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Preface
The research project TÁMOP 4.2.2.A-11/1/KONV-2012-0005 launched in November 2012
and entitled “Fundamental research into the exploitation of the economic development potentials of critical raw materials in international co-operation – CriticEl” is drawing to a close.
This volume reflects the multi-layered work in research, development and innovation that
has been involved in the programme. The work included the re-evaluation of earlier geological research data, new research in areas with potential from mineralogical, geological and
geophysical perspectives, and the investigation and usage of waste and tailings produced
by earlier mining operations. The experimental investigation of extracting useful materials
from worn out electronic devices (e-waste) is of particular importance. The various activities – theoretical, experimental, methodological, as well as technological development, research and innovation activities – build effectively upon each other, complementing each
other nicely.
For the benefit of Hungary, continuing access to raw materials from both domestic and
foreign sources is essential to the further development of our national economy. As the raw
materials within the country’s borders cannot be expanded, it is in the best interests of our
nation to explore, exploit and make use of the raw materials available in Hungary, especially
if we wish to ensure the secure functioning of the economy.
Dr. Lajos Nagy
President of the Hungarian Mining and Metallurgical Society
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The project CriticEl, an overview

1

Imre Gombkötő

The University of Miskolc founded the Centre of Excellence for Sustainable Resource Management in 2011. The University has many decades – in some fields, even centuries – of experience in research in the fields of exploration, excavation processing and transport of raw
materials, mining, environmental protection and also management of natural resources,
protection of natural water sources, geology and also the processing and evaluation of geoinformation.
Among the goals of the Centre of Excellence for Sustainable Resource Management
determined in the strategic document, the following objectives can be found:
• identification and determination of theoretical and practical problems of raw
material management and utilisation considering environmental aspects,
development of environmental friendly excavation and processing techniques,
• research and identification of unidentified natural resources, development of
innovative methods for their practical utilisation,
• complex and unified approach of primary raw materials and wastes as secondary
raw materials based on life cycle analysis (LCA), utilisation of the “waste as potential raw
material” discipline, research on the basis of existing and future aspects of technical,
economical and legal frames,
• research and development and implementation of new waste management and
utilisation processes.
The Centre plans to reach these goals by carrying out research in:
• development and innovation in the field of geology and exploration of new
reserves and resources,
• better utilisation of the extracted raw materials by minimising processing losses,
• research on mining methods, techniques and technologies, evaluation and
development of excavation and processing equipment and systems,
• investigation of environmental impacts of tailings and waste, their possible
utilisation,
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• reuse and recycling of process and consumer wastes, research on novelty
application for the utilisation of industrial wastes as slag, fly ash and other relevant
industrial wastes.
University of Miskolc submitted a research proposal in 2012 within the frame of the Social Renewal Operative Programme (TÁMOP). Our proposal was based on the cooperation of
the Institute of Mineralogy and Geology and Institute of Raw Material Preparation and Environmental Processing at the Faculty of Earth Science and Engineering. Other departments
were also involved, including the Institute of Mining and Geotechnics and the Institute of
Geophysics and Geoinformatics.
The research project identified as TÁMOP 4.2.2.A-11/1/KONV-2012-0005 “Fundamental research into the exploitation of the economic development potentials of critical raw materials in international co-operation – CriticEl” was approved and launched on 1 November
2012. The duration of the project was 24 months and the grant was 1,600,000 EUR with a
support rate of 100%.

Background of the CriticEl project
The availability of raw materials in suitable quantities and quality is essential for both the
European and Hungarian economies. Report RMG2011 of the Raw Materials Group – which
was organised under the European Commission – defined 14 types of raw material that Europe may rely on significantly for imports in 2030, which involves critical risk and uncertainty
for industrial development in the EU. These materials are essential for the production of
modern cars, TFT monitors, smart phones, hybrid cars, catalysts, solar cells, wind turbines,
batteries and their strong but lightweight components. In the next few decades high market
demand will be expected for these raw materials in Europe; therefore, research efforts on
these elements have to be renewed.
Hungary is significantly behind other nations in the exploration of energy and other
mineral sources and with the development of exploitation and technologies of production.
From 2011 political resolutions have been announced according to which the national mineral resources play an important role in the planning of strategic directions for the national
economy.
Within this topic, complex basic research programmes were initiated including R&D
modules, determining their strategic potential and conducting successful fundamental and
applied research, thus further enhancing the scientific potential of the University of Miskolc
and also supporting and generating long-term research cooperation relations.

