEDEX mineralization is especially frequent in “Paleozoic of Graz” where is hosted by 

Devonian black shales which alternates with diabase, tuffs, carbonate phyllites and 

marbles. Sphalerite is the main ore mineral, followed with Ag-bearing galena, baryte and 

fluorite (Weber, 1983). Zonation typical for SEDEX deposits, where stratiform sulphides 

form the central part of ore body, surrounded by baryte and iron oxides on the margin, 

was detected. 

Carbonate hosted Mississippi Valley type Pb-Zn ore deposits along PAF, partly belong to 

the Drauzug structural unit in Austria/Slovenia and partly to the South alpine nappes in 

Italia. They are epigenetic and stratabound to specific stratigraphic levels in Anisian, 

Ladinian or Carnian limestones. Common features of mineralized horizons are increased 

level of organic matter, prograding dolomitization and presence of layer with lower 

permeability in hanging wall (most commonly black shales) which could act as a screen. 

Ore was formed also in paleokarst caverns, breccias developed by metasomatic 

replacement of limestone and discordant veins along faults and fractures which were 

mineralized by remobilization of existing ore (Dolenec et al., 1983). The source of the 

metals was laterally migrating low temperature hydrothermal fluids. An increased 

presence of organic matter in certain horizons enabled bacterial activity which released 

H2S into pore waters. Mixing of hydrothermal fluids and pore waters enabled sulphide 

formation (Herlec et al., 2010). In some cases, the ore formation was syngenetic or early 

diagenetic (Topla, Slovenia for instance), where hydrothermal fluids flowed into the tidal 

plains, forming stratiform mineralization in carbonates. The most know ore deposits from 

this group are Bleiberg (Austria), Mežica (Slovenia) and Raibl and Salafossa (Italy). Since 

the majority of Mississippi Valley Type ore deposits are formed along the PAF, it could 

have an impact on ore genesis. Pb-Zn ores have simple mineral assemblages (galena, 

sphalerite, pyrite, marcasite), are characterized by colloidal type of mineral growth 

(especially sphalerite) and contain elevated levels of As, Cd, Ge, Mo and Tl (Weber, 1997).  
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3.4.2 Western Carpathians in the Alpine-Carpathian-Dinaride region 

The arch structure of the Carpathian Range with the Pannonian Basin in its centre evolved 

by the escape and rotation of two microplates (referred to as Alcapa and Tisia blocks) 

during their movement towards the East European Craton. The two microplates contact 

at the SW-NE striking Mid-Hungarian Mobile Belt (Csontos & Nagymarosy 1998), a 

continuation of the Periadriatic Seam of the Alps, mostly covered by Neogene basin 

sediments (based on CHMP2030 report). The Alcapa-based ranges striking from SW–NE 

to W–E are named Western Carpathians, the Tisia-based ranges in Ukraine and Romania 

are the Eastern and Southern Carpathians. In the outer part of the arch an uplifted 

collisional zone was formed with nappe systems, flysch and molasse basins, while the 

inner part is a mosaic of variably uplifted and subsided terranes during the Cenozoic. 

Inside the arch, the Pannonian Basin was formed mostly in the Neogene extensional 

regime and has a high geothermal potential (Horváth et al. 2015). 
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Figure 18. Metallogenic provinces within the Alpine-Balkan Carpathian-Dinaride region (Melcher et 

al. 2017) 

The Pre-Cenozoic, partly metamorphic, sequences host several inherited, reworked, and 

also newly formed ore deposits. MVT Pb-Zn ores, minor stratiform Fe occurrences, and 

basic volcanism-related VMS deposits occur in the Rodna Mts and the Rebra Paleozoic, 

Eastern Carpathians. Kuroko-type VMS deposit occurs at Tulghes (Eastern Transylvania, 

Romania). Lahn-Dill type Fe deposits and rhyolitic volcanism-related base metal sulphide 

veins are typical in the Poiana Rusca Mts. in the South (Kräutner 1996). Stratabound 

(metasomatic), often black shale-hosted and vein type siderite, barite and base metal 

sulphide mineralizations are most abundant in the Paleozoic of the Slovakian Ore 

Mountains, but also present in metasomatised Triassic carbonates in NE Hungary (e.g. 

Rudabánya). The granite bodies of this region are also associated with Sn-W-Mo and U-

REE-Au lodes. U-Mo-Cu and magnetite deposits of the Slovakian Ore Mts, Sb-Au and W-

Au deposits in the Low Tatra and the Small Carpathian Mts. are further important 

mineralizations in the Western Carpathian region (Grecula et al. 1996). Stratiform Mn 

mineralizations occur in several localities hosted by Toarcian and by Oligocene black 

shales (Rojkovič et al. 2008), the Úrkút Mn deposit (Hungary) also bears phosphate-rich 

lenses with REE accumulation (Grasselly & Pantó 1988).  
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Figure 19. Location and formation of Paleogene and Neogene volcanism in the Alp-Carpathian 

region. (Takács et al., 2017). 

 

The Oligocene–Miocene magmatic suite forms the Inner Carpathian Volcanic Chain south 

of the main ranges of the Western Carpathians (Slovakia and Hungary), the volcanic 

mountains of the Eastern Carpathians, and the Apuseni Mts. (Romania) in a post-
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collisional extension regime. All of these are dominantly andesitic, but dacites and, mainly 

from the Miocene, rhyolites are also voluminous. These volcanic-subvolcanic formations 

host several types of ore deposits of economic value. Beyond these, some alkaline, mostly 

basic volcanic suites are also present in the region, but with no ore deposits of 

importance.  

 

Late Paleogene volcanism in the vicinity of the Mid-Hungarian Mobile Belt, active as 

dextral strike-slip zone at this time, produced several minor volcanic bodies and attached 

polymetallic sulphide mineralizations, of which the Recsk porphyry Cu-Au with attached 

skarn and epithermal ores is the most significant (e.g. Baksa et al., 1980). In the Miocene 

Inner Carpathian Volcanic Chain, the deposits of the Štiavnické Mts in Central Slovakia 

(precious metal mining district) and the vicinity of Baia Mare can be mentioned as most 

prominent, although all volcanic edifices host at least vein type epithermal deposits 

(Neubauer et al., 2005). 

 

It is important to notice that several volcanic structures continue in buried position under 

thick Late Miocene–Quaternary sediments of the Great Hungarian Plain in the Northeast, 

downthrown by fault zones of the Mid-Hungarian Mobile Belt (Harangi, 2001; Harangi & 

Lukács, 2019).  

 

3.4.2.1 Brief descriptions of some selected deposits 

 
Here we provide relevant information on some Hungarian deposits that are related to 

the Western Carpathian Province.  

 

Polymetallic and precious ores: 

Contact and hydrothermal metasomatic ores: Recsk, Szabadbattyán.  

Porphyric copper ore: Recsk. 

Hydrotermal ores: Pátka (Velence Hills), Nagybörzsöny (Börzsöny Hills), 

Gyöngyösoroszi, Parádsasvár (Mátra Hills), Recsk-Lahóca (Between the Mátra and 

Bükk Hills), Telkibánya, Rudabányácska (Eperjes-Tokaj Hills).  

Polymetallic ores in granite intrusions: Pátka, Szűzvár (Velence Hills).  

Volcanic eruption centers: Velence Hills, Northeastern Mátra Hills, Lahóca, 

Nagybörzsöny, Mátra Hills.  
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As potential ore indications post-volcanic geisirites: Füzérradvány, 

Gyöngyössolymos, Asztag-kő, Gyöngyösoroszi. 

Regarding bauxites the most important deposits are located to former industrial bauxite 

mining sites: Nyirád, Halimba, Iharkút, Fenyőfő, Alsópere, Bakonyoszlop, 

Iszkaszentgyörgy, Gánt and Nagyegyháza in the Transdanubian Central Range (Central 

Hungary). 

 

 
 

Figure 20. Prognostic map of ores and radioactive mineral resources in Hungary. Copper, 

polymetallic Pb-Zn and precious ore resources: Nagybörzsöny (1), Parádsasvár (2), Gyöngyösoroszi 

(3), Recsk (4), Telkibánya (7), Pátka (8). Iron ore: Rudabánya (5), Martonyi (6). Manganese ore: 

Eplény (9), Úrkút (10). Radioactive mineral (U,Th) resources: Western Mecsek (11), Dinnyeberki 

(12), Máriakéménd (13), Bátaszék-Leperdpuszta (14), Somberek (15), Sopron-Fertőrákos (16), 

Balatonrendes (17), Köveskál (18), Ajka Coal Basin(19), Tatabánya Coal Basin (20), Csővár (21). 
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Bauxite resources: Csabdi (22), Óbarok (23), Gánt (24), Iszkaszentgyörgy (25), Bakonyoszlop (26), 

Fenyőfő (27), Iharkút (28), Nyírád (29), Halimba (30), Hegyesd (31). 

 

Recsk 

The mineralization in the Recsk area is a Paleogene intrusive-volcanic complex hosted 

porphyry Cu-(Mo-Au), with associated Cu-Zn skarn, shallow epithermal Cu-Au-Ag and Au-

Ag-Pb-Zn ores (Lahóca deposit) and carbonate-hosted Pb-Zn ores at depth (Recsk Deep 

deposit). 

 

Börzsöny 

The Börzsöny area is characterized by a Miocene neutral volcanic-intrusive complex with 

a porphyry copper mineralization in the deep zones, and a disseminated or vein type 

polymetallic Cu-Pb-Zn-(Au-)Ag-Bi-Co ore associated with a low sulphidation epithermal 

Au mineralization. 

 

Gyöngyösoroszi 

Epithermal vein-type Pb-Zn mineralizations in Miocene andesite both in Gyöngyösoroszi 

and Parádsasvár. The shallow parts of the mineralization contain some gold and silver in 

Gyöngyösoroszi, while the Parádsasvár mineralization contains additional Cu and minor 

Cd. These ore deposits from Börzsöny to the Tokaj Hills have already been largely mined. 

 

Rudabánya 

Metasomatic Fe mineralization (limonite, siderite, ankerite) in Triassic carbonates with 

minor associated Pb and Cu ores. The main mineralization is found in Rudabánya, with 

some other minor ones in the surroundings (e.g. Martonyi). High Carlin gold potential was 

found in the Rudabánya Iron Ore Formation by Korpás et al. 1999 and by Földessy et al. 

1999.  

 

Transdanubian Central Range 

Paleogene neutral volcanism related deep porphyry copper mineralization and 

associated polymetallic Pb-Zn (fluorite) mineralization (Pátka and Szűzvár) in the granite 

of the Velence Hills together with metasomatic Pb mineralization in Paleozoic carbonates 

near Szabadbattyán. High Carlin gold potential was found in the Polgárdi Limestone and 

Úrkút Manganese Ore Formation.  



 

53 

 
 

 

 

Tokaj-Zemplén Hills 

Mineralizations of the Tokaj Mountains comprise two types. The first one is epithermal 

Au-Ag and/or polymetallic mineralizations (Telkibánya, Rudabányácska), and the second 

one is a shallow As, Hg (Sb, Tl) mineralization related to hot water springs and bound to 

silicified, clayey limnic sediments (Sárospatak, Regéc). 

 

3.4.2.2 Relevant research projects earlier in Hungary and recently in the MBFSZ  

Trace element content of Hungarian bauxites was summarized by Szantner et al. (1986). 

The most important trace element of industrial importance is gallium (Ga). Bauxite is one 

of the main sources for this important critical element, and during the existence of the 

alumina industry in the last century, Hungary was a significant provider of this element in 

Europe. Hungarian bauxites contained 30-104 ppm Ga2O3. Along with the Ga, Ti (1.7-3.3 

m/m %), Zr (290-1600 ppm as ZrO2), and V (530-3400 ppm as V2O5) are worth 

mentioning, although these elements were never exploited and now they are found in 

the red mud waste except for the Ga. 

Trace element study of Hungarian ores with special emphasis on critical elements is an 

ongoing research topic in the Mining and Geological Survey of Hungary. The first pilot 

research, that of the Nagybörzsöny occurrence has been finished recently. Two types of 

mineralizations occur in this region. The first is characterized by arsenopyrite, pyrite, 

pyrrhotite, chalcopyrite, galena, sphalerite with native gold and bismuth and Bi-bearing 

sulfosalts. The other one contains sphalerite, galena, pyrite and chalcopyrite. We 

analyzed archive and newly collected samples as well. We focused on the trace element 

content of the ores; thus, the samples were processed with AR in a closed bomb and 

analyzed with ICP OES and ICP MS. Some samples show somewhat higher concentrations 

of Sb, In, Bi, but majority of the samples do not show particular enrichment. Co, Ga, Ge, 

V, W and platinum group elements show generally low concentrations although the latter 

ones may show somewhat elevated concentration values in one or two samples. 

Studies at the University of Miskolc have also contributed to the better understanding of 

distribution of critical elements in some of the rocks and ores as well as mining wastes in 

Hungary (http://kritikuselemek.uni-miskolc.hu/?p=criticel_monografia_sorozat ). 
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3.4.3 Eastern Carpathian province 

The Eastern Carpathians are made up, from the East to the West, of: (1) a flysch belt, 

thrust over the East European Craton, (2) a Caledonian (Avalonian) crustal fragment 

containing metamorphic basement and sedimentary cover (mostly Mesozoic), known 

traditionally as the Crystalline-Mesozoic Zone (CMZ) and (3) a Miocene-Quaternary 

volcanic chain (mostly andesitic). The ore deposits in the Eastern Carpathians are related 

with the CMZ and the Miocene volcanic chain. 

 

 

Figure 21. Location of the main ore deposits in the Eastern Carpathians. AP = Apuseni Mountains. 1 

= Pb-Zn deposits (Mississippi Valley-type); 2 = location of the manganese ± barite mineralization 

(area detailed in Figure 22); 3 = Baia Borşa-Burloaia metallo-genetic field; 4 = Fundul Moldovei 
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metallogenetic field; 5 = Leşul Ursului metallogenetic field; 6 = Bălan metallogenetic field; 7 = 

Jolotca and Aurora mineralization; 8 = the Miocene epithermal provin-ce of the Eastern Carpathians 

(detailed in Figure 23). 

The CMZ has a metamorphic basement with complicated tectonics including pre-Alpine 

(Caledonian) and Alpine (Aptian-Albian) thrust nappes. The Late Proterozoic Rebra Group, 

metamorphosed under the amphibolite facies P-T conditions (staurolite-kyanite), hosts 

the Mississippi Valley-type Pb-Zn deposits from Valea Blaznei and Guşet (Rodna Mts.), in 

dolomitic rocks (point 1 in Figure 21). The ore consists of lenses and layers with pyrite, 

sphalerite, galena, chalcopyrite, magnetite, bournonite, proustite-pyrargirite and baryte. 

Valea Blaznei was mined till 1980s, with the extraction of ca. 5 Mt with an average grade 

of ca. 1.5% Pb and 3.3% Zn. The remained resource is estimated at 15 Mt with an average 

grade of 2% Zn and 1% Pb (data from Vodă, 2002). 

The Tulgheş Group, part of an Ordovician volcanic arc complex metamorphosed under 

greenschist facies P-T conditions, contains manganese and base metal (VMS) deposits.  

The manganese deposits are low grade (25-30% Mn), occur in the Tg2 Formation of the 

Tulgheş Group and form lenses to layers within graphite-rich cherts or carbonate schists. 

The ore is carbonate-dominated (rhodochrosite, kutnohorite, Mn-calcite), with varied 

contributions of silicates (tephroite, spessartine, rhodonite, pyroxmangite, dannemorite, 

stilpnomelane), sulfide (pyrite, alabandite, chalcopyrite) and oxides (hübnerite, jacobsite, 

psilomelane, manganite, pyrolusite, birnessite, wad). The oxidation zones have been 

mined as iron ore in the 1800s and the early 1900s. 
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Figure 22. Spatial distribution of the Mn deposits in the Eastern Carpathians (area 2 in Figure 21). 

Note the concentration of all economic Mn mineralization in the Sub-Bucovinian Nappe. 

 All the economic Mn deposits are in the Sub-Bucovinian Alpine Nappe: Iacobeni, Oiţa, 

Colacu, Dadu, Dealul Rusului, Tolovanu, Teresia, Sărişor (Figure 22). Beside the main 

components (Mn, Fe, SiO2), the ore has some P, Co, REE, which were not considered as 

commodities. In the present, the only Mn mine under operation is Ulm open pit. The 

extracted reserve is ca. 9.5 Mt at 27.5% Mn and 12.5% Fe. It is estimated that 22 Mt at 

24% Mn and 11% Fe are still in the deposits (Vodă, 2002). 

The graphite-rich cherts of the Tg2 Formation of the Tulgheş Group also contain barite 

lenses at Holdiţa, (ca 0.45 Mt at 50% BaSO4) were mined and 0.8 Mt at 0.45% BaSO4 

remained (Vodă, 2002).  