12
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Structure of the CriticEl project
The CriticEl research work was technically coordinated by Prof. János Földessy. The two basic research programmes were directly managed by Prof. Barnabás Csőke (Institute of Raw
Material Preparation and Environmental Processing) and Dr. Norbert Zajzon (Institute of
Mineralogy and Geology):

Programme A: Assessment of the domestic resource potential
of critical elements from primary sources
Primary sources were thoroughly investigated in Hungary at the late 1970s, when base
metals, uranium and coal were the main targets for geological explorations in Hungary. Although critical elements were not specially investigated at that time, archive core samples
and analysis data are still in repositories and available for study. Exploiting these archive
sources and using modern analytics and data mining are the first preparatory steps for identifying indications for any of the 14 raw materials. In the case of positive indications, state
and industrial partners will be involved in further detailed exploration. Meanwhile, detailed
mineralogical tests can be done to investigate any possibility of processing the mineralisation as a resource.

Programme B: Researching domestic production possibilities
for critical elements from secondary raw material sources
The recycling of critical strategic elements at an increased rate in Hungary is important
for sustaining long-term economic stability. Boosting the amount of elements returned
back to the production cycle increases the effective use of resources, decreases dependency on foreign sources and reduces the environmental impacts of critical strategic raw materials.
Within the framework of the programme, R&D work focuses mainly on developing reprocessing technology of waste electrical and electronic equipment (WEEE), such as
printed circuit boards, display panels, notebook and desktop computers and batteries.
Mining waste is also a priority, since using mechanical processes is a cost-effective alternative for turning it into a valuable resource. In fact, the recovery of the involved critical
elements cannot be carried out without also applying chemical, biological or thermal
processes; however, the process rate using mechanical methods can be elevated.
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Module

Leading Scientist

Topic

A

György Less

Processing of archive geological and geophysical
data

B

Sándor Szakáll

Geological sampling

C

Ferenc Mádai

Geological analytics

D

Éva Hartai

Geological and geophysical interpretation

E

József Molnár

F

Tamás Ormos / Endre
Turai

G

Zsolt István

H

József Faitli

I

Bőhm József / Sándor
Nagy

Estimation of domestic sources of strategic raw
materials
Geophysical application, applicability of
geophysical methods in exploration using
inversion model.
Database of domestic secondary sources of
critical raw materials
Sampling and analytics of secondary raw
materials
Mechanical processing methods of primary and
secondary raw materials

J

Ljudmilla Bokányi

Reaction-techniques

K

Gábor Mucsi

Utilisation of residues, encapsulation

L

Zsolt István

Recycling-friendly product design

M

Zsolt István

Waste logistics

N

Helmuth Schupler

Economic evaluation

Table 1-1. The R&D&I modules and the leading scientists within the framework
of the programmes

Supervision of the progress, Advisory Board
The Advisory Board was created by inviting prestigious scientists and industrial managers
associated with the research topics. It performed the preliminary evaluation of potential
and strategic research topics and also continuously monitored the work and results within
the frame of the project.
The Advisory Board members were independent experts from the academic and industrial field of the research project. Its members were István Benkovics, Wildhorse Energy
Hungary Kft; Mihály Dobróka, University of Miskolc; Zsolt István, Bay Zoltán Nonprofit Ltd.
for Applied Research; György Less, University of Miskolc; Pál Lukács, Alcufer Ltd.; Gábor Kitley, Geonardo Ltd.; János Szépvölgyi, Research Centre for Natural Sciences of the Hungarian
Academy of Sciences; Péter Szűcs, University of Miskolc. The opinion of the Advisory Board
has had a significant effect on the direction of research and motivation of cooperation efforts within the project and also within related R&D activities of the Centre of Excellence.
14
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Intense research activity enhanced the effectiveness of the exploitation and coordination of
the combined and shared use of instrumental infrastructure available within the Centre of
Excellence and further aiding the involvement of junior scientists as well.
Quality publication of research results and implementation through applied research
were tools to increase the success and the publicity of our research work. The programme
and the individual work of involved researchers were greatly build on knowledge base and
infrastructure of previous projects of University of Miskolc such as TÁMOP-4.2.1.B-10/2/
KONV and the Social Infrastructure Operational Programmes TIOP-1.3.1-07/1-2F-2008-0005
and TIOP-1.3.1-10/1-2010-0012.
One of the very important elements of improving intellectual potential is providing
new research positions, which gave the opportunity to hire senior and junior researchers,
post-docs and PhD students, as well as technical staff with excellent scientific performance.
Also very important and connected to the efforts of scientific education is the fact that supporting postgraduate courses, involving undergraduate and graduate students and generating doctoral topics in fundamental research programs has a long-term effect on the intellectual potential of the Faculty. As a result, 22 junior scientists, 34 PhD and MSc students and 4
technical staff members were involved in the CriticEL Project.
One of the specific goals of the project was to widen the external scientific relations
of the Centre of Excellence and also enhance regional co-operation. During the project, the
Faculty of Earth Science and Engineering was able to build relationships based on which at
least fourteen Horizon2020 R&D project proposals were submitted within the frame of Industrial leadership (Advanced materials, Advanced manufacturing and processing) and Societal challenges (Secure, clean and efficient energy; Smart, green and integrated transport;
Climate action, resource efficiency and raw materials).
One expectation of the project was to achieve significant advances in the building of an
information database of critical elements from Hungarian sources, as both primary and secondary raw materials. A monograph series of ten volumes and parallel publications in periodicals has covered both a great deal of background information and new research results.
In the primary resource programme, this information has brought about at least two
newly generated exploration projects (Irota rare earth and graphite, Úrkút rare earth) –
briefly described in the following chapters of this volume – in order to identify critical elements as an independent resource of mineral raw material. Similarly, in case of other occurrences of rare earths, the geological information should help to review and improve the
technological processes by which these elements may be recovered economically as valuable by-products from either the primary resources (bauxite, coal) or secondary resources
(fly ash, red mud, manganese slime).
15
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In the secondary resource programme, proven beneficiation technologies (gravity,
magnetic, froth flotation, bio-processing and reaction technique methods) have been applied to different fractions of industrial waste streams, supported by applied mineralogy
(detailed chemical and phase analysis) normally used on mineral resources. Special attention is paid to electronic waste, different types of mine wastes, and reject materials of thermal power plants.
A technological patent relating to the processing of waste streams was submitted within the frame of the project. A significant benefit of the project is the serious involvement
of students and young research fellows (at all levels: BSc, MSc, PhD, Post-Doc) in all of the
programs included in the project. This involvement guarantees the sustainability of these
research fields during the following decades.
As final conclusion, we can say that the work has just started and the path has been
set. During this long walk, raw material related issues and topics will continue to have a
significant role in the near and distant future; therefore, scientific research work has to be
done continuously in this field.
All of the information related to the project that is available now and in the future can
be found at http://kritikuselemek.uni-miskolc.hu.
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János Földessy

From global to local – raw material management and research
policies, project planning
Growing population, shrinking resources
‘Limits to Growth’ – this was the title of the famous study compiled by a group of scientists
called the Club of Rome (Meadows et al. 1972). Among the five main risks challenging the
future of mankind, one was resource depletion. In their forecast scenarios they indicated
the collapse of the world’s global systems by the mid-21st century. Their vision was erroneous in many ways, since they could not predict many of the radical changes that would
occur, like the widespread use and application of information technologies, forms of renewable energy, new materials and composites, and the fargoing consequences of such innovations in most fields of our everyday life.
Yet one of their statements is becoming hard fact: resources (in our case raw materials)
are continuously being reduced, and the competition for their control is intensifying. Behind
this is the fact that, as Figure 2-1 shows, the globe’s population is maintaining a continuously
growing trend.

Figure 2-1. World’s population 1950-2050 (predicted). Source: US Census Bureau (2011)
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Parallel to this trend, the exploitation of mineral-resource-based raw materials (construction materials, metals, fossil fuels) has also grown in the last 25-30 years (Figure 2-2),
but the trend is much more moderate, especially for the metals and energy fuels.

Figure 2-2. Observed increase of global production, 1980-2005. Source: SERI 2012

Our raw material resources are obviously limited. Using less or producing more are
the two most obvious solutions. Using less depends entirely on the society, with saving a
lot of resources in our everyday lives, or on recycling waste with better efficiency. Primary
raw materials are products of natural processes, and their production is globally confined to
land, the accessible shallow depths of the continents or the off-shore sea bottom. Nevertheless, owing to intensified efforts in both the mining and the processing industries we have
been able to keep pace with demand, sometimes with surprising results. The investments in
these segments frequently result in multiplying the known resources. In the case of copper
metal, such innovations include the introduction of the solvent extraction-electrowinning
(SX-EW) route of extraction and bacterial leaching techniques.
Within the group of raw materials the critical items differ from time to time, from
country to country. In the case of mineral resources, the lead time to extraction following a
successful mineral discovery may take 10-15 years. The recognition of the criticality of a resource situation normally triggers higher levels of exploration efforts that will lead to closing
the gap between demand and supply. Vice versa, increased demand on the global market
for a critical material may seriously affect its availability and price in Europe or in Hungary.
This is reflected by periodical global supply problems and risk, such as in the case of rare18
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earth elements export in 2009. Similar potential risk situations led to the in-depth analysis
of the 2008 European raw material supply, followed by the radical re-consideration of the
European raw material policy.