The Tg3 Formation of the Tulgheş Group from the Bucovinian nappe of the CMZ hosts 

Kuroko-type VMS deposits related to Ordovician volcanics (mostly rhyolitic) and chlorite 

schists. The most important metallogenetic fields of this type are (from north to south) 

Baia Borşa-Burloaia (pyrite, Zn, Pb, Cu, point 3 in Figure 21), Fundul Moldovei (Cu-Zn-Pb, 

point 4 in Figure 21), Leşul Ursului (Cu-Zn-Pb, point 5 in Figure 21) and Bălan (Cu, point 6 

in Figure 21). Bi, Sb, Ag, Au, Ga, V, Co, In, Ba occur in the ore of these deposits as trace 

elements (Borcoş et al., 1984). Beside pyrite, chalcopyrite, sphalerite and galena, the ore 

minerals include tetrahedrite, bournonite, arsenopyrite, jamesonite, cassiterite, 

galenobismuthite, bismuthinite, native bismuth, native gold, native silver (Borcoş et al., 

1984). The extracted reserves of polymetllic ore from all VMS deposits of Tulgheş Group 

considered together is 76 Mt of polymetallic ore at 1.5% Pb, 2.5% Zn and 0.5% Cu and 55 

Mt Cu ore at 0.7% Cu. The remaining reserves are 75 Mt ore at 1.64% Zn, 2.7% Zn and 

0.44 Cu (Vodă, 2002). Mănăila deposit is the only one of this type still in operation, with 

4.6 Mt at 0.97% Cu, 0.32% Pb, 0.68% Zn, 25.8 g/t Ag and 0.23 g/t Au in open pit (Vast 

Resources, 2020).  

The Mesozoic metallogenesis in the CMZ produced the hydrothermal barite deposit at 

Ostra (exhausted), hydrothermal iron ore (siderite, hematite, barite) at Delniţa and 

uranium mineralization at Crucea-Botoşana and Tulgheş. 

The Triassic Ditrău alkaline intrusive complex generated the magmatic-hydrothermal 

mineralization at Jolotca and Aurora (point 7 in Figure 21), containing Mo, Zn, Pb, Cu and 

REE. Jolotca also contains Au, Ag, Bi, Te, Y, Nb, while Aurora contains fluorine. The ore 
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minerals include molybdenite, pyrite, sphalerite, galena, parisite, bastnäsite, monazite 

and orthite.  

The Miocene metallogenetic province is concentrated in the Baia Mare metallogenetic 

district, in the north-western part of the Miocene-Quaternary volcanic chain of the 

Eastern Carpathians, where several deposits have been mined since medieval times (ca. 

1300), the main mining fields being Ilba, Nistru, Săsar, Herja, Baia Sprie, Şuior and Cavnic. 

The ore is of low- to intermediate sulfidation epithermal type (veins, breccia pipes and 

impregnations), containing base metal ore (Cu-Pb-Zn) with Au-Ag enrichment in the 

shallow parts of the deposits. The deposits in the Baia Mare district are spatially related 

to the E-W trending Dragoş Vodă fault system and the associated secondary fractures 

(Figure 23). The data on the occurrence of the mineralization, commodities and ore 

mineralogy are based on Borcoş et al. (1984). The resource and grade data are from 

Kouzmanov et al. (2005). 

 

Figure 23. Geographic distribution of the main mining fields in Baia Mare metallogenetic district 

(area 8 in Figure 21). 

 

The Ilba mining field contains veins and impregnations with Pb, Zn and Cu ± Au, Ag as 

main commodities. As, Mn, Cd, Co, Sb, Bi, Ga ± Te, Se and In occur as trace elements. Ore 
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minerals are pyrite, sphalerite, wurtzite, chalcopyrite, tetrahedrite, hematite, galena, 

bournonite, pyrrhotite. Resources: 0.3 Mt at 0.6% Cu, 11 g/t Ag, 0.3 g/t Au. 

The Nistru mining field contains Pb, Zn and Cu ± Au, Ag as main commodities and 

subordinated As, Mn, Cd, Co, Sb, Bi ± Te, Se, In, Ge. Veins and impregnations. Ore 

minerals: pyrite, sphalerite, wurtzite, chalcopyrite, galena, tetrahedrite, hematite, 

magnetite bournonite, pyrrhotite, pyrargyrite. Resources: 1.5 Mt at 1.5% Zn, 0.8% Pb, 28 

g/t Ag, 0.6 g/t Au. 

The Săsar (+ Valea Roşie + Dealul Crucii) mining field consists of vein groups, ramified 

upward ± passing to breccias. The ore is dominantly Au+Ag, with subordinated Pb, Zn, Cu, 

Sb. Ore mineralogy: pyrite, sphalerite, galena, native gold, native silver, chalcopyrite, 

proustite, pyrargyrite, tetrahedrite, jamesonite, acanthite, stibnite, arsenopyrite, 

marcasite, bournonite, plumosite, stefanite, füllopite. Resources: 0.15 Mt at 3.25% Zn, 

1.2% Pb, 18 g/t Ag, 1.5 g/t Au. Dealul Crucii is the type locality of the mineral fulöppite 

(Pb3Sb8S15). 

The Herja mining field contains veins of Pb-Zn ore with subordinated Cu, Au, Ag, Sb, Bi, 

Ga, In, W, Sn, Te, Co, Ni. The ore is made up of sphalerite, pyrite, chalcopyrite, galena, 

pyrrhotite, arsenopyrite, stibnite, berthierite, semseyite, fizelyite. Resources: 1 Mt at 

5.2% Zn, 3.5% Pb, 47 g/t Ag, 0.4 g/t Au. Herja is the type locality of the mineral fizelyite 

(Pb14Ag5Sb21S48).  

The Baia Sprie (Felsőbànya, in Hungarian) mining field (Pb, Zn, Cu, Au, Ag) contains veins 

and impregnations. Subordinated elements: As, Cd, Sb, Bi, Ga, Tl, Co, W.The Principal vein 

is 5,250 m long, more than 1,000 m in depth, and up to 22 m thick (Lang, 1979; Grancea 

et al., 2002). Ore mineralogy includes more than 70 species, among which the most 

widespread are pyrite, chalcopyrite, sphalerite, galena, hematite, magnetite, pyrrhotite, 

wolframite, scheelite, tetrahedrite and stibnite. Resources: 4.3 Mt at 1.2% Zn, 1.0% Pb, 

0.6 % Cu, 29 g/t Ag, 0.4 g/t Au.  

Baia Sprie is type locality for the minerals andorite PbAgSb3S6, dietrichite 

(Zn,Fe2+,Mn)Al2(SO4)4·22(H2O), felsőbànyaite Al4(SO4)(OH)10·5(H2O), klebelsbergite 

Sb3+4O4(OH)2(SO4), monsmedite H8K2Tl2(SO4)8·11(H2O), semseyite Pb9Sb8S21 and 

szmikite MnSO4·(H2O).  

The Şuior mining field contains Au, Ag, Pb, Zn and Cu, with subordinated As, Sb, Cd, Ga. 

Breccia pile with sulfide impregnations at shallow levels, veins of sulfide ore at depth. Ore 

mineral assemblages include pyrite, sphalerite, wurtzite, arsenopyrite, chalcopyrite, 
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tetrahedrite, galena, boulangerite, marcasite, native gold, native silver. Resources: 9.3 Mt 

at 2.3% Zn, 1.4% Pb, 36 g/t Ag, 3 g/t Au. 

Cavnic mining field (Pb, Zn, Cu, Au, Ag). Other commodities: As, Sb, Cd, Ga, Bi, In, Ga, Tl, 

Ge, Se, Te. Sulfide veins and impregnations. Ore minerals: pyrite, galena, sphalerite, 

chalcopyrite, tetrahedrite, hematite goethite, native gold, bournonite, stibnite realgar, 

orpiment, cinnabar. Resources: 5.9 Mt at 2% Zn, 1.5% Pb, 27 g/t Ag, 0.4 g/t Au. 

Cavnic is the type locality of rhodochrosite (MnCO3). 

 

3.4.4 Carpathian-Balkan zone 

The Carpathian-Balkan Zone comprises the Apuseni Mountains, the Southern 

Carpathians and the Balkans (with the Srednogorie Zone). The most prominent 

metallogenetic province in this zone is the Banatite Magmatic and Metallogenetic Belt 

(BMMB), also named as the Apuseni-Banat-Timok-Srednogorie (ABTS) Belt, which 

extends > 1,500 km in length and 30 km to 70 km in width (Figure 24). The metallogenesis 

of the BMMB is related to Late Cretaceous intrusions (mostly diorite, granodiorite and 

granite) associated, most probably, with the closure of Vardar Ocean (e.g., Ciobanu et al., 

2002; Sutphin et al., 2013). The ore deposits in the BMMB are mostly of metasomatic 

(skarn), porphyry copper and epithermal types (± VMS features). According to Cook et al. 

(2009), “the BMMB has a pronounced Bi-Te signature, recognizable in styles of 

mineralization ranging from skarns to porphyry and epithermal types.” The geographic 

distribution of all types of ore deposits in the BMMB is given in Ciobanu et al. (2002), 

(Figure 24). 

The skarn-type deposits with (past) mining activity are Băişoara – Fe+Zn+Pb+B, Băiţa 

Bihor – Cu+Mo+Zn+Pb+Au+Bi+W+B, (Apuseni Mountains), Ruschiţa – Zn+Pb, Ocna de Fier 

– Fe+Cu+Zn+Pb+B, Dognecea – Zn+Pb+Cu+Ag, Oraviţa-Ciclova –  Cu+Zn+Pb+Au+Mo+W, 

Sasca Montană – Cu+Zn+Pb+Au+Mo and Moldova Nouă – Cu+Au+Mo (in Banat, Southern 

Carpathians), Krumovo – Fe; Burdtzeto – Fe+Cu, Propada – Cu+Fe, Mladenovo – Cu+Fe 

and Velikovets - Fe (eastern Srednogorie). Out of these, only Băiţa Bihor is still in 

operation, the other ones being closed before the year 2000.  

Băiţa Bihor contains many orebodies with varied commodities: Cu, Pb, Zn, Mo, Bi, W, B, 

Au, Ag but also with trace amount of Cd, Ni, Co and Te (Borcoş et al., 1984). It has reserves 

of ca 3 Mt at 0.56% Cu, 1% Zn, 0.46% Pb, 0.09% Mo and 0.064% Bi (Ciobanu et al., 2002). 
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Ore minerals include chalcopyrite, sphalerite, galena, bornite, molybdenite, scheelite, 

ludwigite, szaibelyite, kotoite, fluoborite; the Bi signature is proven by the occurrence of 

bismuthinite, native Bi, wittichenite, emplectite, cosalite, lillianite, hodrushite, aikinite 

(Borcoş et al., 1984; Tămaş and Andrii, 2020).  

Several skarn prospects, such as Tincova – Fe+Zn+Pb+Bi+W (Romania) and Kučajna – 

Zn+Pb+Cu+Ag (Serbia), were indicated by Ciobanu et al. (2002)..  

Sutphin et al. (2013) mentioned 15 porphyry copper deposits in the BMMB: Moldova 

Nouă (Romania), Majdanpek, Bor, Borska Reka, Veliki Krivelj, Cerovo, Dumitru Potok, 

Valja Strz (Serbia), Elatsite, Assarel, Medet, Vlaykov Vruh, Karlievo, Tsar Assen and 

Prohorovo (Bulgaria) and a further 10 prospects. The largest porphyry copper deposits in 

the BMMB are (data from Sutphin et al., 2013): Moldova Nouă – 500 Mt at 0.35% Cu 

(Banat), Majdanpek – 1,000 Mt at 0.6% Cu, 0.005% Mo, 0.35 g/t Au, 1 g/t Ag, and Bor 

(with Borska Reka and Veliki Krivelj) – 2,141 Mt at 0.64% Cu, 0.002% Mo, 0.24 g/t Au, 0.5 

g/t Ag (Timok); Elatsite – 350 Mt at 0.39% Cu, 0.26 g/t Au, 0.2 g/t Ag and Assarel (with 

Orlovo Gnezdo) – 390 Mt at 0.43% Cu and 0.19 g/t Au (Panagyurishte District of the 

central Srednogorie zone).   

Among the epithermal deposits, the largest is Chelopech  (in operation) – 60 Mt at 1.24% 

Cu and 3.38 g/t Au, followed by Radka (closed) Cu+Au (10 Mt) and Elshitsa (closed) – 

Cu+Au+Ag (ca. 10 Mt at 1.03% Cu), all in the Panagyurishte District of the central 

Srednogorie zone (data from Ciobanu et al., 2002).  

The SEDEX-type deposit Kremikovtsi (Srednogorie zone, Bulgaria) contains Fe-Mn ore and 

barite (Ciobanu et al., 2002; Mladenova et al., 2004). 

Another metallogenetic province with large-scale deposits is the Miocene (14-7 Ma) 

magmatic province in the southern part of the Apuseni Mountains (Metaliferi 

Mountains). The ore is related to the volcanic and intrusive rocks emplaced along 

transtensional fractures generated by the rotation of the Tisza block (Roşu et al., 2004). 

The ore deposits are distributed along four main NW-SE-trending alignments: (1) Brad-

Săcărâmb, (2) Almaş-Stănija, (3) Roşia Montană-Bucium and (4) Baia de Arieş. An 

additional metallogenetic area related to this province occurs south of the Golden 

Quadrilateral, including Deva porphyry copper deposit. The mineralization occurs in veins 

(Au-Ag±Te and base metal), epithermal breccia pipes and replacement bodies, and in 
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subjacent porphyry Cu-type systems within an area of ca. 900 km2 known as the Golden 

Quadrilateral (Figure 24).  

Most epithermal deposits (e.g., Baia de Arieş, Larga, Haneş, Almaşu Mare, Bucium, 

Musariu, Brădişor, Ruda-Barza, Băiţa-Crăciuneşti, Săcărâmb) are closed. A Te-Bi signature 

was remarked for Musariu (Ciobanu et al., 2004). Among the epithermal deposits in the 

Golden Quadrilateral, resources were estimated for Roşia Montană, with 400.4 Mt at 1.3 

g/t Au, 6 g/t Ag, Rodu-Frasin, with 35.2 Mt at 1.12 g/t Au and 3 g/t Ag, and Certej, with 

61.1 Mt at 1.79 g/t Au and 10 g/t Ag (Kouzmanov et al., 2005).  

The porphyry copper deposits in the Metaliferi Mountains are classified as: Cu-Mo(-Au) 

(Deva, Roşia Poieni), Cu-Au (Valea Morii, Bolcana, Rovina, Voia, Tălagiu, Larga, 

Trâmpoiele, Valea Tisei, Bucium-Tarniţa) and Au-Cu (Colnic, Cireşata). The largest 

deposits are Roşia Poieni (in operation), with 431 Mt at 0.55% Cu and 0.25 g/t Au; Rovina 

Valley Group (Rovina, Colnic and Cireşata intrusions), with 396 Mt at 0.16% Cu and 0.55 

g/t Au (EUROSUN, 2020); Bucium-Tarniţa, with 335 Mt at 0.50% Cu and 0.36 g/t Au; 

Tălagiu, with 150 Mt at 0.35% Cu and 0.60 g/t Au; Bolcana (with Măgura), with 90 Mt at 

0.30% Cu and 0.03 g/t Au; Deva, with 20 Mt at 0.70% Cu and 0.5 g/t Au. Data from Sutphin 

et al. (2013), except for Rovina Valley Group. 
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Figure 24. Spatial distribution of the ore deposits in the Golden Quadrilateral of the Apuseni 

Mountains. Porphyry-Cu deposits: 1-Roşia Poieni; 2-Bucium-Tarniţa; 4-Voia; 5-Bolcana; 6-Valea 

Arsului; 7-Musariu; 8-Cireşata; 9-Colnic; 10-Rovina; 11- Tălagiu; 12-Deva.  Out of the epithermal 

deposits in the Apuseni Mountains, Zlatna is type locality of native tellurium, Baia de Arieş is 

type locality of the minerals sylvanite (Au,Ag)2Te4, while Săcărâmb is type locality of krautite - 

MnAs+5O3(OH)2·(H2O), krennerite - AuTe2, muthmannite - AgAuTe2, 

nagyagite - AuPb(Sb,Bi)Te2-3S6, petzite - Ag3AuTe2, stutzite - Ag5-xTe3,(x=0.24-0.36) 

tellurite - TeO2. 

Some shear zone type Au deposits occur in the Variscan successions from the central and 

western part of the Balkan Mountains (Bulgaria and Serbia). Although none of these 

deposits is in operation, it is of note the ore mineral assemblage, including W, Sb and Bi 

minerals: scheelite, tetrahedrite, boulangerite, bournonite, pyrargyrite, proustite, 

owyheeite, native Bi, bismuthinite, pekoite, aikinite, friedrichite and Co-rich pyrite 

(Mladenova et al., 2004).  

The Southern Carpathian also contain occurrences and deposits of graphite, beryllium, 

lithium and Co-Ni (+ Cu) sulfides. 

Graphite (flakes) occurs in Parâng and Căpăţânii Mountains and was mined at  Negovanu-

Olteţ, Ungurelaş, Râbari-Olteţ and Cătălinu-Galbenu, in the regionally metamorphosed 
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rocks of the Danubian realm, in a graphite-carbonate formation. All the grafite mines in 

the Southern Carpathians are closed.  

Beryl occurs in pegmatites of metamorphic segregation in the Getic Nappe, more 

abundant at Teregova (Semenic Mts), Piatra Albă-Goaţa and Conţu (Lotru Mts), Vidruţa 

and Despina (Latoriţa Mts.). 

Lithium (spodumene, lepidolite) is known in pegmatites of metamorphic segregation in 

the Getic Nappe, at Conţu (Lotru Mts.).  

Occurrences of cobalt-containing mineralization are known in the South Carpathians at 

Valea Vâlsanului-Brădet, Tiţianu-Dealul Negru and Urdele, as magmatic Ni-Cu-Co sulfide 

concentrations in the Proterozoic basement, and at Valea lui Neguleţ and Bădeanca-Dăniş 

(Leaota Mts.), as five elements vein type ore. Ore mineralogy includes pyrite, maucherite, 

nickeline, smaltite-safflorite, tetrahedrite, chalcopyrite, sphalerite, galena.  