The EU response: Raw Material Initiative and European Innovation
Partnership on Raw Materials
In November 2008 the EU launched a communication and subsequently a Raw Material
Initiative (RMI) to secure long-term, reliable and undistorted access to raw materials. In
this initiative the raw material supply was mentioned as being crucial for the sound functioning of the EU’s economy. It was stated that about 70% of the EU manufacturing industry depends on minerals and metals, the vast majority of which is imported from non-EU
countries.
The situation highlighted the demand, but it was also universally recognised that the
EU needed to radically improve on mining innovation to stay competitive in the global world
while minimising the environmental impact. The European Technology Platform on Sustainable Mineral Resources (ETPSMR) was a professional forum for this initiative. They suggested launching a European Innovation Partnership program on Raw Materials for the Modern
Society with the objective to “ensure a secure supply and achieve sustainable management
and use of non-energy materials along the entire value chain in Europe.”
The Horizon 2020 program is the umbrella for R&D&I projects recognised and financially
supported by the EU. The calls, which were first launched in December 2013, with evaluations currently under way, contain a number of relevant issues for proposals related to critical
raw materials, both primary and secondary resources. Our team is working on project proposals in several consortiums. These projects help to step out from the national frame and
immerse our project results in the programmes of the European research community.
During our research a large number of technical and scientific publications, among
them nine thematic monographs, have already been issued. In this summary volume we
refer to them as sources, since most of our findings were discussed in these publications in
much greater detail.

From revitalisation of the mining industry to waste management –
strategies & policies in Hungary
The Hungarian Government has declared all metallic minerals plus coal closed exploration
areas, subject exclusively to state concession law from October 2010. This has caused a sudden suspension in launching new exploration programs in these fields. The premier of the
19
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new concession system began with hydrocarbons and geothermal energy in 2013, although
no concession calls have been issued yet for the mineral resources covering the strategic
minerals of interest.
Domestic material consumption in Hungary over recent years is seen in Figure 2-3. The
low tonnages of metallic ores (bauxite and manganese ores, less than 1 million tonnes in
2007) are shown in the yellow curve on the diagram. This represents 2.5 % of the total value
of the domestic material production (EEA 2011).

Figure 2-3. Hungarian statistics of domestic raw material production
(Source: NEFMI 2011)

Although dynamic changes have been seen on the European level in this period, these
have not yet provoked considerable waves among Hungarian raw material policymakers.
At least – opposite to tendencies in the previous decades – a social dialogue has begun,
discussing the necessity of re-introduction of mining as a powerful tool against mass unemployment in certain crisis-striken regions of Hungary. These efforts are concentrated on
brown coal mining, outlining a complex program from basic mining-related professional
education to changes in regional development plans to accommodate the planned mining
facilities. These verbal political commitments and strategies were summarised in the National Energy Strategy, initiated in 2011, and the related Action Plan for Mineral Resource
Management, prepared in 2013 by the Hungarian Government (NEFMI 2013). The real actions are yet to come.
Act CLXXXV of 2012 on Waste (of the Hungarian Parliament) provides the legal framework for the re-use of waste materials, thus indirectly providing a legal frame for potential
secondary raw material sources. The country profile of Hungary in Table 2-1 (EEA 2011)
20
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shows that non-hazardous industrial and other production waste amounts to 7.3 million
tonnes per year with a re-cycling rate of 36 %. If the re-cycling rate could be raised only 10 %
by introducing new applications and re-cycling methods, this would result in the same magnitude of new supply as the volume of the total recent Hungarian ore production peaked at
in the first decade of the 21st century.
2008

Total
Recycling
amount of
waste
(000'
(000' tonnes)
(%)
tonnes )

Energy Recovery

Total recycling,
recovery

(000' tonnes)

(%)

(000' tonnes)

(%)

Wastes of agriculture and food
industries

1 188

553

46.5

168

14.2

721

60.7

Non-hazardous industrial and other
production waste

7 386

2 495

33.8

163

2.2

2 658

36

Construction and demolition waste

4 882

2 231

45.7

0

0,0

2 231

45.7

Municipal solid waste

4 553

692

15.2

393

8.6

1.086

23.8

Municipal liquid waste

3 925

5

0.1

-

-

5

0.1

Hazardous waste

714

167

23.3

40

5.6

207

28.9

Total

22 647

6 143

27.1

764

3.4

6 908

30

Table 2-1. Waste production and recycling rate in Hungary (Source: EEA 2011)