 

3.4.5 Serbo-Macedonian metallogenic zone 

The geology of Serbo-Macedonian zone (SMZ) has potential to host several different type 

of deposits Among the Non-Energy Metallic Minerals, base and precious metals, in 

particular zinc, lead, copper, gold, and silver are becoming an increasingly important and 

rapidly growing target for the mining industry. For example, in the north-eastern part of 

Greece, where most of the potential resources and feasible deposits are hosted, 

polymetallic gold deposits occur in a wide range of genetic types, comprising magmatic 

porphyry copper type deposits, hypothermal/mesothermal manto-type polymetallic 

sulphides and epithermal gold systems. 

The SMZ is part of the Carpathian-Balkan or the Hellenic-Balkan belt, which was formed 

along the southern margin of the Eurasian plate during Mesozoic-Cenozoic time. 

Structural data has indicated that the Rhodope and Serbo-Macedonian zones or massifs 

(Jones et. al. 1992; Dinter and Royden, 1993) are products of Alpine convergence 

between Africa and Europe during Cretaceous to Tertiary time, which led to the 

formation of a metamorphic core complex and silicic to intermediate magmatism 

(Burchfiel, 1980; Ivanov, 1989; Burg et al., 1990, 1995, 1996; Jones et al., 1992; Ricou et 

al., 1998; Lips et al., 2000).   

In the Rhodope zone, Alpine convergence resulted in a north-dipping subduction zone, 

which gave rise to Late Cretaceous calc-alkaline magmatism with related porphyry Cu-Au 

and high sulphidation epithermal Au-Cu mineralization in the Srednogorie zone in 
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Bulgaria (Moritz et al., 2003; Von Quadt et al., 2003). During the Tertiary, plate 

convergence moved southward. Throughout the Rhodope zone, the latest stages of 

extension are indicated by the development of late Eocene to Oligocene sedimentary 

basins followed up by late Eocene to Oligocene – early Miocene calc-alkaline to 

shoshonitic volcanic-plutonic suites. The resulting arc extends across the Greek-Bulgarian 

border and hosts epithermal gold systems of high exploration and exploitation potential. 

The deposits were formed during the post-collisional orogenic collapse and related 

crustal extension (Marchev P. et al., 2005). 

In regional scale three metallogenetic zones of the Hellenic-Balkan belt (Arvanitidis et al, 

2015) are evolved (Figure 25): 

Sredna Gora metallogenetic zone with porphyry copper and epithermal gold deposits 

related to Late Cretaceous magmatic activity. Rhodope metallogenetic zone with 

epithermal gold deposits and porphyry copper molybdenum deposits related to Tertiary 

magmatic activity , and Serbo-Macedonian metallogenetic zone with porphyry copper – 

gold deposits and carbonate-replacement manto Pb-Zn-Ag-Au deposits related to 

Tertiary magmatic activity (Arvanitidis, 1993, 2010; Arvanitidis et al, 2012,  Arvanitidis et 

al, 2015) (Figure26). Minable carbonate-replacement polymineralic ore deposits are the 

Olympias deposit in Halkidiki, northern Greece, and the Lece, Trepca, Sasa and Zletovo 

deposits in Serbia. Potential porphyry Cu-Au ore deposits of particular importance are 

the Skouries deposits in Halkidiki, northern Greece, Bukovik-Kadiica and Bucim in North 

Macedonia and Bor in Serbia.  

Eastern Halkidiki peninsula (SMZ) 

The eastern part of Halkidiki peninsula in northern hosts mineral system that are typical 

for the of Serbo-Macedonian metallogenic zone. The SMZ geology in that area consists 

of gneisses, mica schists, amphibolites and marbles that are part of two major 

lithostratigraphic units of Paleozoic age, known as the Kerdylia and Vertiskos formations 

(Figure 26). The Olympias, Madem Lakkos and Mavres Petres carbonate-replacement 

manto-type polymetallic sulphide deposits belong geotectonically to the Kerdylia 

formation whereas the Skouries porphyry copper-gold deposit is part of the Vertiskos 

formation.  The Kerdylia formation to the east comprises biotite gneiss interbedded with 

hornblende gneiss, amphibolite and marble, probably derived from an original volcano-

sedimentary sequence (Kockel et al., 1971). The Vertiskos formation to the west overlying 

the Kerdylia formation consists mainly of two-mica gneiss, in places containing garnet-, 

tourmaline- and sillimanite-bearing quartz-feldspar gneiss and ortho-amphibolite. 

Metamorphosed mafic and ultramafic rocks occur frequently near the contact with the 
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Kerdylia formation. Rare marbles are considered to be tectonically emplaced slices of 

Mesozoic carbonate rocks (Arvanitidis, 1993). The contact between the Kerdylia and 

Vertiskos formations is partly gradational, but largely deformed and displaced by the 

major Stratoni-Varvara fault zone. 

 

Figure 25. Major mineral systems related to SMZ, Rhodope and Sredna Gora zones (Source: X-mine 

project) 

 



 

66 

 
 

Figure 26. Major porphyry Cu-Au deposits in the Serbo-Macedonian zone (Source: X-mine project) 

The Olympias deposit is a polymetallic (Pb, Zn, Ag, Au) massive sulphide carbonate-

replacement ore body hosted by Kerdylia marbles (Kalogeropoulos et al, 1989). The 

depositional mechanism and structural setting of the ore bodies are genetically related 

to fault-controlled mineralizing fluids ascending and interacting with reactive carbonate 

rocks interbedded within crystalline basement of the Kerdylia formation.  Two main 

deposits have been identified, the West and East deposits. The structure of the deposit 

and the fault-controlled setting of the orebodies show clearly the stratabound 

replacement mantos at the contact and inside the marbles. A deeper-seated extension 

of the west ore body is indicated and makes a potential target to further underground 

surveys and exploration drilling. 
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Figure 27. Simplified geological map of the Kassandra mining district. Cu-Au porphyry deposits occur 

at Skouries, Fisoka and Tsikara, while manto-type carbonate replacement deposits are represented 

by the Ag-Pb-Zn mineralizations at Mavres Petres, Madem Lakkos, the Au-Ag-Pb-Zn Olympias 

deposit and the Piavitsa prospect, which is also associated with Au-rich veins. 

Madem Lakkos and Mavres Petres are, like Olympias massive stratabound replacement 

deposits hosted by Kerdylia formation marbles and developed along cross-cutting fault 

zones. The geological setting comprises also the major Stratoni-Varvara thrust fault 

bringing the Kerdylia marble interbedded, biotite gneiss and Vertiskos amphibolite in 

contact tectonically. The E-W trending Stratoni-Varvara fault also displays a semi-regional 

control on the extension of the polymetallic mineralization and the location of the 

Madem Lakkos, Mavres Petres, Piavitsa and Varvara ore deposits. 
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The Skouries ore deposit (Eliopoulos et al, 1991) is part of the NW trending SMZ porphyry 

copper belt (Figure 27) extending through North Macedonia to Serbia and Romania. The 

Skouries porphyry intrusion consists of a series of rhyodacitic, dioritic to andesitic dykes 

and stocks emplaced into Vertiskos amphibolitic basement rocks in association with 

ultrabasic lithologies. It forms a pipe-like, mineralized subvolcanic body with surface 

dimensions of 180 m N-S and 200 m E-W and a vertical extent of at least 700 m (Frei, 

1995). 

Western Thrace (Rhodope zone) 

The Rhodope zone (Figure25) in Thrace comprises complex metamorphic rocks of 

inferred Paleozoic age, such as gneisses and amphibolites, structurally overlain by lower 

grade metamorphic sequences belonging to the Mesozoic Circum-Rhodope zone. This 

zone consists of metasedimentary and meta-volcanosedimentary series (Pomoni and 

Papadopoulos, 1986). The underlying metasedimentary series comprises carbonate rocks 

(calc-schist, marble, dolomitic marble) and the overlying meta-volcanosedimentary series 

consists predominantly of greenschists (chlorite-epidote-talc-actinolite bearing). The 

Circum Rhodope zone has been folded, metamorphosed and thrusted onto Rhodope 

metamorphic basement during Alpine orogenesis in late Cretaceous time. 

The epithermal gold deposits in the Thrace region are related to the post-collisional 

extension during late Eocene–Oligocene. A number of structurally controlled rift-basins 

along the southern and eastern margins of the Rhodope zone were formed during this 

crustal extension. The basins are characterized by deposition of Early Eocene sediments 

(molasses, limestones) followed by late-Eocene–early Oligocene volcanosedimentary 

series with calc-alkaline to shoshonitic volcanic rocks (Innocenti et.al., 1984; Fitikas et al., 

1980) (Figure 28). The Saint Demetrios and Perama Hill deposits are related to Oligocene 

volcanic arc magmatism. This arc extends across the Greek-Bulgarian border hosting 

epithermal systems of high exploration and exploitation potential. 
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Figure 28. Geological sketch map of Western Thrace (Papadopoulos P. modified by Michael C.). 1) 

Rhodopean basement, 2) Circum-Rhodope zone – Makri unit (upper Triassic – upper Jurassic age), 

Phyllite series, Mafic rocks (gabbro-diorites), 3) Circum-Rhodope zone - Melia unit (Lower 

Cretaceous–upper Cretaceous age), Flysch - ophiolite, 4) Eocene sedimentary deposits, 5) Eocene 

– Oligocene volcano-sedimentary deposits, 6) Oligocene volcanics, 7) Oligocene intrusive rocks, 8) 

Neogene and Quaternary sediments, 9) Faults, 10) Overthrust. 

The Perama Hill epithermal gold deposit is located in the eastern part of the Petrota 

graben (Figure 28) consisting of subaqueous pyroxene andesitic flows, debris-flows and 

hyaloclastites, resting on turbiditic series (Lescuyer et. al., 2003). The Perama sandstones, 

which host the gold mineralization, are coeval with subaerial felsic eruption in the 

western part of the graben constituting pyroclastic flows, accretionary lapilli tuff, quartz 

porphyry domes and dacite flows (Lescuyer et. al., 2003). The metamorphic basement 

close to the deposit is part of the Circum Rhodope zone (Mesozoic age) and consists of 

greenschists and calcschists. Silicified fracture zones and hydrothermal breccias occur at 

the contact between Mesozoic greenschists-calcschists and Perama sandstones. 

Silicification and advanced argillic alteration (kaolinite-illite) are the main alteration styles 

of the epithermal gold mineralization in Perama Hill. 
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The Sapes/Aghios Demetrios epithermal gold deposit comprises strongly altered 

andesitic agglomerates, tuffs, lavas and volcanic breccias. The paragenetic distribution of 

the mineral assemblages distinguishes four main and two overlapping alteration zones in 

the area (Michael et al., 1989; Michael, 1995; Michael, 2005; Velinov et al., 1999). The 

main alteration zones are: Silicification (hydrothermal eruption vent breccias), advanced 

argillic alteration (subzones of alunite, diaspore, argillic alteration and pyrophyllite), 

propylitic alteration, potassic alteration (southern part of the Tertiary basin). The 

overlapping alteration zones are: sericitic alteration (Aghios Demetrios deposit) and 

adularia-rich alteration (southern part of the Tertiary basin). The hydrothermal eruption 

vent breccias are the favourable structural setting for the gold mineralization in the 

Aghios Demetrios deposit. The younger north-eastern faults caused displacement of the 

wall rocks. 

In general, the SMZ metallogenic zone, is part of the southernmost part of the 

Carpathian-Balkan metallogenetic belt, which is very often named as Hellenic-Balkan belt. 

As mentioned, the Carpathian-Balkan metallogenetic belt was formed along the southern 

margin of the Eurasian plate during Mesozoic-Cenozoic time. Three metallogenetic zones 

are found in the Hellenic-Balkan belt (Figure 29):  

1) The Sredna Gora metallogenetic zone with porphyry copper and epithermal gold 

deposits related to Late Cretaceous magmatic activity,  

2) the Rhodope metallogenetic zone with epithermal gold deposits and porphyry copper-

molybdenum deposits related to Tertiary magmatic activity and  

3) the Serbo-Macedonian metallogenetic zone with porphyry copper – gold and manto 

Pb-Zn-Ag-Au deposits related to Tertiary magmatic activity. 
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Figure 29. Hellenic-Balkan belt metallogenic zones dated from Late Cretaceous to Neogene. (Source: 

X-mine project) 
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4 Metallogenic map based on CRM commodities on land  

4.1 Rare Earth elements 

4.1.1 Introduction 
 

The demand for rare earth elements (REE) has grown enormously in recent times as they 

are essential for many new technologies. World mine production based on mineral 

commodity summaries 2020 (UGSS, 2020) is 190 000 and 210 000 tons in 2018 and 2019, 

respectively. The total reserves are reported to about 120 000 000 tons. World resources 

of REE are relatively abundant in the Earth’s crust, but mineable concentrations are less 

common than for most other ores. (Table 1, Figure 30)   

Table 1. World Mine Production and Reserves: Reserves for Canada, Greenland, Tanzania, and South Africa 

were previously included with “Other countries.” (source USGS, 2020)  

 
 2018 2019  

United States 18,000 26,000 1,400,000 
Australia 21,000 21,000 3,300,000 
Brazil 1,100 1,000 22,000,000 
Burma (Myanmar) 19,000 22,000 NA 
Burundi 630 600 NA 
Canada — — 830,000 
China 10120,000 10132,000 44,000,000 
Greenland — — 1,500,000 
India 2,900 3,000 6,900,000 
Madagascar 2,000 2,000 NA 
Russia 2,700 2,700 12,000,000 
South Africa — — 790,000 
Tanzania — — 890,000 
Thailand 1,000 1,800 NA 
Vietnam 920 900 22,000,000 
Other countries 60 — 310,000 

World total (rounded) 190,000 210,000 120,000,000 

 

Based on Figure 30, China owns 38 percent of the world’s reserves; Vietnam, Brazil, 

Russia, and India have substantial deposits. Europe, including Greenland, has a high 

potential of voluminous deposits but most of them are not sufficiently advanced that 

reserves can be reported. Still, presently over 63 % of the REE used globally are produced 

in China.  
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Figure 30. Rare earth element world production by country for the year 2018, 2019 and Reserves. 

Data Source USGS (2020). 

There are many different types of REE mineral deposits/occurrences in Europe; these 

have been found in a variety of geological environments and are of a wide range of ages. 

However, REE occurrences can be fundamentally divided into primary and secondary 

types. Most of the primary types are related to igneous processes in continental 

rift/extensional settings. The secondary types are formed when enrichments develop 

through sedimentary processes such as erosion and accumulation of heavy minerals, 

weathering and soil development. 

The aim of this part of the report is to give an overall and general view of REE deposit 

distribution in Europe and briefly present the metallogenic area on REE and this version 

of the metallogenic area is a revised version on what Goodenough et al. (2016) are 

presented. The classification on REE will be based on genetic classification  

4.1.2 REE mineralization types in Europe 

There are many different types of REE mineral deposits in Europe, including both Light 

Rare Earth Elements (LREE) and Heavy Rare Earth Elements (HREE) (Goodenough et al., 

2016). Sweden hosts a large number of known REE occurrences and numerous REE-

bearing minerals were originally discovered in Swedish mines and deposits, including 

Bastnäs and Ytterby in the Bergslagen province (Figure 31) (e.g. Jonsson 2014; Sadeghi, 
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2019; Sadeghi et al., 2020c). Greenland is endowed with several large REE mineral 

deposits, in various geological settings. The largest deposits are hosted by peralkaline 

intrusions related to the Gardar Province in South Greenland, encompassing the deposits 

at Kvanefjeld, Kringlerne, and Motzfeldt Sø. REE mineral deposits are also associated with 

carbonatites at the margins of the North Atlantic Craton in west Greenland. (Sørensen et 

al. 2011). Finland hosts a few sub-economic to economic REE deposits mostly associated 

with intrusions of alkaline rocks (e.g. Sokli carbonatite and Iivaara ijolite complexes). 

(Sarapää et al. 2013), located in the central part of Fennoscandian shield. Norway hosts 

a variety of REE mineral occurrences, including primary and secondary deposits, typically 

associated with alkaline igneous and carbonatite magmatic systems (e.g. Fen, Kodal, and 

others) (Andersen 1986, Ihlen et al. 2014). In southern and central Europe, the 

extensional and rift systems are less deeply eroded, and potential REE deposits are likely 

to be buried. Carbonatites in Mesozoic to Cenozoic rifts of Central Europe may well be 

prospective for REE, whilst secondary deposits associated with alkaline magmatism are 

of interest in the Mediterranean countries. (Figure 31). A prospectivity map realized by 

Bertrand et al. (2017) for REE, using the DBQ (DataBase Querying) method shows 

favourable prospective areas in Europe (Figure 32). As alkaline/peralkaline intrusions is 

by far the most enriched metallogenic family, this prospectivity map closely mimics their 

spatial distribution in Europe, highlighting potentially favourable areas, such as the 

Svidnya-Seslavtsi region in Bulgaria, for instance. In addition, it shows favourable areas 

related to other metallogenic families, such as IOCG deposits in the northern 

Svecofennian belt (northern Sweden), placers in French Britany and Normandy, 

pegmatites in southern Austria or the Iberian massif (northern Portugal), or numerous 

bauxite occurrences in the Delfi region (Greece). 
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Figure 31. Map showing the main REE mineral occurrences and deposit types in Europe (revised). 

Data source: EURARE  
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Figure 32. Prospectivity map of kernel density of REE scores in Europe, calculated with the DataBase 

Querying method (Bertrand et al., 2017)    

4.1.3 REE metallogenic provinces 

A simplified metallogenetic map of REE (Figure 33) has been prepared based on these 

previous works.  This map shows overall distribution and potential of REE mineral 

exploration targets based on the different genetic types’ classification. The carbonatite 

and alkaline igneous rocks are presented separately, because of the significant potential 

of tonnage and grade they commonly host. The secondary REE mineral resources are 

presented as a separate target area related to bauxite, laterite and placer deposits.  
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Figure 33. Map showing major REE metallogenetic areas and related exploration potential in Europe 

(Revised version). 