Target selection for CriticEl projects – primary and secondary
resources
Fourteen critical elements
The ad-hoc Raw Material Group has prepared a study on the raw material situation of the
European Union (RMG 2011). Forty-one different raw material types were studied, and finally fourteen were selected as having both high risk supply and high impact on the economy of the EU in the mid-term future until 2030 (Table 2-2):
The assigned funding and timeframe of the CriticEl project was far from sufficient to
complete full exploration programs or technological development testwork in either mineral occurrences or secondary materials. Instead, a one-step-forward general principle was
followed, which increased the basic knowledge about strategic resource groups of highest
interest in a wide range of material types. To perform these tasks several small research
teams were organised, which were grouped under two programmes (A) Primary mineral
raw materials, and (B) Secondary raw materials.
21
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List of critical raw materials at EU level (in alphabetical order):
Antimony
Beryllium
Cobalt

Indium
Magnesium
Niobium

Fluorspar

PGMs (Platinum Group Metals)1

Gallium
Germanium
Graphite

Rare earths2
Tantalum
Tungsten

1 The Platinum Group Metals (PGMs) regroups platinum, palladium, iridium, rhodium,
ruthenium and osmium.
2 Rare earths include yttrium, scandium, and the so-called lanthanides (lanthanum,
cerium, praseodymium,neodymium, promethium, samarium, europium, gadolinium,
terbium, dysprosium, holmium, erbium, thulium, ytterbium and lutetium)

Table 2-2. Critical elements and minerals in the European Union (RMG 2011)

Primary mineral raw materials – identifying future exploration targets
Many of these fourteen elements were either directly explored or mentioned in connection
with other explorations and extractive industrial techologies in Hungary. Three of them have
previous commercial or pilot-plant production records (fluorite, Ga, Ge), or have been prospected as a target mineral resource (graphite). Other elements (Sb, Be, Co, In, Mg, PGEs,
REEs) have been identified through previous exploration or production for other minerals.
Finally, some of them (Nb, Ta, W) were rarely if ever mentioned in Hungarian mineralogical
and geochemical publications and exploration reports.
In the first step, a global overview was made and the available Hungarian archive information and publications were summarised (Less 2013a, 2013b). Based upon these summaries, a priority list was built up and used in the planning of research projects:
Fluorite
– summary of archive information in a monography,
REEs
– several larger projects, results published in a monography,
PGEs, Be, Ge, graphite – individual smaller scale projects, results in reports,
Co, In, W
– mineralogical identification in known anomalies,
Sb, Nb, Ta, Ga
– search for geochemical anomalies in other projects.
When planning the geological sampling and field work, we focussed on topics in which
our team has had some previous field experience or knowledge. We did not deal with issues
that were outside the technologies of geology and mineral processing, like the question of
extracting gallium during the Bayer process for the production of alumina, or recovering
magnesium from different common sources, like brines or dolomite.
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The targets of our research were chosen in known anomalous areas (Figure 2-4):
REE		
Mecsek, Transdanubian Range, Recsk, Szendrő, Rudabánya,
PGE		
Recsk, Szendrő,
Be		
Bükk,
Ge		
Mecsek,
Graphite		
Szendrő,
Fluorite		
Velence.

Figure 2-4. Research areas of the CriticEl project in Hungary. 1: Sopron, 2: Kőszeg,
3: Bakony, 4: Balatonfelvidék, 5: Mecsek, 6: Villány, 7: Velence, 8: Börzsöny, 9: Budai,
10: Mátra, 11: Bükk, 12: Rudabánya, Szendrő, Aggtelek, 13: Tokaj

Some major exploration targets which were active or under negotiation at the time of
planning (2012) were omitted from our original list, or ranked initially as of low priority: for
the ores the Kővágószőlős uranium occurrence and the Recsk Ore Complex base and precious metal ores should be mentioned.
In accessing samples and information, several institutions and companies have closely
cooperated with us: Rotaqua Kft, Mecsekérc Zrt, MAL Zrt, Mangán Kft, Pannonpower Zrt,
Wildhorse Energy Hungary Kft, and Calamites Kft. The Hungarian Geological and Geophysical Institute (MFGI) and the Hungarian Mining and Geological Bureau (MBFH) have supported our work by permitting the use of their data archives and the core storage facilities.
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Apart from our in-house sample preparation, analysing and testing facilities, the sample preparation and the chemical assay laboratory work has been contributed by contracted
laboratories:
Rotaqua Kft		
sample preparation,
MFGI 			
mineral assays,
ALS Global		
PGE and control assays.
In 2014 a new report about the critical raw materials in the EU was published (RMG
2014). The critical elements list had been slightly modified: tantalum has been erased from
the list, while borate, phosphate and coking coal have been posted. This fact underlines the
need for continuous attention to and updating of our knowledge about the domestic raw
material situation.