4.1.3.1 Metallogenic area for REE asscoaited with alkaline rocks 

The most important primary deposits with high grade and tonnage are typically 

associated with alkaline-peralkaline igneous rocks and carbonatites formed in extensional 

intracontinental rifts (Chakhmouradian and Zaitsev, 2012; Goodeough et al., 2016). 

Europe is characterized by numerous deep, intracontinental extensional zones and rifts 

which contain alkaline igneous rocks. These vary in age from the Paleo- and 

Mesoproterozoic of the Fennoscandian shield, via the Mesoproterozoic Gardar Province 

in SW Greenland to the Cenozoic rifts around the Mediterranean. REE occurrences of 

potential economic interest are commonly associated with peralkaline syenitic intrusions 

in these igneous provinces (Figure 34). The Norra Kärr deposit consists of a c. 1.5 Ga old, 

small, complex intrusion of agpaitic rocks located east of lake Vättern in southern Sweden 

(cf. Jonsson 2013 and references therein). The Norra Kärr alkaline complex consists of 

four main rock types, traditionally named grennaite, kaxtorpite, lakarpite and pulaskite. 
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Grennaite is essentially an often porphyritic, relatively fine-grained (but locally coarse and 

pegmatitic) catapleiite and eudialyte-bearing nepheline syenite. The other rocks are 

varieties of nepheline syenite with different texture and mineralogy. The pegmatitic 

grennaite contains abundant eudialyte, which may contain up to 9 wt.% TREO (Jonsson, 

2013). According to recent data from the present concession holder, Tasman Metals Ltd, 

the deposits contain REE, Zr, Nb, Y and Hf of economic relevance. The resource is 

estimated at 60.5 Mt averaging 0.54% total rare earth oxide with 53% of that being heavy 

rare earth oxides. Other examples of syenitic intrusions in Sweden with possible potential 

for REE include the Permian Särna nepheline syenite intrusives in western central 

Sweden, comprising cancrinite-bearing nepheline syenites, which possibly formed in 

relation to the Oslo rift (Lundqvist 1997, Bylund and Patchett 1977, Magnusson 1923) 

The Meso-proterozoic Gardar province in South Greenland is an intracratonic rift 

province containing a variety of volcanic and plutonic igneous rocks of alkaline and 

peralkaline affinity. Of the intrusions in the province the economically most important for 

REE are the Ilimaussaq intrusion (1160 Ma), and the Igaliko Nepheline Syenite Complex 

(1273 Ma) (Upton et al., 2003), hosting the Kvanefjeld and Kringlerne REE deposits, and 

the Motzfeldt Sø REE deposit respectively. 

The Ilímaussaq intrusion was largely emplaced during block subsidence and formed by 

three pulses, of which the third formed a layered series of nepheline syenite, enriched in 

the elements REE, U, Th, Nb, Ta, Be, Zr, and F. The Ilimaussaq intrusion hosts two World 

Class REE deposits (i) Kvanefjeld, an intermediate series sandwiched between roof and 

floor series, which consist mainly of lujavrites, and (ii) Kringlerne, where the bottom 

cumulates of kakortokite outcrop (Karup-Møller & Rose-Hansen 2013). 

The Kvanefjeld multi-element deposit is an accumulation of various igneous rocks from 

the central part of the Ilimaussaq intrusion. The bulk of the REE and the U is associated 

with lujavrite rocks containing disseminated steenstrupine, sphalerite and villiaumite 

(NaF). Indicated JORC compliant resource is 437 Mt containing 6.6 Mt TREO (0.24 Mt 

HREO), 350 Mlbs U3O8, and 1.4 Mt Zn.  

The Kringlerne multi-element deposit is hosted in agpaitic kakortokite and consists of a 

total of 29 exposed cyclic layers with a total thickness of about 200 m, made up by 

arfvedsonite-dominated kakortokite, eudialyte-dominated kakortokite, and a nepheline-

feldspar-dominated kakortokite, respectively. Eudialyte, the main ore mineral, is enriched 

in REE-Zr-Nb-Ta (Karup-Møller & Rose-Hansen 2013). The indicated resource (JORC-

compliant) is 1,400 Mt plus at 0.65 % TREO. The proposed mining technique is open pit 
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near the fjord, hauling the ore to a nearby beneficiation plant, producing three products: 

(i) eudialyte concentrate (REE, Nb, Zr); (ii) feldspar concentrate, and (iii) arfvedsonite 

concentrate, all to be shipped for further processing and/or use outside Greenland.  

The Motzfeldt Sø REE deposit is part of the Motzfeldt Centre, which in turn is one 

intrusion of the Igaliko Nepheline Syenite Complex, and shows significant Ta-Nb enriched 

zones related to altered syenite, minor pegmatite and diorite dykes, and high grade REE 

intersections related to the pegmatite intrusives at depth (Tukiainen,1988). 

Relatively few alkaline igneous intrusions outside the Nordic countries have known 

potential REE resources. One such example is the Cnoc nan Cuilean intrusion of the Loch 

Loyal Syenite Complex in north-west Scotland. This Silurian-age syenitic intrusion 

contains mafic syenites and syenodiorites that are rich in the LREE-bearing mineral 

allanite. Part of the intrusion contains hydrothermally altered zones containing biotite-

magnetite veins that are rich in allanite and apatite and contain up to 2% TREO (Walters 

et al., 2013) The extent of these veins is not known and no estimate of the REE resource 

has been made.  
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Figure 34. overview map of Europe showing the approximate extent of the key REE metallogenic 

belts related to REE associated with alkaline igneous rocks. 

4.1.3.2 Metallogenic area for REE associated with carbonatite rocks 

Carbonatites are igneous carbonate rocks in which the modal percentage of carbonate 

exceeds 50% (IUGS, Le Maitre, 2002). Carbonatites often occur in continental extensional 

or rift settings, in several cases in association with alkaline to peralkaline syenitic rocks.  

The origin of carbonatite magmas, whether they formed from liquid immiscibility with 

silicate melts, or as directly mantle-derived small-degree partial melts, continues to be 

debated. Important ore minerals for REE in carbonatites is typically 

carbonates/fluorocarbonates (e.g. ancylite, bastnäsite, parasite, synchysite) and 

phosphates (e.g. apatite, florencite, monazite), although significant concentrations may 

also be found in oxides and silicates. 

High concentrations of REEs value in whole rock, and some enrichments of LREE, have 

been identified in sövite (calcite carbonatite) from the Alnö alkaline complex in Sweden, 

which includes both silicic (syenitic) and carbonatitic rocks. Known or potentially REE-

bearing minerals within the Alnö complex include apatite, monazite, synchysite, 

aeschynite, fersmite, brockite, (perovskite, pyrochlore), titanite, zirkonolite, wöhlerite 

and Ti-andradite. (Kresten et al., 1981). North of Alnö proper, several intrusions have 

been identified by the geological survey of Sweden north of the village Söråker, and some 

of them show elevated REE concentrations in carbonatite. Similar, but smaller dykes 

occur in the Kalix area, close to the Finnish border in northeasternmost Sweden. They 

contain leucoxene, apatite and perovskite, among other minerals (Figure 35) 

Greenland is endowed with a number of carbonatite-associated REE deposits formed 

between the Archaean and Jurassic, most notably the Sarfartoq Carbonatite Complex, 

Qaqarssuk carbonatite, Tikiusaaq carbonatite and Niaqornakassak. . The most important 

of those, in terms of REE resources, are Sarfartoq, Qaqarssuk and Tikiussaq. These three 

carbonatites are located in southern West Greenland in the Archaean basement of the 

North Atlantic Craton. 

The Sarfartoq carbonatite intrusion is located on a Precambrian thrust zone and intruded 

c. 600 Ma ago during the opening of the Iapetus Ocean. The host rock consists of 

orthogneiss with schlieren of amphibolite. The complex has an ellipsoidal shape and 

covers about 90 km², of which 10 km² are intrusive carbonatites. The core of the complex 
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consists of rauhaugite with schlieren of sövite and beforsite dykes, surrounded by a Na-

type fenite zone with aegirine- and pyrochlore-bearing rocks. The carbonatite contains 

REE-bearing minerals in veinlets of dolomite, and in shear zones with thorium, uranium, 

K-feldspar alteration, and limonitisation (Secher & Larsen, 1980). The most common REE-

minerals are synchysite and zhonghuacerite, (http://www.hudsonresources.com/). These 

minerals are relatively enriched in LREE, most notably Ce, La and Nd.  

The Qaqarssuk carbonatite complex consists of carbonatite ring-dykes that are elliptical 

to semi-rectangular in shape and intruded into the Archaean basement 173 Ma ago 

(Larsen et al., 1983). The carbonatite covers an area of 15 km² and is surrounded by 

fenitised basement. The ring-dykes consist of sövite, olivine-sövite, and dolomite 

carbonatite. They are cut by late-stage sövite veins, REE-carbonatite veins, 

ferrocarbonatite and lamprophyre dykes (Knudsen & Buchardt, 1991) and these late 

veins represent the main REE resource at Qaqarssuk. The sövites contain increasing 

amounts of silicate minerals and inclusions of fenitised basement when moving away 

from the centre of the complex. The fenites are composed of albite, alkali amphibole, and 

alkali pyroxene (Knudsen & Buchardt, 1991). The major REE minerals in the complex are 

ancylite, burbankite, huanghoite and qaqarssukite. 

The carbonatite complex of Tikiusaaq was discovered in 2005 (Steenfelt et al., 2006). The 

presence of the carbonatite was predicted by a study of regional stream sediment 

geochemistry and aeromagnetic data. The complex consists of a central intrusive 

carbonatite surrounded by a fenite zone with carbonatite and aillikite dykes. Both 

magmas have common origin within carbonated upper mantle (Tappe et al., 2009). The 

carbonatite intruded 165-150 Ma ago associated with the opening of the Labrador Sea. 

Apart from REEs, the carbonatite complex hosts phosphor, niobium and tantalum. The 

highest grade REEs are associated with a thorium anomaly.  

The Sokli intrusion in Finland consists of a carbonatite core surrounded by carbonatite 

and a wide fenite aureole. The Sokli intrusion is part of the Kola alkaline province, which 

consists of nearly thirty Devonian, ca. 360-380 Ma alkaline intrusions of various sizes 

(Kramm et al., 1993). The Sokli intrusion hosts an unexploited phosphate ore deposit, in 

addition to which it is enriched in Nb, Ta, Zr, REE and U (Korsakova et al., 2012). REE-

bearing minerals include Sr-REE-apatite, monazite, ancylite, bastnäsite, strontianite, 

barite and “brabantite”. The main REE-rich carbonate minerals recognised in the Jammi 

carbonatite veins at Sokli are ancylite and bastnäsite. They are strongly enriched in LREE, 
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P, F, Sr and Ba. Apatite occurs as large and elongated grains closely associated with 

monazite. 

The Fen Complex, an early Cambrian intrusive complex of alkaline rocks and carbonatites, 

is situated in Nome municipality, Telemark County, Norway, in the vicinity of the late 

Palaeozoic Oslo Rift (Brøgger,1921; Bergstøl and Svinndal,1960; Andersen, 1988, Meert 

et al. 1998; Dahlgren, 2004). There are several different igneous rocks within the 

complex, including basic rocks, lamphrophyric rocks and carbonatitic rocks. Of these, the 

carbonatitic rocks are specifically interesting for REEs. Hematite-ankerite carbonatite is 

generally highly enriched in thorium (0.1 to 1.0 wt.% Th) and REEs (0.3 to 2.0 wt.% TREE) 

(Svinndal, 1970; Lie and Østergaard, 2011a, 2011b). The REE mineralization mainly 

consists of monazite, bastnäsite, synchysite and parisite (Andersen, 1986; Lie & 

Østergaard 2011a). 

Carbonatites occur in many of the younger extensional zones and intra-continental rift 

systems in Southern Europe, but few are exposed. One carbonatite that has been 

assessed for its REE potential is the buried Delitzsch carbonatite complex, containing the 

Storkwitz deposit, which lies within a Cretaceous rift zone in Germany. It is under 

exploration by Seltenerden Storkwitz AG. JORC compliant resource estimates show an 

indicated resource of 2.02 million tonnes of ore at a grade of 0.49%, and an inferred 

resource of 2.4 million tonnes of ore at a grade of 0.42%. The ore is LREE-dominated, and 

also rich in Nb.  
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Figure 35. overview map of Europe showing the approximate extent of the key REE metallogenic 

belts related to REE associated with carbonatite rocks. 

 

4.1.3.3 Metallogenic area for REE associated with Iron oxide-apatite and Iron skarn 

mineralization 

Magnetite-(hematite)-apatite ores of the Kiruna type comprise the biggest iron mines in 

Europe today. Typically, these genetically debated deposits (cf. Parak, 1975, Hitzman et 

al. 1992; Jonsson et al. 2013; and references therein) are hosted by felsic to intermediate 

metavolcanic rocks of ages between c. 1.90-1.87 Ga. They generally exhibit anomalously 

high concentrations of REEs, which are hosted by primary fluorapatite and commonly also 

later-formed phases, mainly monazite-(Ce) and allanite-(Ce) (e.g. Harlov et al., 2002; 

Jonsson et al., 2010; Majka et al. 2013). Total REE contents in this fluorapatite may reach 

up to weight-percent levels. Important examples of this deposit type include Kiirunavaara 

and Malmberget (Bergman et al., 2001) in northernmost Sweden, and Grängesberg-
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Blötberget-Idkerberget in Bergslagen, south central Sweden (Figure 33). (Sadeghi, 2019; 

Jonsson et al., 2019 and references therein). 

In the Olserum area, in the vicinity of the palaeoplacer localities mentioned below (in the 

Västervik region), are additionally several vein or schlieren-hosted, REE-rich 

mineralizations associated with iron oxides (Gustafsson, 1992). These presently relatively 

unstudied deposits are apparently epigenetic, contain abundant monazite-(Ce) and 

xenotime-(Y) in addition to apatite, biotite and magnetite, and exhibit a relatively high 

proportion of HREE Another example is the Kodal deposit located in the Paleozoic alkaline 

province of the Oslo rift in southern Norway, which forms a Fe-Ti-oxide-rich pyroxenite 

dyke (e.g. Ihlen et al., 2014). 
 

 

The Bastnäs-type deposits (Geijer, 1961) are located in the Palaeoproterozoic Bergslagen 

ore province of south-central Sweden, where they form a discontinuous, narrow belt of 

approximately 100 km length, the so-called REE-line (Jonsson & Högdahl 2013). These 

deposits occur in what is interpreted as skarn-altered carbonate horizons within c. 1.89-

1.87 Ga felsic metavolcanic units (cf. Andersson et al. 2013; Jonsson & Högdahl, 2013, 

Andersson, 2004). LREE-enriched deposits are located mainly in the Riddarhyttan-Bastnäs 

area, and deposits showing enrichment in LREE and Y+HREE are mainly located in the 

Norberg district (Holtstam & Andersson, 2007). Typical host minerals comprise cerite, 

törnebohmite and allanites (sensu lato), as well as REE-fluorocarbonates such as 

bastnäsite (cf. Jonsson, 2013; Holtstam & Andersson, 2007; Andersson, 2004). A large 

number of these minerals have their type localities among the Bastnäs-type deposits.   

4.1.3.4 Metallogenic area for REE asscoaited with granite and granitic pegmatite  

This type of mineralization occurs in several granite intrusions and numerous granitic 

pegmatite fields in the crystalline bedrock of the Fennoscandian shield. These intrusive 

rocks range in age from around 1.82 to c. 1.0 Ga, during the successive growth of the 

Fennoscandian crust (Romer & Smeds, 1994, 1996, 1997). Additionally, the potential for 

new discoveries is reasonably high. The highest contents of REE are found in some 

pegmatite-hosted oxides, phosphates and silicates (e.g. samarskite and euxenite-type 

minerals, monazite and xenotime, yttrialite-fluorthalenite, fergusonite, gadolinite, 

yttrotantalite.. The most important granitic pegmatites and granitoids with potential for 

REE mineralization are, Tåresåive (highest contents of REEtot = 94,900 ppm) in northern 

Sweden (Norrbotten lithotectonic unit), Näverån in Central Sweden (close to the 

Caledonides), as well as granitoids in Bergslagen (e.g., Ytterby; highest contents of 
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REEtot = 30,624 ppm), and granite in the southwestern part of Sweden, (e.g., Balltorp; 

highest contents of REEtot = 8800 ppm), more details can be found in Sadeghi , 2019 

and Sadeghi et al., 2020c) 

Allanite-bearing pegmatites are common and have variable LREE/HREE ratios. one 

example of this type of deposit is the granitic REE-rich pegmatite at Gloserhei in the 

Froland community in southern Norway, which is famous for its large allanite crystals, 

weighing up to 5 tons. This pegmatite is part of the Sveconorwegian South Norwegian 

Pegmatite Belt which extends from Kragerø in the NE to Kristiansand in the SW. The 

pegmatite is enriched in Y, REE, U, Th, and Zr. The Høgtuva Be-REE-U-Sn-mineralization 

and Tysfjord granite in central Norway are two examples of potential granite-hosted 

deposits. Both mineralizations are related to Proterozoic metamorphized granites of the 

Trans-Scandinavian Igneous Belt (TIB). The mineralized gneiss at Høgtuva is enriched in 

Be (0.12 wt.%), U (149 ppm), LREE (La+Ce+Sm = 687 ppm), HREE (Eu+Tb+Yb+Lu = 237 

ppm), Th (278 ppm), F, Li, Nb (293 ppm), Y (644 ppm), Zr (7733 ppm) and Sn (94 ppm) 

(Wilberg and Lindahl, 1991; Wilberg, 1989). Several hydrothermal deposits in granite 

breccias or felsic gneiss occur in Greece and contain anomalous values of REEs. Examples 

of these occurrences are, Samothrace Island and Esochi – N. in Greece and the REE 

bearing minerals are allanite, monazite, xenotime, apatite and zircon (Eliopoulos et al., 

2014.).  

4.1.3.5 Metallogenic area for REE asscoaited with laterite/Bauxite  

Bauxite deposits occur along the northern shore of the Mediterranean Sea, from Spain 

to Turkey, encompassing Greece, parts of southern France, Vlasenica, Bosnia - 

Herzegovina; Mortaş, Hungary, Italy (Bárdossy, 1982; Özlü, 1983).Many of these 

bauxites, which formed by intense lateritic weathering of residual clays, are currently 

mined for aluminium, and the red mud waste from bauxite processing represents a 

potential REE resource (Deady et al., 2014). For example, bauxite deposits in the 

Parnassos-Ghiona geotectonic zone in central Greece. (i.e. Prossorema and Frussia 

(Steni Arachovis) are situated on Upper Jurassic limestones and contain REE bearing 

minerals such as detrital rabdophane-Ce, florencite-Ce, churchite and xenotime (Laskou 

and Andreou, 2003)). Similar detrital REE minerals are also accumulated in the 

Hungarian bauxite deposits (Bardossy et al., 1976). ΣREE content reaches values as high 

as 2319 ppm and show a wide variation in their chemical composition especially in LREE 

contents. The concentration of REE in bauxite deposits is controlled by their initial 
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content in the parent rocks, by diagenetic or epigenetic modifications, by the influence 

of circulating waters and underlying barriers of limestone (Laskou and Andreou, 2003).  

Greece is the only EU country with extensive but low-grade nickel laterites. The Greek 

laterites are unique in the world in that they are sedimentary and have originated by 

transport and sedimentation of laterite-derived material, generated by weathering of 

ultramafic rocks, on karstic Triassic –Jurassic limestones or on ultramafic ophiolitic rocks 

(Valeton et al., 1987; Eliopoulos and Economou-Eliopoulos, 2000). The multistage 

transportation and re-deposition of the laterite ore is well documented by the presence 

of a conglomerate composed mostly of rounded-elongated saprolite and silicified 

saprolite. The post-sedimentary redistribution of metals resulting in changes of the 

mineralogical composition of laterites is demonstrated by the presence of asbolane and 

Mn, Co, Ni-rich zones in the lowest parts of the Aghios Ioannis (Nissi)). Nissi is 

characterised by both nickel and bauxitic laterites with very high values, up to 6440 ppm 

ΣREE, along with an enrichment in Mn, Ni and Co within the lowermost part of laterite 

and footwall limestone of the Nissi deposit. Such an enrichment in both light and heavy 

REE and the presence of authigenic REE minerals bastnaesite, hydroxylcarbonate-(Nd) 

and hydroxylcarbonate-(La) are consistent with a download mobilization of REE and 

concentration at the footwall limestone like in the majority of karstic bauxite deposits 

with authigenic REE minerals (Maksimovic and Panto, 1991).Another important laterite 

deposit in Greece is located in Lokrida (Marmeiko). The deposit is hosted by Upper 

Jurassic-Lower Cretaceous limestone and contains bastnäsite and monazite as REE-

bearing minerals. Among the main factors controlling the REE content in laterites are 

the composition of the rock source, the duration of the lateritisation process, the size 

of the ore bodies, the distance of the transportation, the pH and Eh conditions 

(Economou-Eliopoulos et al., 1997). 

4.1.3.6 Metallogenic area for REE asscoaited with placers 

An example of a placer deposit is found in Vale de Cavalos in Portugal, where an 

Ordovician sedimentary succession includes quartzites that are rich in the REE-bearing 

minerals monazite and zircon. The Aksu Diamas region in Turkey hosts alkaline 

volcaniclastic rocks of Cenozoic age that locally have significant concentrations of heavy 

minerals hosted in placer deposits (e.g. in the Çanakli prospect, which is under 

exploration by AMR Mineral Metal Inc.). Placers of grey monazite nodules are also found 

in France, mainly in Brittany (Donnot et al., 1973), formed from low-grade 

metamorphosed black shales of Dinantian- (Châteauneuf-du-Faou, Corlay) or 
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Ordovician age (le Grand-Fougeray, Châteaubriand), or even from Upper Precambrian 

series (Brioverian), along the edge of Ordovician series (Craon). Similar layers of shales 

with monazite nodules and associated placers (but of lesser interest) are also known in 

the southern Massif Central, in the Ardennes and in the French Pyrennees (Arize massif) 

(Lacomme et al., 1993). In the Västervik region in southeastern Sweden, several 

occurrences of U-rich, REE-bearing minerals have been identified in quartzite-

dominated Palaeoproterozoic metasedimentary successions (e.g. Gustafsson, 1992). 

These are interpreted to represent paleoplacer-type original concentrations of heavy 

mineral sands. 

In East-Greenland the Jurassic placer deposit on Milne Land represents another 

potential source for REEs. The deposit lies within the Mesozoic basins in central East 

Greenland that formed during the opening of the North Atlantic Ocean (Larsen et al., 

2003). The placer consists of heavy mineral-rich arkosic sandstones and breccias, which 

are rich in zircon, monazite, Ti-minerals and garnet. The units form the lowermost 20 m 

of the Charcot Bugt Formation, which rest unconformably on a Proterozoic migmatitic 

granite. The best outcrops are found on Hill 800, where these sedimentary rocks are 40-

50 m thick and are found over an area of more than 500 m in diameter (Larsen et al., 

2003; Schatzlmaier et al., 1972). Another important source of REE are the black sands 

in the Nea Peramos and Strymonikos Gulf derived from the plutonic rocks of the area 

mainly the Kavala pluton. Analysed samples show elevated values of La, Ce, Nd. Y and 

Pr. Mineralogical studies determined the following REE minerals monazite, allanite, 

titanite, uraninite, zircon, and apatite.   
 

 

4.2 Phosphate 

4.2.1 Introduction 

Phosphorus is essential for living plants and animals. It is mostly found as apatite and is 

principally used to produce fertilizers (82% of the production). Phosphorus is therefore 

needed to satisfy the growing demand for food related to the growth of the world 

population. An increase of about 2% per year in the global market is expected (European 

Commission, 2015). 

The European countries are net importers of phosphate, with an average of 4,000,000 

tonnes of natural phosphate-rich material imported per year (European Commission, 

2015). Phosphorus was consequently added to the list of Critical Raw Materials for the 
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EU in 2014. Europe also imports other by-products that can be potentially (and quite 

easily) recovered from phosphate mineralization, namely the Rare Earth Elements (REE), 

Fluorspar (F) and Vanadium (V).  

Phosphorus is mostly exploited from sedimentary phosphate deposits. North Africa, 

China, the Middle East, South Africa, the USA and Russia are the main producers of this 

resource, the reserves of which are above 1,300,000 Mt for each of these countries. 

Reserves reach 50,000,000 for the Moroccan deposits (European Commission, 2015). 

Other sources of phosphates comprise igneous apatite deposits (major deposits in 

Finland, Russia, South-Africa, and Brazil; European Commission, 2015) and deposits 

occurring on the continental shelf of the Atlantic, Pacific and Indian Oceans (Cook and 

Shergold, 1986). 

 

4.2.2 Phosphate mineralization types in Europe 

In Europe, phosphate deposits and occurrences are abundant and widely distributed 

(Figures 36 and 37). They are igneous or sedimentary in origin and their age varies from 

the Archean to the Pleistocene (Figure 36). Various sub-types of igneous-related 

phosphate deposits occur (defined according to Inspire; Figure 38) and are detailed in the 

section “. Igneous-related types” here below.  
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Figure 36. Map illustrating the mineral deposit type of phosphate mineralization in Europe. Report 

“Deliverable D4.2” of the FRAME project-WP4. 
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Figure 37. Map illustrating the phosphate mineralization in Europe according to their age 

(System/Period for Phanerozoic mineralization, Era for Proterozoic mineralization, and Eon for 

Archean mineralization). Report “Deliverable D4.2” of the FRAME project-WP4. 

4.2.2.1 Igneous-related types 

Carbonatite 

In Finland, the Devonian Sokli carbonatite complex hosts a large apatite deposit, the 

reserves of which are estimated at 190 million tonnes (Ahokas, 2015). The highest modal 

values of apatite are observed in phoscorite (up to 50%) (O’Brien and Hyvönen, 2015). 

The Siilinjarvi phosphate deposit is associated with a carbonatitic complex dated at ~2610 

Ma (GTK unpublished report in O’Brien et al., 2015). Ore reserves of 234 Mt at an average 

grade of 4 wt% P2O5 are estimated (O’Brien et al. 2015). In Norway, the Neoproterozoic 

Fen carbonatite complex is known for its Nb and REY mineralization, though it also hosts 

apatite-rich facies (containing up to 29% apatite; Ihlen et al., 2014). The Seiland Igneous 

Province (Norway) comprise Neoproterozoic to Cambrian alkaline complexes, among 

which the Lillebukt Complex that presents an interest for its phosphate content (Ihlen et 

al., 2014). In Sweden, the Neoproterozoic Alnö carbonatite contains ~2 million tonnes at 

a grade varying from 2 to 6% P2O5. Other small occurrences of phosphate associated with 

carbonatites are known in Italy and Germany (Figure 38) 

Unsaturated and saturated syenitic and alkali granitic igneous rocks and pegmatites 

The Misværdal Complex (Norway) is a Silurian alkaline complex comprizing mostly 

pyroxenites that are the main carriers of apatite. Resources could reach 30 Mt at 4.1% 

P2O5 (Ihlen et al., 2014). The Loch Borralan and Loch Loyal Silurian intrusions (Scotland, 

UK) host apatite-rich facies that present a potential regarding phosphate (Notholt and 

Highley, 1981; Walters et al., 2013). Other alkaline complexes containing apatite at a 

near-economic grade are found in Italy (Stoppa et al., 2016).  

 

Kimberlite and lamproite 

The most known lamproite in Europe is present in Spain, at Jumilla. There, Miocene 

jumillites host an apatite mineralization (Venturelli et al., 1991). 

 

Mafic to ultramafic intrusion 
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In Norway, the Neoproterozoic Rogaland Anorthosite Province constitutes one of the 

most promising targets regarding phosphate exploitation, with resources being above 

300 Mt at a grade reaching 8.0-10.2% of apatite for the individual cumulate zones (Ihlen 

et al., 2014).  The Paleoproterozoic Lofoten-Vesteralen Mangerite Complex (LVMC, 

Norway) – where nelsonite ore (containing between 2.75 and 4.23% P2O5) is present as 

thick veins and breccias - constitutes another interesting area regarding its potential for 

P (Ihlen et al., 2014). In southern Norway, the Kodal deposit is found in the Permian Larvik 

Complex (Oslo Igneous Province). It is made of pyroxenitic ore lenses rich in apatite, with 

resources of 70 Mt, grading at 4.9% P2O5 (Ihlen et al., 2014). In Finland, the 

Paleoproterozoic Kauhajärvi gabbro and appinite at Vanttaus are intrusions enriched in 

apatite that could present an interest for future phosphate exploration (Kärkkäinen and 

Appelqvist, 1999; Sarapää et al., 2013).  

 

Iron oxide apatite (IOA) 

Most of the iron oxide apatite deposits in Europe are found in Sweden, with (i) the major 

mining areas in the northern Norrbotten district that have reserves and resources 

estimated at 2372 Mt of iron oxide-apatite ore (Figure 38) (Hallberg et al., 2016). This 

Paleoproterozoic mineralization comprises mostly magnetite-hematite-apatite and 

associated calcite, actinolite and diopside (Frietsch and Perdahl, 1995), and (ii) the 

Bergslagen district, with the Grängesberg mine that has estimated resources of 148 Mt 

(Hallberg et al., 2006). In Norway, the Nissedal area is known for occurrences of 

magnetite–hematite-apatite deposits. The Mesoproterozoic Søftestad deposit presents 

remaining resources of ~0.5 Mt, with ~55% Fe and 3.9% P2O5 (Ihlen et al. 2014, and 

references therein).  

 

Metasomatic replacement/ hydrothermal veins 

The most important European apatite deposits of a hydrothermal origin – and (at least 

spatially) associated with granite – are the post-Variscan quartz-apatite veins occurring 

in the southern Central Iberian Zone (mining district of Logrosan and Belvis-Navamoral; 

Vindel et al., 2014). This was one of the most important phosphate sources in Europe 

from the 1850s to the Second World War (Vindel et al., 2014). In the Bamble-Lillesand 

Block (Norway), the paragneiss at Rossavika hosts pseudo-carbonatitic lenses and veins 
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enriched in apatite. The grade of the lenses varies between 7.63 and 21.34 wt.% P2O5 

(Ihlen et al., 2014). In Sweden, the REE-P mineralization occurring at Olserum, Djupedal 

and Bersummen is present as veins and vein zones hosted in metasedimentary rocks. It 

is thought to be deposited from high temperature hydrothermal fluids, in connection 

with the granite (Andersson et al., 2019).  

 

4.2.2.2 Sedimentary phosphorites 

Three main episodes of phosphogenesis are known during the Lower Paleozoic, the 

Upper Cretaceous, and the Tertiary. They led to the formation of deposits of major 

importance. 

Lower Paleozoic phosphorites constitute most of the phosphorites in Europe, testifying 

for the presence of a phosphogenic province within the Avalon and the Baltic Platforms. 

Such deposits are commonly associated with glauconitic sediments or black shales 

(Notholt and Brasier, 1986). At Fontanarejo (Spain), early Cambrian phospharenite and 

phospharenorudite constitute resources of about 2,000,000 tonnes (Notholt et al., 1989). 

In Serbia, Ordovician metamorphosed phosphatic sandstone presents 95 million tonnes 

grading at ~10% P2O5 (Torbica and Lapčević, 2012). Ordovician sandstone containing 

phosphatic shells accounts for deposits of 750-800 million tonnes of P2O5 in northern 

Estonia (Raudsep, 1997). 

An important sedimentary phosphate unit of Upper Cretaceous age is known throughout 

the Paris and Mons Basins (France and Belgium), where it forms economic deposits of 

phosphatic chalk. These deposits reveal a significant phosphogenic episode that occurred 

during Cretaceous time on the NE margins of the Anglo-Paris Basin (Jarvis, 1992) and 

result in the formation of numerous phosphorite occurrences/deposits. In the Mons and 

Paris Basins, phosphatic chalk, enriched pockets of residual phosphates, and phosphatic 

channels infills lead to total resources of 600-900 million tonnes at 8-10.5% P2O5 in the 

Mons Basin (Robaszynski, 1989), and 12-15 million tonnes at 7-14% P2O5 in the Paris Basin 

(Monchiardini, 1989). The Taplow Cretaceous phosphate chalk (UK) has reserves 

estimated at 500,000 tonnes (only for its SW side). In addition, reserves of other 246,000 

tonnes can be found in Cenomanian condensed phosphatic glauconitic marl of the 

Cambridge Greensand (UK; Notholt et al., 1979). In Germany (Lower Saxony), the 

Lengede-Broitstedt deposit presents a grade of about 4% P2O5 (Notholt et al., 1979). 

Cretaceous phosphatic beds associated with iron ore in the Oberpfälz district (Germany) 

represent reserves of at least 30,000 tonnes at 20% P2O5 (Notholt et al., 1979). In Greece 
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(Drymonas deposit), phosphatized limestone horizons of Cretaceous age has reserves of 

about 7 Mt at ~25% P2O5 (Tzifas et al., 2014). 

The Cenozoic constitutes another major period of phosphogenesis leading to the 

formation of many deposits and occurrences in Europe (Arthur and Jenkyns, 1981). The 

largest are known in the area of Salento (Italy), where Miocene phosphate-rich 

limestones account for at least 60 million tonnes grading at 7-8 % P2O5. Additional 10 

million tonnes of Upper Pliocene (?) nodular phosphate-rich rocks at a grade in the range 

10.5-20.5 % P2O5 are present in the same area (Notholt et al., 1979). Oligo-Miocene 

phosphatic nodule-rich formations in Sicily have resources of 7 million tonnes at about 

15% P2O5 (Donnalucata district; Notholt et al., 1979; Cultrone et al., 2008). In Germany, 

phosphorite deposits associated with Lower Tertiary Fe and Mn oxide ores in the Lahn 

district account for 750,000 tonnes at a grade above 20% P2O5 (Notholt et al., 1979). 

Beside the deposits formed during these three main phosphogenic episodes, it is worth 

mentioning a few others economically interesting mineralizations. Among these, the 

Proterozoic Lampinsaari deposit (Finland), made of a lenticular bed of apatite-bearing 

dolomite, skarn and apatite-rich gneiss, accounts for 39 million tonnes at a grade of 2.6% 

P2O5 (Notholt and Brasier 1986; Notholt et al., 1989). Devono-Carboniferous 

phosphorites being potentially interesting from an economic point of view are present in 

Ireland, France, Spain, UK, Romania and Germany (Notholt et al., 1979, 1989). In the 

County Clare (Ireland), Upper Carboniferous condensed sequences of phosphate rocks 

have estimated resources of 1.25 million tonnes at 20-25% P2O5 (Notholt et al., 1979). 