Development of exploration techniques
A special objective of the project was to develop novel exploration techniques. Two geophysical methodologies have been summarised and published in the frame of the project
concerning the mineral raw materials: (1) Interpretation of geophysical data using inversion
techniques was discussed in relation to several methods (geoelectric, seismic, geomagnetics) [Dobróka 2014] and (2) methods of rock-stress analysis using geophysical parameters
[Dobróka & Somogyiné Molnár 2014].

Secondary raw materials – raw material from waste and recycling
Processing technologies involve a wide range of different physical methods to separate and
purify and to beneficiate, enrich and concentrate the components of materials.
Raw material
Antimony
Cobalt
Gallium
Germanium
Indium
Platinum (PGM)
Palladium (PGM)
Niobium
Neodymium (rare earth)
Tantalum

Emerging technologies (selected)
ATO, micro capacitors
Lithium-ion batteries, synthetic fuels
Thin layer photovoltaics, IC, WLED
Fibre optic cable, IR optical technologies
Displays, thin layer photovoltaics
Fuel cells, catalysts
Catalysts, seawater desalination
Micro capacitors, ferroalloys
Permanent magnets, laser technology
Micro capacitors, medical technology

Table 2-3. Strategic elements used by the electronic manufacturing industry (Source: RMG 2011)
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Since primary minerals are sources for products which serve as raw material in manufacturing, there are wide varieties of mid-products or end-products which contain these elements
in elevated concentrations (Table 2-3).
They may become waste during the production process or at the end of the life of the
product. Recycling of these materials is one obvious answer to the resource depletion. In
the CriticEl project some of these material streams have been tested and researched, like:
• mine wastes,
• heavy mineral containing waste of glass sand production,
• fly ash of electrostatic filters in thermal power plants,
• manganese ore slime – waste from processing oxide-Mn ore electronic wastes,
• household small electric equipment and appliances,
• components, PCB, display etc. of electronic equipment,
• residual fraction of electronic and car shredders,
• batteries,
• solar panels.
One of the objectives of our research was making an updated inventory of waste material available for re-processing. While mine waste inventories and catalogues exist on a
national level, electronic waste had never been assessed before.
Three monographs have been compiled in relation to these topics: electronic waste
was catalogued by Bay Logi (Bodnárné Sándor 2014), fly ash based products were summarised in Mucsi (2014), and research on electronic waste processing in Csőke (2014).
Several details of the processing needed to be tailored to the specific task, and this has
led to development of new procedures and techniques, like peeling off the covering foils
from ITO layers in LED screens. A submission for patenting such a method started within the
frame of the CriticEl project.
During the research the Institute of Raw Material Preparation and Environmental Processing cooperated closely with several industrial partner companies: Alcufer Ltd,
Üveghomok Ltd, Mangán Ltd and Pannonpower Zrt.
In the analytical work the main laboratory used was the MTA TTK KKI laboratory in
Budapest. The assay works of processed mineral waste samples were partially performed in
the MFGI laboratory.

Economic evaluation – the aspects of selection
Although most of our work was basic research, i.e. not close to immediate industrial application, some of the results have already allowed broad economic assessment, scoping of their
potential utilisation. From the figures provided by the geochemical sampling programs and
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the processing technological testwork, we were able to formulate estimates of the in-site
value of the materials, which may be fine-tuned further with an increasing level of knowledge.
Case studies have been worked out and appear in the later chapters of this volume:
• Heavy mineral concentrate production from glass-sand wastes,
• Solvent extraction technology for complex utilisation of carbonate Mn-ores.
Since a great number of costs in the raw material industry are site specific, it is impossible now to provide accurate information about the actual economic feasibility of these
projects. However, the potential volumes and material flows facilitate good prediction,
which may support decision-making regarding the possible continuation of the research
programs.