The north Pyrenean fault zone (France) and the area of the Rhenish Schiefergebirge and 

Harz Mountains constitute other targets regarding their potential in phosphate 

mineralization (Notholt et al., 1979).  
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Figure 38. Overview map of Europe showing the approximate extent of the key phosphate 

metallogenic belts 

4.3 Metallogeny of Niobium-Tantalum in Europe 

European Nb-Ta occurrences, and specifically those enriched in tantalum, are mainly 

associated with evolved granites and granitic pegmatites, and to a lesser degree, from 

hydrothermal systems associated with granitic intrusions. Granitic pegmatites of the rare 

element type carrying variable proportions of niobium and in particular, tantalum, as well 

as similarly mineralized granites are known from the Palaeoproterozoic bedrock of the 

Fennoscandian Shield and several younger granites and granitic pegmatite suites in 

Europe (e.g. the Variscan belt of the Iberian Peninsula, the Massif Central of France and 

the Bohemian massif). Specifically, peraluminous granites together with granitic 

pegmatites of the more fractionated LCT-family (enriched in lithium, cesium and 

tantalum) are of primary relevance in these areas (Figs. 39 and 40) 
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Niobium is also hosted by (mainly) pyrochlore-group minerals in carbonatitic as well as 

syenitic rocks, which have a more restricted distribution, and are typically concentrated 

in smaller, localized intrusions or massifs. As in the case with REE-mineralization hosted 

by such rocks, the most important European deposits are characteristically associated 

with alkaline–peralkaline, mostly plutonic rocks and carbonatites that have formed in 

intracontinental rift-settings during extensional episodes (e.g. Goodenough et al. 2016, 

and references therein).  

Secondary deposits (placers) also occur, but, as far as is known, these have a significantly 

more restricted distribution than the primary deposit types. 

 

4.3.1 Metallogenic areas for Nb-Ta associated with granites and granitic pegmatites  

In the Iberian Peninsula the primary Nb-Ta mineralizations are genetically associated with 

peraluminous granites and granitic pegmatite fields in different geological settings, 

belonging to the Variscan Galicia-Centro Iberian Pegmatitic Province, encompassing the 

Central-Iberian Zone (CIZ) and the Galicia Trás-Os-Montes Zone (GTMZ; e.g. Roda et al. 

2016). The secondary mineralizations are represented by placers in close association with 

primary mineralizations in Portugal. Both mineralization types represent occurrences or 

deposits, of which several were exploited for Sn, Ta-Nb, and/or W in the past, and some 

being recent exploration and mining targets (e.g. Alves and Leal Gomes, 2015; Roda et 

al., 2016). Niobium-tantalum-rich mineralization in the Iberian Variscan Massif is 

associated with peraluminous rare-metal granites (RMG), with granitic pegmatites 

belonging to the LCT family, but also includes LCT-NYF hybrid suites, as well as quartz-rich 

hydrothermal veins. Nb-Ta mineralization associated with RMG occurs as disseminations 

in the apical or marginal volumes of small, fine-grained leucogranite bodies. Typical 

mineralization consists of tantalum-rich cassiterite, columbite-type minerals, microlite 

minerals, tapiolite (sensu lato) etc. Some of the most representative examples are 

Argemela hill-top, in Portugal (Charoy and Noronha 1996; Michaud 2019) and Ponte 

Segade (Canosa et al. 2012), Golpejas (Arribas et al. 1982), El Trasquilón (García Guinea 

and Martínez Frías,1992), Navasfrías (Llorens 2011) and Penouta (Llorens et al. 2017; 

López-Moro et al. 2017; Alfonso et al., 2018), in Spain. The Penouta deposit, exploited by 

Pacific Strategic Minerals S.L., is the only operating Ta mine in Europe and constitutes an 

important contributor to meet European Ta demand. The reserve is estimated at 13 Mt 
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averaging 750 ppm Sn and 90 ppm Ta. The Golpejas deposit was mined from 1950 to 

1986, mainly to extract cassiterite. In 1964, Minera del Duero S.A. carried out exploration, 

feasibility studies and drilling campaigns, which yielded grades of 1500 g/t Sn and 70 g/t 

combined Nb-Ta and mined the ore until 1981. The recent requests for permits by mining 

companies to explore and potentially exploit this type of deposit, formerly exploited for 

Sn, Ta-Nb and/or W, show the potential economic relevance of Nb-Ta in this region. The 

LCT-type granitic pegmatites are generally small dykes or irregular bodies characterized 

by coarse and variable grain-size. They are concentrically but irregularly zoned, typically 

showing a thin border zone, a wall zone, an intermediate zone, an albite zone, and a 

massive quartz core. Ta mineralization is mostly concentrated to the intermediate and 

albite zones and consists of minerals of the columbite, ixiolite and microlite types. 

Mineralization carrying other metals may also be present, including Be (as beryl), Cs (as 

pollucite), Li (as spodumene, petalite and lepidolite) and Sn (as cassiterite). LCT-type 

pegmatites occur in aureoles surrounding the roofs of their parental granite intrusions, 

and the mineralized and most fractionated pegmatites are typically found the farthest 

away from the granite. Pegmatitic bodies showing these features are common in the 

Iberian Variscan Massif, most of which are Li-rich pegmatites and/or with Nb-Ta oxides. 

Examples of Li pegmatites with Nb-Ta oxides are Tres Arroyos (Garate-Olave et al., 2017), 

Las Navas (Gallego Garrido, 1992), La Canalita (Llorens, 2011) in Spain, and Campo 

Mineiro De Lagares and Serra da Arga mining region (Roda-Robles et al. 2014; Leal-

Gomes, 2016) in Portugal. The Serra de Arga mining region in the GTMZ is one of the most 

representative examples of this mineralization type in Portugal, featuring a wide variety 

of paragenetically different rare element pegmatite bodies, represented by both endo-

granitic dykes and exo-granitic ones in metasedimentary host rocks (Pereira and Leal 

Gomes, 2014; Alves and Leal Gomes, 2015; Leal Gomes, 2016; SIORMINP, 2002). This 

mining region overall exhibits a wide range of metalliferous ores (Au, Ag, Sn, Nb-Ta, W, 

Zn and Li) and associated exploration potential (Alves and Leal Gomes, 2015). Notably, it 

has yielded some of the richest Ta2O5 concentrates (up to 43% Ta2O5; Leal Gomes, 2016). 

Identified Nb-Ta minerals include (sensu lato) tantalite, tapiolite, ixiolite, columbite and 

tantalian rutile (Leal Gomes, 2016; SIORMINP, 2002). The Campo Mineiro de Lagares and 

Nossa Senhora da Assunção mining fields (Sátão-Aguiar da Beira, Viseu) are other good 

examples of this mineralization type in Portugal, outcropping in an area of polyphase 

Variscan deformation of the CIZ (Alves et al., 2010). In this region, the richest so far 

encountered Ta2O5 concentrates were previously reported (up to 61% Ta2O5; Leal Gomes, 



 

99 

 
 

2016). Identified Nb-Ta minerals include (sensu lato) columbite, tantalite, pyrochlore-

group minerals and ixiolite (Leal Gomes, 2016). 

The Beauvoir granite in France is a peraluminous rare-metal granite located in the 

Echassières complex within the French Massif Central. Another rare metal granite in the 

northern part of the French Massif Central containing Nb-Ta is the Montebras granite, 

known for its associated LCT-type granitic pegmatites. The Tréguennec deposit in the 

Armorican Massif is estimated to contain 1300 tonnes of Nb and 1600 tonnes of Ta 

(BRGM database). 

Czech Republic – Germany. Nb and Ta bearing minerals within the Erzgebirge region are 

almost exclusively related to the strongly fractionated A-type granites and accompanying 

Sn-W-Li greisen mineralization. In the Nakolice and Šejby areas, leucogranites of the 

Central Moldanubian Plutonic Complex are intersected by pegmatite dykes containing 

Nb-Ta minerals. Nb and Ta minerals occurs in Slovakia in the Western Carpathians as 

accessory minerals in granitic pegmatites related to peraluminous S-type granites of 

Variscan age (Uher et al., 2010). LCT pegmatites containing Nb-Ta minerals occur in the 

East Carlow Deformation Zone, southeast Ireland at the margin between the Late 

Caledonian S-type Leinster granite and Ordovician metasediments and metavolcanics 

(Barros, 2017, Kaeter and Menuge, 2017a, b).  

Ukraine hosts several granitic pegmatite-associated Nb-Ta mineralizations including the 

Blakyni Skeli and Kruta balka in the central and western part of the Priazovskyi crystalline 

massif, south-eastern part of the Ukrainian shield. Nb-Ta bearing LCT pegmatites occur 

at Dilyanka Dobra (Stankuvatsky, Nadiya) located in Dobrovelychkivskyi district of 

Kirovohrad region. A tantaliferous pegmatite swarm occur at Komendantivske in the 

Poltava region. Several Lithium bearing pegmatites containing Ta has been identified at 

Lypnyazki in the central part of the Ukrainian Shield.  

The Proterozoic bedrock of Sweden and Finland contains a very large number of known 

granitic pegmatites, of which many have been quarried for one or several commodities 

over time; mainly quartz and feldspar, but also micas as well as several more uncommon 

or rare minerals and metals. These granitic pegmatites occur both singularly as well as in 

groupings and chemically/mineralogically zoned fields (e.g. Sundius, 1951; Brotzen, 1959; 

Smeds,1990). The most important regions with variably Nb-Ta and Li-mineralised LCT-

type granitic pegmatites in the Swedish part of the Fennoscandian shield are the eastern 
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part of the Skellefte district in northern Sweden, the Västernorrland area in central 

Sweden, and the eastern Bergslagen province with the Stockholm area in southeast 

central Sweden (cf. Smeds, 1990). All major LCT-pegmatite fields in Sweden are located 

within low to medium-grade metamorphosed Svecofennian c. 1.9 Ga meta(volcano-

)sedimentary successions, and associated with parental late-Svecokarelian, c. 1.8 Ga S-

type granites such as the Stockholm, Härnö and Skellefte granite suites (e.g. Smeds, 1990; 

Romer & Smeds, 1997, and references therein). This is well demonstrated by the 

abundance of LCT pegmatites in greywacke-type metasedimentary rocks in the Bothnian 

basin of north central and northern Sweden, as well as in the southern Stockholm area. 

Characteristic host minerals are dominated by (sensu lato) columbite-tantalite and 

microlite-pyrochlore, as well as Nb-Ta-enriched cassiterite. Tantalum is a main 

commodity in the Rosendal complex pegmatite and associated, nearby deposits in the 

western part of the Uusima supracrustal belt in SW Finland (Kemiö metallogenic area). 

The area comprises late-orogenic granitic pegmatites with a significant potential for 

feldspar, quartz, tantalum and beryllium. Feldspar and quartz and minor volumes of beryl 

and columbite-tantalite have previously been extracted from the Kemiö pegmatites. The 

Emmes-Kaustinen area in Ostrobothnia hosts (1.79 Ga) LCT-pegmatites of the albite-

spodumene subgroup. The pegmatites crosscut the Svecokarelian 1.95–1.88 Ga 

supracrustal rocks composed of greywackes and mica schists (Eilu, 2012; and references 

therein). Late-orogenic Svecokarelian (ca. 1.8 Ga) LCT type pegmatites containing Li and 

Be minerals and Fe-Mn phosphates, as well as different columbite-type minerals occur 

immediately to the south of the Tampere schist belt in central SW Finland in the Eräjärvi 

metallogenic area (Eilu, 2012; and references therein).  

 

4.3.2 Metallogenic areas for Nb-Ta associated with alkaline rocks 

The Gardar alkaline igneous province of southern Greenland, and alkaline rocks of the 

Paleogene alkaline province in East Greenland are prospective tracts for Nb, and to a 

lesser extent, Ta. Of the former, the very large agpaitic nepheline syenite complexes at 

e.g. Illimaussaq have mainly been targeted for their contents of REE, but very significant 

average grades of 0.2 % Nb have been reported (cf. Thrane et al., 2014). Another 

prospective area in Greenland is the Caledonian belt in northern East Greenland 

(Steensgard et al., 2016). The Katajakangas and Kontioaho Nb-REE deposits are located 

in Otanmäki, central Finland, within gneissic, 2.06-2.04 Ga alkaline granitoids (Kärenlampi 
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et al. 2020, and references therein). In Northeast Poland, alkaline c. 0.35 Ga gabbroic to 

syenitic massifs intrude the crystalline basement (Demaiffe et al., 2013); of these, the Elk 

syenitic intrusion hosts Nb-Ta minerals. The c. 0.23 Ga Ditrău alkaline massif in Romania 

(e.g. Dallmayer et al., 1997) is the most significant Nb-Ta and REE mineralized area in the 

Eastern Carpathians. A significant Nb-Ta mineralization occurs within gneiss near 

Grădiștea de Munte in the southern Carpathians. Alkaline rocks containing Nb-Ta 

mineralizations occur at Tsentralnyi located in the Donetsk region in the southeastern 

part of Ukraine.   

4.3.3 Metallogenic areas for Nb-Ta associated with carbonatites 

Several carbonatite complexes with exploration potential occur in western Greenland. 

These include the Sarfartoq carbonatite complex as well as the Qaqarssuk, Tikiusaaq and 

Grønnedal-Ika complexes (Steensgard et al., 2016). Notably, the early Phanerozoic Fen 

carbonatite complex in Telemark, on the margin of the Permian Oslo Paleorift, southern 

Norway hosts the Fen REE-Nb deposit, which includes the Søve Nb deposit at Ulefoss 

which was mined during 1953-1965 (e.g. Ihlen et al., 2014). Swedish carbonatites include 

Alnö and Åkersjön, both in central Sweden. The Sokli P-Fe-Nb-(Ta) deposit in northeastern 

Finland is hosted by the c. 0.38 Ga Sokli carbonatite complex (Rukhlov & Bell, 2010), which 

forms part of the Kola Alkaline Province (KAP). In Germany, the Storkwitz intrusive 

carbonatite complex hosts a marginally economic REE-Nb mineralization (Niegisch et al. 

2020). The subeconomic Kaiserstuhl (15-18 Ma) carbonatite complex in South West 

Germany is situated in the Upper Rhinegraben rift of the Central European Magmatic 

Province (Schleicher et al., 1991; Wilson and Downes, 2006). The Novopoltavske deposit 

in Zaporizhia region in Ukraine is located within a complex of alkaline rocks and 

carbonatites in the Azov block of the Ukrainian Shield. 

4.3.4 Metallogenetic area for Nb-Ta associated with placers  

In Portugal, examples of Nb-Ta-enriched placers, most commonly associated with 

primary mineralizations, were identified in Eiradas, Escusa, Mãos, Meixedo and Santa 

Cristina (Serra De Arga mining region), Almendra mine, Quinta da Levada and Marinhol 

(Guarda mining region) (e.g. Leal Gomes 2016; SIORMINP 2002; Vieira 2010), and in 

Chaves, Montalegre (and Boticas) (Vila Real mining region; Ramos, 2010). Overall, (sensu 

lato) columbite – tantalite minerals and Nb-Ta enriched cassiterite were the main ore 

minerals reported from these Portuguese placers (SIORMINP, 2002). Nb and Ta are also 

found in placer deposits (Nakolice and Šejby) sourrounding the leucogranites in the 
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Central Moldanubian Plutonic Complex in the Czech Republic.  Furthermore, Nb-Ta 

minerals have been identified in recent alluvial placers beneath the Bratislava massif, at 

Limbach in Slovakia (Uher and Žitňan, 2007). The large Malyshevske zircon-rutile-ilmenite 

placers in the Dnipropetrovsk region of Ukraine contain Nb-Ta.  
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Figure 39. Overview map of Europe showing the approximate extent of the key Niobium 

metallogenic belts

 

Figure 40. Overview map of Europe showing the approximate extent of the key Tantalum 

metallogenic belts 

4.4 Energy Critical elements (natural graphite, lithium, cobalt) 
The WP 5 in the FRAME project has a separate deliverable report entitled “provide 

mineral potential and prospectivity maps of key mineral provinces in Europe with 

deposits of, or potential for, energy critical elements in collaboration with WP3”. To 

avoiding repetition, comprehensive information on energy critical elements refer to the 

Deliverable D5.1.  

In this report the distribution of graphite, lithium and cobalt mineralization in Europe is 

presented.  
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4.4.1 Keys mineral provinces (Lithium) 

Taking into account the results of both mineral prospectivity and the distribution of 

lithium deposits and occurrences, 25 metallogenic provinces have been defined. 

Magmatic and magmatic-hydrothermal lithium mineralization form numerous provinces 

that are mainly associated with two important orogenies: the Svecofennian and the 

Variscan. Sedimentary-hydrothermal provinces are hosted in more recent terranes 

(Cambrian to Neogene): 1) in some area (Li-bearing Fe-Mn deposits) of the Palaeozoic 

and Mesozoic sedimentary platforms affected by fluid circulation; 2) in the Neogene 

accretionary belts that are affected by extensional tectonic setting and arid climate 

during the Miocene (eg Jadar deposit, Pannonian basin); 3) in Mesozoic-Paleogene 

bauxites developed on the Pelagonian metamorphic massif (e.g. Hungary, Greece) (Figure 

41). 

 

 Figure 41. Main metallogenic provinces for lithium in Europe according the genetic type 

Numerous Li-rich pegmatites are observed in several pegmatites field throughout 

Europe. In central Ukraine, several field of spodumene and petalite-bearing pegmatites 
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are known in the Archean basement, in the Shpolyansko-Tashlykskiy province (e.g. 