About the future
Our work does not terminate with the closing of the official project financing period in October 2014. Instead, a number of new, more specified research and demonstration projects
are being generated on the fertile ground created by CriticEL, where our ideas may take a
further step closer to becoming reality.
The CriticEl team is partner in 12 submitted proposals so far (as of August 2014) to
different H2020 calls, which gives us hope to find partners and develop research topics on
the basis of CriticEl findings in the coming years. Also, coooperation programs in both the
primary and secondary raw material projects have started with partner companies to put
the mineral discoveries or newly developed techniques into practice.
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Critical elements in mineralisations
and mineral-related waste materials

3

János Földessy

Since the project was motivated by the first criticality report of the Raw Materials Group
(RMG 2011), the 14 element groups highlighted in it have been investigated during the
CriticEl project. Naturally, the elements have been given different weights in our research,
according to their assumed resource and economic potential. This chapter is an attempt to
bring together the valuable new information elements and compare these data to the previous knowledge (for mineral resources see Less 2013a, 2013b).
This chapter is being compiled while results are still coming in, and therefore it is not
comprehensive, nor it is deeply interpreted. In our text only the positive anomalies have
been highlighted, although we have tested a far greater number of samples where no enrichments were detected.

Primary mineralisations
At our geological works most of our surface samples were grab samples or channel/panel
chip samples. Drillhole samples were taken from archive drillcores, where the samples were
pulp or chip. In the case of pulp their length varied according to the length of the original
sample (1-2 m assay length), while chip samples were taken from the stored half/whole
cores or from archived chip samples.
To present the geochemical results lithological groups were formed and tabulated. The
lithological groups come from our sampling, do not cover the overall geology of the country,
and only rarely give even a complete cross-section of an occurrence, reflecting a practical
rather than genetical classification. We attach a summary table in each paragraph representing a chemical element (or element groups) to give a quick view of the average and maximum concentrations in a certain geological environment.
Only those geological environments are listed in the tables which are represented by
two or more samples. The averages of assay results were calculated as given in the laboratory certificates, and not weighted against any theoretical or practical abundance or
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volume. Statistical parameters such as dispersion, error, etc. were not calculated either.
Since the samples were of various types, and we did not discriminate against sample types,
these averages should be treated with great precaution; they serve only to illustrate the
possible enrichment factors and background values. Spectral data commonly contained below detection limit type values (like <0.1 ppm In), and these values were replaced by zero
when calculating averages.
The geochemical information is complemented (or replaced) by mineralogical information, if mineral phases containing the respective element were detected or determined
during our research.
When not an element but a critical mineral was in focus (as in the case of fluorite and
graphite) and we did not have relevant chemical assay data, only the mineralogical information has been attached.
When element groups have been called critical (like PGE or REE) we present the results
in summarised form (like REE summarised for light-REE and heavy-REE).
From secondary sources our samples derived from waste material of mineral processing, metallurgy or power generation, with sampling techniques similar to primary raw materials. These materials are quite similar to ores, and in many cases they are upgraded to ores
when a considerable leap in technology or market demand occurs.

Mineral-related waste materials
We classified under this heading the following residual materials:
• thermal power plant fly ash,
• alumina plant red mud,
• manganese oxide processing Mn clay,
• glass-sand waste.
All data are assays of samples taken during the CriticEl project except for the alumina
plant red mud assay data, which were taken from Török’s (2012) recent report. No other
waste materials have been tested, although other such materials could also be important
due to their volume and element content. For the fly ash samples we calculated averages
separately by localities since the composition depends largely upon the composition of the
incoming coal. In other aspects – formulating averages and treatment of below DL samples
– we treated them similarly to the geological samples.
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Critical elements
Antimony
Ferenc Móricz
Previous data
Although there were no previous antimony production in Hungary, a large number of mineralisations and indication of presence of Sb-bearing minerals can be listed.
Sb (ppm)