Nadiya deposit 728,896t Li2O) and in the east of Ukraine, in the Shevchenkivske province 

(e.g. Shevchenkovskoe deposit 69,960 t Li2O). In Finland and Sweden, prospective lithium-

rich pegmatites are associated to the Svecofennian orogen (1.92-1.77 Ga). Most of them 

are emplaced close to dome or dome-like migmatitic areas affecting metasedimentary 

belts. Migmatitic areas are also intruded by numerous anatectic granites. Some typical 

examples are the Kaustinen province (e.g. Rapasaari deposit 49,632t Li2O) and in the 

south of Finland, the Somero-Tammela province (e.g. Hirvikallio deposit 2,685 t Li2O). To 

the west in central Sweden, the Bothnian basin made of sedimentary and volcanic rocks 

(1.91-1.86 Ga) host the Skellefteå province (e.g. Varuträsk deposit) and the 

Västernorrland province (Järkvissle, Orrvik). In the south of Sweden, the Stockholm 

province host the smallest potential. (Utö archipelago). Another very prospective target 

is represented by Variscan pegmatites. The most important Variscan lithium-bearing 

pegmatite province is the Galicia – Central-Iberian province (Portugal and Spain) 

composed of more than 20 major Li-pegmatite fields (e.g. Barroso 241,000 t Li2O, Sepeda, 

103,000 t Li2O, Alvarrões, 51,069t Li2O) and at the Spain-Portugal boundary, the 

Almendra-Fregeneda pegmatite field. In France, the most prospective areas for 

pegmatites are the Ambazac-Creuse-Millevaches province (Chedeville pegmatites, 

Raimbault, 1998), the South Brittany province (Saint-Sébastien-sur-Loire) and the Leon 

province (e.g. Santec). In the Bohemian Massif, lithium-bearing pegmatite fields are 

mainly represented by three provinces, the Sudetes, the Saxo-Thuringian and the 

Moldanubian provinces. In United Kingdom, the main Lithium-rich pegmatite-aplite is the 

Meldon aplite (45,500.16 t Li2O) located in the Cornwall province. In Romania, 

Spodumene-albite subtype pegmatites are known in the Conţu-Negovanu pegmatite field 

(South Carpathians) In Austria, pegmatites are not Variscan but Lower Permian in age. 

The Austroalpine province (e.g. Weinebene spodumene deposit, 109,800 t Li2O) is 

composed of thousand pegmatites on an extend of 400km, from the north of Torino up 

to the south of Vienna.  

Lithium-rich high-phosphorus rare element granites are scarce in Europe. Despite their 

small size (<1 km3) they are the host of large, disseminated mineralization. Some 

amblygonite-quartz veins are sometimes associated with those granites. In France, the 

most important target for lithium-rich granites is the rare element belt that includes 4 

rare-element granites and rhyolite, (e.g. Beauvoir granite 375,300t Li2O). To the west, in 

the Armorican massif, the Audierne bay province include several dykes of Li-rich high-
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phosphorus rare element granite (e.g. Tréguennec-Prat-ar-Hastel dyke, 66,300 t Li2O). In 

Iberia (Spain and Portugal) several Isolated amblygonite-quartz veins, amblygonite-

lepidolite-bearing rare-element granite are also known in the CIZ (e.g. Argemela deposit 

in Portugal, 49,950 t Li2O and the San José – Valdeflorez deposit, 683,200t Li2O in Spain). 

In United Kingdom, the Saint Austell granite contains a large volume of disseminated Li-

bearing micas (Zinnwaldite, Lepidolite) with resources estimated to 2,921,631.77 t Li2O. 

The most important lithium-rich greisens are located within lithium-poor low-

phosphorous rare element granites in the Erzgebirge province at the Czech-Germany 

boundary. Numerous greisens are known in this area, the most emblematic being the 

Cinovec greisen with Li resources estimated to 2,921,631t Li2O and the Zinnwald greisen 

with Li resources estimated to 124,959.69 t Li2O. In United Kingdom, the main greisen 

mineralization is located in the Cornwall province. The Tregonning-Godolphin and Cligga-

Head granites represent small but significant volumes of metasomatised granite with 

lithium hosted by lepidolite.  

Some European mineralization are related to exogenous processes (fluid circulation, 

supergene weathering, alterite remobilization by erosion, etc). Among the various type 

of lithium mineralization associated to these processes, the main known lithium 

mineralization in Europe are the Jadar-type, some Li-bearing Mn-Fe- mineralization 

(lithiophorite) and some Li-bearing bauxites. Li-rich hectorite mineralization seems to be 

absent in Europe. In Serbia, the Jadar deposit (resources of 2,524,020t Li2O) is the most 

important deposit of the Jadar province. This deposit is characterized by several 1.5 to 

35m-thick lenses of jadarite (Lithium borosilicate) interbedded within a Miocene 

lacustrine serie close to a basement where granites and spodumene pegmatites occur 

suggesting local lithium enrichment in the basement. Other occurrences in the Miocene 

lacustrine sediments are mainly Li-bearing montmorillonite. In Europe, bauxite deposits 

occur from Spain to Turkey, including parts of southern France, Hungary, Italy, Greece 

and the Balkans. Despite this large number of occurrences, the lithium content of 

European bauxite remains poorly constrained apart from the West Hungary bauxite 

province. Thus, Li-bearing minerals in bauxite deposits are known in Cretaceous bauxites 

from Hungary (e.g. Halimba mining district) and in Jurassic to Cretaceous bauxites from 

Greece.   

In Europe, Lithiophorite-bearing Fe-Mn deposits are of 2 types, Fe-Mn reddish siliciclastic 

rocks and Mn-Fe lenses or layers. In these Fe-Mn rich rocks, the presence of lithioporite 
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is secondary, related to fluid circulation. Despite the presence of lithiophorite, the 

amount to lithium is generally low. A first group of deposits in Scotland, Wales (e.g., 

Drosgol Mine), England (Clews Gill), in the Ardennes province (Belgium: Ottré, Beez; 

Germany: Harz) is Cambrian to Early Ordovician in age. The second group is mainly found 

in Hungary (Eplény and Urkut Mn deposits) and deposits are Jurassic in age. 

 

4.4.2 Key mineral provinces graphite  

Even if graphite is a quite common mineral in meta-sedimentary rocks in many places in 

Europe, it is rare to find enrichments that are economical interesting.  Presently mining 

is taking places only in three European countries (Austria, Norway and Ukraine) and the 

present consumption of graphite is about 85.000 t/a of which about 90% is imported 

(European Commission, 2020)  

Graphite is formed when volatiles like CO2, CH3 and H2O are released from organic matter 

during metamorphism. Chemical reduction leads to the formation of carbon and 

graphite. If this is deposited syn-genetically in the rock the result is flake graphite deposit, 

if however, the carbonaceous material is deposited epigentically in veins the results 

is vein type graphite deposits.  (Buseck and Beyssac, 2014). The industry classifies 

graphite deposits into three types; 1-flake, 2-vein and 3-amorphous graphite. The latter 

is usually not amorphous but micro crystalline, with grain size of graphite crystals less 

than 1 micrometer (Beyssac and Rumble, 2014).   

Compared to lithium, cobalt or most other mineral commodities, there are relatively few 

studies of graphite occurrences. Graphite mines are most commonly private enterprises, 

and data on resources and reserves ore often confidential. The information available 

related to geology and resources are therefore very variable for graphite occurrences in 

Europe.  

World mining data (Reichl and Schatz, 2019) show that presently graphite is produced in 

Austria, Germany Norway and Ukraine.  

From the groupings of occurrences shown on Figure 42. 30 provinces are shown, a large 

number of the occurrences have the genetic type unclassified due to the mentioned low 

number of studies available.  

 

Roughly the following main area with graphite mineralization is present:  

a. The Fenneoscandian shield area, of Norway, Sweden and Finland  

b. The Ukrainian shield  
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c. Central Austria and Bavaria  

d. The Iberian peninsula of Spain and Portugal  

 

The graphite occurrences of the Fennoscandian shield are all of Proterozoic age and occur 

in high metamorphic grade metasedimentary rocks. Norway, Sweden and Finland there 

are more than 50 occurrences  registered in each country. The most famous or largest 

deposits in each country is the Skaland  graphite deposits on Islands of Senja in Norway, 

the Nunasvarra deposit of northern Sweden and the Pipumäki occurrence of Central 

Finland. Official grade or tonnage from, Nunasvarra is  25.6 % graphite and 12.3 Mt, from 

Piipumäki  6.4% graphite and in northern Norway  28 different occurrences have an 

aggregate  estimated tonnage of 241.6 mt and average graphite content of 9.3% (Lynch 

et al., 2016; Lynch et al., 2018; Gautneb et al., 2020; Palosaari et al., 2020).  

The graphite occurrences of the Ukraine are all located on the Ukrainien shield which is 

broken up by faults into several blocks which comprises arcehan to proterozoic rocks of 

metasedimentary gneisses amfibolites and various mafic to acid igneous rocks. The most 

important graphite occurrence in Ukraine is the Zavalyevskiy deposit, which is also the 

only in current production. Our database contains 35 occurrences and deposits 

registered in Ukraine that have aggregated resources 1615 Mt with an average graphite 

content of 5.1%.  
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Figure 42. Genetic type of graphite occurrences and the main metallogenetic provinces of graphite in 

Europe.  

  

In Greenland there are 7 occurrences in our database, they are described by (Stensgaard 

et al., 2017). They are all located in Archean or Proterozoic rocks. They are all flake 

graphite occurrences and the resources is determined for some of them and with 

tonnages in the range from 1 to 5 mt and graphite content in the range from 5 to 25%.  

  

In Spain there is scattered occurrences all over the Iberian Peninsula, very few studies are 

published. In the Aracena mountains in southern Spain graphite occurrences are 

described from the Neoproterozoic rocks containing meta sedimentary gneisses, 

amfibolites and granulites. Graphite occur strata bound with typical 10 -30% graphite, 

but can reach up to 50%. A number of mines where in production around 1910 (Rodas et 

al., 2000).  

  



 

110 

 
 

In Austria there are 4 provinces with graphite occurrences in north east the Dosendorf 

graphite province (Figure 42). The graphite occurs in a series of paragneisses, 

amphibolites and marbles that are of Proterozoic age. Metamorphic conditions have 

been up to 700-800 °C and 8-11 Kbar (Müller et al., 2016). Carbon content of the graphite 

bearing rocks can be very high up to 60% with a median of 38%. (Schedl et al., 2016). At 

about 30 different sites, graphite where mined from 1995 until the last closed in 1994 

(Hofbauer, 1995).   

The north western province the Moldanubikum (Bavarikum) graphite province. These 

occurrences occur in the Kropfmühl- Herzogsdorf comples and comprises graphite schist 

comparable to the Krompfmühl area in Germany. Graphite content are reported to reach 

up to 48% (Holzer, 1964). Graphite was produced periodically until 1963.  

In the Veitsch nappe (Kaisersberg) there are about 50 occurrences which for a large part 

contain microcrystalline (amorphous) graphite) and semi graphite (Rantitsch et al., 2004). 

Metamorphic conditions have reached upper green schist facies. Carbon content can 

reach up to 90% locally. In this province the only graphite mine in operation Austria 

(Kaisersberg) is located producing about 420 t/a of graphite.  

In Drau-Mur (Sothern Styria area) the area is dived into 2 different tectonic units. Host 

rocks are believed to be of Palaeozoic ages that was metamorphosed up to 500-600°C 

and 6-10 Kbar. Graphite occurs in several layers reaching thicknesses up to about 1 meter. 

Graphite has been mined periodically in this area at a couple of deposits, Last mining 

activity was in 1916 (Ucik, 1992; Schuster et al., 2006)  

4.4.3 Key mineral provinces for Cobalt  

Cobalt occurs as relatively common trace to minor constituent in many types deposit 

types of different commodities. In Europe, the most common deposit types are 

orthomagmatic Ni-Cu-Co deposits, volcanogenic Cu-Zn-sulfide deposits (VMS), Iron 

Oxide-Cu-Au deposits (IOCG), 5-element and other vein-type deposits, sediment-hosted 

Cu deposits, lateritic Ni-Co deposits and metasediment-hosted Cu-Au-Co deposits (e.g. 

Horn et al., 2020). Generally, the Co content of the se deposits vary from less than 100 

ppm (0.01 %) to a few thousands of ppm. Most of the cobalt bearing deposits and 

occurrences are clustered in Nordic countries (Finland, Sweden and Norway), with more 

scattered deposits occurring in southern and central Europe. Several lateritic deposits are 

clustered in the Balkans, Greece and Ukraine, but cobalt is generally not extracted from 

these deposits. Currently cobalt is produced only from three mines in Finland in Europe. 

The Eu consumption of cobalt ores, concentrates and intermediates is ~14 000 t of which 
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14% comes from within the EU (Finland) and the rest is exported mainly from DRC 

(European Commission, 2020) 

As a minor constituent, cobalt is often not included in mineral resource and reserve 

estimates. Where available, data indicate significant resources mainly in Finland, Norway 

and the Balkans. Largest resources occur in the black schist hosted Talvivaara (Sotkamo) 

Zn-Ni-Cu-Co mine in Finland (~290 000 t) and in the lateritic Mokra Gora Ni-Co deposit in 

Serbia (360 000 t) (Horn et al., 2020) 

Based on the clusters of occurrences shown on Figure 43. 34 provinces were delineated. 

Broadly, the following main cobalt metallogenic zones are: 

a) The Fennoscandian shield: Norway, Sweden and Finland 

b) Greenland 

c) The Balkans and Greece 

d) SW and central Europe 

Most of the cobalt occurrences of the Fennoscandian shield are Proterozoic in age, 

ranging from Archean to Early Proterozoic in Finland, Early Proterozoic in Sweden 

(Paleozoic in the Calonides in westernmost Sweden) to Meso-Neoproterozoic to 

Paleozoic in Norway. All three countries contain a high number of Co-bearing occurrences 

with Finland having 123, Norway 85 and Sweden 63. In Finland, past production of cobalt 

came from the Kotalahti and Vammala belts (orthomagmatic Ni-Cu-Co deposits) and from 

the Outolumpu area Cu-Zn-Ni-Co VMS deposits. Very little Co-production data is available 

from the Ni-Cu-Co deposits but the Outokumpu area mines (5) produced 75 000 t of Co. 

Current mine production comes from Kevitsa Ni-Cu-Co-Au-PGE deposit; 450-550 t per 

year, Kylylahti Cu-Zn-Ni-Co deposit; 450 t per year, and Sotkamo (Talvivaara) Ni-Zn-Cu-Co 

deposit; estimated to be 500 t per year. In Norway, most significant Co deposits are 

magmatic Ni-Cu-Co deposits and Co-containing VMS deposits in southern and central 

Norway (e.g. S-Norway, Joma-Lokken, and Sulithjelma areas). Historic Co-production has 

come from e.g. Ertelien Ni-Cu mine (1789 t) and the Skuterud Cu-Co mine, from southern 

Norway (Sandstad et al., 2012). In Sweden, most of the known Co-deposits are magmatic 

Ni-Cu-Co deposits in the Skellefte and Bergslagen areas with historic Co production from 

Bergslagen area deposits and, e.g. Gladhammar in southern Sweden (Hallberg et al., 

2012). 
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The bulk of Co-occurrence in Greenland are located in western Greenland, in the Archean 

Maniitsoq Norite belt, which contains some 65 orthomagmatic Ni-Cu-Co+PGE 

occurrences (North American Nickel, 2015; Stensgaard et al., 2017).  

The Balkans and Greece host some 27 lateritic Ni-Co deposits and occurrences. Some 

deposit in Greece, Albania, Kosovo and North Makedonia have been mined for nickel but 

not for Co. However, they contain locally significant Co-resources, especially the Mokra 

Gora deposit in Serbia (Horn et al., 2020). Further lateritic Ni-Co deposits occurr in 

Ukraine.  
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Figure 43. Genetic types of cobalt occurrences and the main metallogenetic provinces of cobalt in 

Europe. 

Elsewhere in the Europe, small, mostly historic Co deposits and occurrences can be found 

related to variscan and Alpine orogenies, extending from Cantabrian mountains in NW 

Spain, trhough Pyrenees and France, northern Italy, Austria, Slovakina and Romania in 

the east. A cluster of Co-deposits also occur in the SW Poland. They represent a diverse 

suite of deposit types with sediment-hosted Cu-Co, 5-element vein type, VMS (to SEDEX) 

deposit and Co-sulfarsenide (vein) type being the most prominent types. In addition, 

magmatic Ni-Cu-Co deposits occur in Romania and lateritic Ni-Co deposits in SW Poland. 
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5 Seafloor mineral deposits in pan-European and their associated CRM 

cobalt and phosphorous 

5.1 Introduction 
Covering more than 70% of the planet, oceans represent a potentially promising new 

frontier for the exploration of mineral resources. Security of mineral supply has been 

identified by the European Commission as a priority challenge facing the raw materials 

sector. The 2020 list of Critical Raw Materials (CRM) now reflects societies growing 

demand for an ever-increasing number and quantity of elements and minerals that 

supply the green energy and technology sectors (European Commission, 2020). The 

global demand for cobalt, phosphorous, rare earth elements, tellurium, nickel, lithium, 

copper, and other rare and critical metals, concurrent with the rapidly diminishing quality 

and quantity of land-based mined deposits, has situated the seafloor as a promising new 

frontier for the exploration of mineral resources. Studies dedicated to understanding the 

genesis, distribution, and resource potential of deep-sea minerals began in the late 1970s 

to early 1980s (Hein et al., 2013). Spanning a large diversity of environments and resource 

style, including high and low temperature hydrothermal deposits (seafloor massive 

sulphides-SMS, sedimentary exhalative deposits-SEDEX), phosphorites, cobalt-rich 

ferromanganese crusts, manganese nodules and rare earth elements-rich muds, deep-

sea deposits are particularly attractive for their polymetallic nature with high contents of 

transition, rare and critical elements. Moreover, shallow-water resources, like marine 

placer deposits, represent another source for many critical metals and gems. The seabed 

mineral resources host the largest reserves on Earth for some important metals like 

cobalt, lithium, tellurium, manganese, and the rare earth elements, critical for Industry. 

5.2 From exploration to mining the seabed mineral deposits 
The first deep-sea discoveries comprised: 1) extensive polymetallic nodule fields in 

Clarion–Clipperton Zone (CCZ) (Mero, 1962); 2) hydrothermal systems and associated 

metalliferous sediments, sulfide chimneys and mounds in the Red Sea and Pacific Ocean 

(Bäcker and Schoell, 1972; Corliss et al., 1979; MacDonald et al., 1980); and 3) Fe-Mn 

crusts rich in cobalt on seamounts from the Atlantic and Pacific Ocean (Halbach et al., 

1982).  These findings were the base for the research and exploratory works during the 

last five decades. Recent discoveries of white smokers associated with ultra-mafic hosted 

serpentinization (Lost City; Kelley et al., 2001) and rare earth elements-rich muds from 

the Pacific Ocean (Kato et al., 2011) have contributed to increased our knowledge on the 

diversity of mineralization styles, and the complex interactions between geosphere, 

biosphere and hydrosphere to form all these types of mineral deposits. Among the deep-
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sea deposits, the most interesting for their cobalt and phosphorous concentrations are 

the ferromanganese crusts and phosphorites respectively, with a smaller impact of 

polymetallic nodules (Hein et al., 1997; Hein et al., 2016). 

Mining of nodules anticipated to begin in the late 1970s to early 1980s did not take place. 

The abrupt fall in the price of base metals in the beginning of 1980s caused many of the 

onshore mining operations to cease, and the interest in the exploitation of marine 

minerals decreased. In the beginning, the commercial interest was based on base and 

noble metals (e.g., Mn, Cu, Zn, Au, Ag). Rare metals (e.g., Co, Te, Nb, Pt) and REEs 

beneficiation as by-products of mining of the major metals have centered the research 

undertaken in the last decade (Hein et al., 2013). Vast areas of deep-ocean floor have 

been contracted for exploration, and more contracts are taken out every year. The 

International Seabed Authority (ISA) is finishing the exploitation regulations that will 

permit State parties, State enterprises or natural or juridical persons or consortia of 

entities to extract minerals in areas beyond national jurisdictions, the so-called “Area” 

(Figure 40). In 2000, 2010 and 2012, the Council and Assembly of the ISA passed 

regulations for the exploration for polymetallic nodules, polymetallic sulfides and cobalt-

rich ferromanganese crusts respectively (ISA, 2020). Thirty contractors have entered into 

15-year contracts with ISA for exploration for polymetallic nodules, polymetallic 

sulphides, and cobalt-rich ferromanganese crusts on the deep seabed of the Atlantic, 

Pacific, and Indian oceans (ISA, 2020). Over the 15 years these exploration areas will be 

subject of relinquishment and will be smaller by the end of the contract (not more than 

2500 km2 in the case of polymetallic sulphides and not more than 1000 km2 in the case 

of cobalt-rich ferromanganese crusts). Now, various deep-ocean small mines are 

scheduled to start operations in the Red Sea, Southeast Atlantic and Southwest Pacific 

Ocean within the next years in national jurisdictions (Figure 44).  
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Figure 44. Global map of seabed minerals exploration present status. The stars represent areas 
under national jurisdictions. Modified from Hein et al. (2013). 

 

5.3 Cobalt mineralization types in pan-European seas.  
Ferromanganese (Fe-Mn) deposits are represented essentially by hydrogenetic Fe-Mn 

crusts, diagenetic polymetallic (or manganese) nodules and hydrothermal sediments and 

crusts. These deposits can be found in all the oceans covering both abyssal planes 

(nodules and metalliferous sediments) or hard surfaces on seamounts, banks, ridges and 

plateaus (Fe-Mn crusts). The main mineral deposit for cobalt is represented by Fe-Mn 

crusts. These deposits can be usually found covering sedimentary and basaltic substrates 

at water depths from about 400 to 7000 m, although thicker crusts can be found between 

1500 and 2500 m (Hein et al., 2000; 2009; 2014). Several studies on Fe-Mn crusts show 

that they concentrate important contents of Co, but also, depending on the genetic 
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process and mineralogy, valuable contents of several other CRMs like Te, Li, REY, etc. In 

pan-European seas these deposits are localized essentially in the Macaronesia and 

Iberian continental margins (Spain and Portugal) and in the Arctic Ocean (Norway, 

Iceland, Greenland and Russia) (Baturin et al., 2014; González et al., 2016; 2018; Marino 

et al., 2017; Hein et al., 2017; Konstantinova et al., 2017; EMODNET, 2020; MINDeSEA, 

2020) (Figure 45). These crusts form thin layered deposits of Fe and Mn oxyhydroxides 

that grow essentially by hydrogenesis, caused by the slow precipitation of oxide floccules 

from the cold seawater on the seamount substrates. The main mineralogy is represented 

by hydrogenetic vernadite (δMnO2) and goethite (α-Fe3+O(OH)), with small amounts of 

diagenetic Mn oxides (asbolane, buserite and todorokite) or hydrothermal minerals 

(essentially neo-formed goethite). Cobalt is concentrated especially in hydrogenetic Fe-

Mn crusts with contents varying from 0.1 to 1 % and with an average contents of 0.4 %. 

Hydrogenetic Fe-Mn crusts also concentrate significant contents of other interesting 

metals like Mn, Ni, Cu (respectively in average 10, 0.2 and 0.08 %) and several CRMs as 

Mo, Te and REY (360, 40 and 2000 µg/g) that can be considered as byproduct of the main 

extraction. The hydrogenetic precipitation of Fe-Mn oxyhydroxides on hard surfaces with 

very slow growth rates (<1 to 10 mm/Ma), allow the enrichment in all the elements listed. 

This is why hydrogenetic Fe-Mn crusts show ages up to 90 Ma, and the oldest identified 

in pan-European seas can be found on the Canary Islands seamounts (Marino et al., 2017; 

2018; 2019). 
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Figure 45. Simplified spatial distribution of Co occurrences in European seas.  

 

5.4 Phosphorous mineralization types in pan-European seas. 
Phosphorous can be found in different contents in all the submarine ferromanganese 

deposits but in general these contents are not interesting for its mining. The only deposit 

that shows great contents of P is represented by marine phosphorites. Phosphorites are 

formed during diagenetic processes in different oceanic settings as lagoon/insular areas, 

continental margins and seamounts (McArthur et al., 1984; Hein et al., 2016). In pan-

European seas can be found on old seamounts in the Macaronesia and brans from the 

Iberian continental margins (Gaspar, 1981; Gonzalez et al., 2016; Marino et al., 2017; 

EMODNET, 2020; MINDeSEA, 2020) (Figure 46). This type of mineralization seems to have 

occurred during two main Cenozoic episodes of phosphatization: the Eocene-Oligocene 

(39– 34 Ma) and Oligocene-Miocene (27–21 Ma) with potentially other minor 

phosphogenic events, especially the middle Miocene, about 15 Ma ago (Hein et al., 1993). 

Phosphorites are formed essentially by carbonate fluor-apatite with small quantities of 
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detrital (e.g., quartz) and/or authigenic minerals (eg., calcite). Phosphorites show 

contents of P varying from 7.5 to 27 % and an average of 11 %, with low concentrations 

of all the other major elements except for Ca that vary from 17 to 35 %. Phosphorites and 

Fe-Mn crusts many times occur in association as occur in the Pacific and the Atlantic 

oceans (Hein et al., 2016; González et al., 2016; Benites et al., 2020), being the seamounts 

with substrates of phosphorites covered by Fe-Mn crusts as potential mine locations both 

for Co and P. Phosphorites also concentrate interesting contents of other elements as F 

(from 0.5 to 2.5 %) and especially REY (from 500 to 2000 µg/g with an average content of 

1000 µg/g), with particular interesting contents of all the HREE and specially Y 

(MINDeSEA, 2020). 

 

Figure 46. Simplified spatial distribution of P occurrences in European seas.  

5.5 Co and P metallogenic areas in European seas 
The MINDeSEA dataset contains a compilation of 141 ferromanganese crusts occurrences 

and 12 occurrences for phosphorites in pan-European seas (MINDeSEA, 2020). The 

metallogenetic areas definition, maps and reports are based on these records. Two 
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simplified maps with approximate spatial distribution of Co and P metallogenic areas on 

the base of previous research papers and projects are showed in Figs 47 and 48 (González 

et al., 2016; 2018; Marino, 2020; MINDeSEA, 2020). 

 

5.5.1 Metallogenic areas for Co associated with Fe-Mn crusts 

Three main areas can be separated in pan-European seas: 1) the Macaronesia and Iberian 

Margins, 2) the north Atlantic and Arctic oceans, 3) the Kara and Barents seas. In these 

areas can be found several marine seafloor elevations (knolls, seamounts, guyots, banks, 

plateaus) covered by Fe-Mn crusts with different Co concentrations. 

Iberian margins and Macaronesia -  All around the Iberian Margin have been recovered 

Fe-Mn crust samples covering the seamounts located at the south (Alboran Sea and Gulf 

of Cadiz) and in the north (essentially Galicia and Le Danois banks). Galicia Bank 

represents a huge plateau located 150 km at the west of the Spanish coasts. This plateau 

rises from a maximum depth of 5000 to 600 m with an area of 30,000 Km2. In this area 

have been recovered several Fe-Mn deposits (both crusts and nodules) but also 

numerous samples of phosphorites (González et al., 2016; MINDeSEA, 2020). The studies 

made on the Fe-Mn crusts show high contents of Co (up to 0.85 %) with remarkable 

contents of Mn (20 %) and Ni (0.65 %) but with lower contents of REY (0.1 %) compared 

with CISP. This difference is due essentially on the genetic processes that occurred in the 

formation of these crusts that are essentially diagenesis with a low participation of 

hydrothermalism (geothermal fluids). 

In the Macaronesia area have been recognized hundreds of knolls and seamounts with 

significant Fe-Mn crust pavements. These seamounts are located in the south west of the 

Iberian Margin but also around the three archipelagos formed by Azores, Madeira and 

Canary Islands and on the Mid Atlantic Ridge. In this area have been recovered several 

Fe-Mn crusts with average contents of Co of 0.35 % and up to 0.79% (Muiños, 2015; 

Merle et al. 2018).  The Canary Island Seamounts Province (CISP) represents a singular 

case with high economic potential in Macaronesia. The area encloses more than a 

hundred of seamounts and submarine hills in the Spanish EEZ that are considered an 

ancient “hot-spot” track in the Atlantic Ocean (Figure 47). These old seamounts (Jurassic 

and Cretaceous age i.e. Tropic, Las Hijas and The Paps) from the Central Atlantic (van den 

Bogaard, 2013) cover a summarized an area of 24,000 Km2 and are covered with 

extensive pavements of thick Fe-Mn crusts (up to 25 cm) (i.e. Marino et al., 2017; 2018; 

2019; MINDeSEA, 2020). Co contents in this area show an average of 0.4 % and highest 

contents of 0.8 %, the main mineralogy is represented by vernadite that in spot analyses 
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concentrate up to 1.7 % of Co but also the highest contents of REY (0.5 %). Preliminary 

mining studies show that one square kilometer on the top of the Tropic Sm. could provide 

a minimum of 220 Mt of Co but also 9,000 Mt of Mn, 84 Mt of Ni and 170 Mt of REY 

(Marino, 2020).  

North Atlantic and Arctic oceans - In this area have been recovered several Fe-Mn crusts 

associated at the presence of plateaus (420,000 Km2) and ridges (107,000 Km2) 

distributed from 63°N to 78°N in Norway, Iceland and Greenland (Figure 47). These crusts 

show a lower average Co contents respect to the CISP of 0.2 % and a maximum of 0.36 

%. REY contents are also interesting with an average of 0.3 % (MINDeSEA, 2020). 

Barents Sea and Kara Sea - The area represents shallow seas from Russia above the 

continental shelf with maximum depths of 450 m and an average of 250 m (Figure 47). In 

the area have been recovered several Fe-Mn crusts usually linked to the presence of large 

shelf areas. Fe-Mn crusts recovered here show a completely different, respect to the 

deep-sea deposits, mineralogy (dominated by goethite) and geochemistry (up to 20 % Fe 

and 18 % Si). Preliminary geochemical studies also show low contents of Co (0.01%) and 

very low REY (Ingri, 1985). 
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Figure 47. Overview map of pan-European seas showing the approximate extent of the key Co 

metallogenic areas related to ferromanganese crusts. 

5.5.2 Metallogenic areas for P associated to phosphorites 

Actually, the only known phosphorites deposits in the pan-European seas are located in 

the Macaronesia and Iberian Margin. Studied samples have been recovered in the north 

of Spain (Galicia) but also in the southwest of Portugal and Spain (Gulf of Cadiz) and are 

essentially linked to the continental shelf (Figure 48). The presence of phosphorites has 

been also detected in several seamounts of the area, sometimes at the base of thick Fe-

Mn crusts.  

 

Figure 48. Overview map of pan-European seas showing the approximate extent of the key P 

metallogenic areas related to phosphorites. 

Bay of Biscay - The occurrences of phosphorites deposits in this area are associated with 

the Sancho seamount, Ortegal Terrace, Le Danois Bank and especially Galicia Bank (Figure 

48). Phosphorites recovered on Galicia Bank show the highest P contents with an average 

of 13 % and maximum up to 20 % but also high contents of REY with an average of 0.1 % 
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and up to 0.2 %. These samples have been dated as the Late Oligocene-Early Miocene 

period and formed during three main phosphorites events (González et al., 2016). 

Extensive deposits of phosphorites, with abundant detrital grains of quartz, feldspar and 

clay minerals, frequently encrusted by Fe-Mn oxy-hydroxides, and ferrous glauconites 

were discovered in the Ortegal Terrace and on Le Danois Bank (Lamboy, 1976; Lucas et 

al., 1978; Lamboy and Lucas, 1979). The phosphatization process was discontinuous in 

the space and time since the Miocene to Quaternary times in Cape Ortegal and Le Danois 

Bank and was driven in all the locations by the diagenetic replacement of carbonate by 

CFA.   

Gulf of Cadiz. In this area phosphorites are located on the continental shelf covering small 

seamounts and terraces recognized on the seafloor (Figure 48). Several phosphorites 

have been recovered and analyzed showing an average P content of 6.5 % with maximum 

of 9.4 % (Baturin and Bezrukov, 1971; Baturin, 1982; Gaspar, 1981; 1982; 1986; 2000; 

Rona, 2008; MINDeSEA, 2020). They are forming part of the East Atlantic Phosphorite 

Province (Baturin and Bezrukov, 1971). 

Macaronesia. Phosphorites can be found covering seamounts in the Macaronesia area 

(Portugal and Spain) (Figure 48). Occurrence of these deposits have been found on the 

Lion and Ampére seamounts, located in the area of south Portugal and Madeira Islands. 

Other Deposits have been found and studied in the CISP area, at the base of Fe-Mn crusts 

on the Tropic and Echo seamounts. Studies made on these deposits show higher contents 

of P respect to the continental shelf samples with an average of 9.8 and up to 11.6 %. In 

this area several other elements have been analyzed between which REY shows an 

average of 0.08 % with maximum of 0.15 % (Vázquez et al., 2011; Murton et al., 2017; 

MINDeSEA, 2020).  
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6 Conclusion remarks 
The EU’s Green deal policy recognizes that Europe needs a new growth strategy that 

transforms the Union into a model, resource-efficient and competitive economy. Many critical 

minerals and metals may be collected through recycling of mining related waste materials.  

However, there is a very strong argument for the extraction of primary raw material  (see Raw 

material Scoreboard, 2018- “Recycling rates for some metals are relatively high. However, 

recycling at end-of-life is not yet sufficient to meet the EU’s current demands for various”) ,  

even with the important contribution from recycling, to secure resource efficient supply.  it will 

still be necessary to extract primary mineral deposits, focusing on applying new technologies 

for deep exploration and mining, turning low- grade ores to exploitable resources and reducing 

generation of mining wastes and large tailings by converting them into exploitable resources 

and solving environmental footprint and land-use challenges. To meet this strategy EU needs 

to increase the consumption of raw material necessary for the society. One of the GeoERA’s 

RM projects is FRAME which is structured to carry out much needed research into strategic 

and critical minerals.  

WP 3 (Critical and Strategic Minerals Map) is contributing in to collecting and producing maps 

on Critical Raw Materials and also of the strategic raw materials for Europe, which is the 

backbone of the project with links to the other WP’s.  WP 3 is acting as a focal point that all 

data on CRM collected either by this WP or the other WP’s in the FRAME project.  In this 

report, the metallogenic areas in Europeans land and sea are presented and the most 

important CRM and STRM in each metallogenic area is described. The methodology used for 

prospectivity mapping and examples have been shown and presented. Comparing the 

prospectivity mapping with the metallogenic area reveal that there are addition to present 

potential , there are additional areas in Europe that may be on considered for future 

investigation, focus in gathering fundamental geological, economic geology, geochemical and 

geophysical data and better understanding the mineral system knowledge on how the mineral 

deposits are formed in each specific area.  WP3 in link with other WP 2 will act as a source of 

mineral information data that will support the continuous work going on in the DG-Grow, Raw 

material supply Group an the Ad Hoc Working Group on Criticality of the EU Commission.  
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