Place

Type

Age

Samples

Average

Maximum

Dacite, dacite breccia

Nagybörzsöny

M

8

10

13

Ultabasic rocks, serpentinite

Aggtelek

T

2

0

0

Alkali basalt

Pécs-Vasas

Cr

6

1

1

Alkali ultrabasite dikes

Sukoró

Cr

9

5

19

Phonolite

Hosszúhetény

Bauxite

Hungary

Clay terrestrial

Cr

7

0

1

Cr,E

11

2

2

Rudabanya

Pl

3

5

5

Coal

Mecsek

J

11

1

2

Coal, alkali basalt contact

Mecsek

J, Cr

3

2

2

Sandstone basalt contact

Mecsek

J,Cr

2

1

2

Clay, bauxite cover

Nyírád

Cr

2

0

1

Clay, sandstone, siltstone

Mecsek

J

6

1

2

Claystone

Kiseged

O

3

1

1

Shale

Úrkút

J

16

0

1

Marl

Úrkút

J

2

0

1

Marl

Úrkút

J

3

0

1

Shale

Bükk

T

5

1

2

Phosphorite

Bükkszentkereszt

T

3

1

2

Schist

Irota

D

16

0

1

Schist

Rudabánya

D

5

1

3

Pelosiderite

Pécs-Vasas

J

2

1

1

Mn-oxide ore

Úrkút

J

2

0

0

Mn-carbonate ore

Úrkút

J

23

0

1

Zn-metasomatic ore

Recsk

O

6

35

207

Fluorite

Pátka-Szűzvár

T

7

2

6

Zn- skarn ore

Recsk

O

20

55

404

Table 3-1. Antimony content of geological samples
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Recsk
Fahl ores – mainly tetrahedrite – is common in several stages of ore formation in the Recsk
ore complex. (Csongrádi 1975; Dobosi & Nagy 2000). The highest recorded concentration
(1.2-2.3 % Sb) was in the Rm10 drillhole (453.5-454.1) tetrahedrite veins.
Mátra
Gyöngyösoroszi mine: Antimony is concentrated primarily in galena and sphalerite in form
of sulphosalt mineral inclusions. 100–150 ppm Sb averages were estimated for the country
rocks, 250–400 ppm Sb values in the ore veins. Gyöngyössolymos, Asztagkő: quartz-stibnite
veins in late andesite contain Hg-Sb mineralization. (Szurovy 1940, Csongrádi 1984, Szakáll
1989).
Several other known mineral occurrences of stibnite are registered (Móricz et al 2013).
Recent research results
No special program was designed to identify Sb resources.
Primary mineral resources
Antimony was routinely assayed in several rock formations, as shown in Table 3-1. Mining
waste materials were only incidentally assayed for antimony (Table 3-2).
Place, material

ppm

Úrkút Mn-clay

1

Table 3-2. Antimony content of waste samples

The highest average and maximum antimony concentrations were detected in Recsk zinc
ores metasomatic and skarn types.

Beryllium
Attila Horváth
Previous data in primary mineralisations
Horváth et al. (2013) summarised the historic data about the anomalous concentrations in
different formations:
Mecsek
In the Mecsek coalfield Földváriné Vogl (1970) reported 297 ppm average and 1600 ppm
maximum values from the Upper Triassic Karolinavölgyi Sandstone. Anomalous values were
recorded in the hard coals (and coal ash) of Lower Jurassic age, with 500-1600 ppm maximums and 146-675 ppm averages (143 samples).
30

Critical elements in mineralisations and mineral-related waste materials

Be (ppm)

Place

Type

Metavolcanic rocks
Dacite, dacite breccia
Andesite
Basalt
Gabbro
Ultabasic rocks, serpentinite
Alkali basalt
Alkali ultrabasite dikes
Phonolite
Bauxite
Clay, sandstone
Clay terrestrial
Coal
Coal, alkali basalt contact
Clay, bauxite cover
Claystone
Claystone
Shale
Marl
Marl
Shale
Phosphorite
Schist
Schist
Pelosiderite
Mn-oxide ore
Mn-carbonate ore
Cu-enargite ore
Fe-metasomatic siderite
Zn-metasomatic ore
Cu-ore
Fluorite
Zn- skarn ore
Ba, As hydrothermal
Mn-oxide ore

Bükkszentkereszt
Nagybörzsöny
Recsk
Szarvaskő, Sirok
Szarvaskő, Sirok
Aggtelek
Pécs-Vasas
Sukoró
Hosszúhetény
Hungary
Irota
Rudabanya
Mecsek
Mecsek
Nyírád
Kiseged
Rudabánya
Úrkút
Úrkút
Úrkút
Bükk
Bükkszentkereszt
Irota
Rudabánya
Pécs-Vasas
Úrkút
Úrkút
Recsk
Rudabánya
Recsk
Recsk
Szűzvár
Recsk
Velence
Litke

Age

T
M
O
T,J
T,J
T
Cr
Cr
Cr
Cr,E
Pl
Pl
J
J, Cr
Cr
O
O
J
J
J
T
T
D
D
J
J
J
O
T
O
O
T
O
C,T,O
M

Samples

31
8
10
5
7
7
5
11
8
13
3
3
6
5
2
3
7
13
2
3
5
3
12
5
2
2
19
2
1
5
5
9
3
6
3

Average

1
1
0
0
0
0
0
2
6
3
1
1
8
5
1
1
1
0
3
0
58
287
1
0
3
3
0
0
1
0
0
1
0
1
1

Maximum

4
2
2
1
2
0
1
5
7
5
2
2
9
8
2
1
1
1
5
0
121
339
4
1
4
4
0
0
1
0
1
1
1
1
1

Table 3-3. Beryllium content of the geological samples

Bakony
Bauxites were reported by Gagyi-Pálffy (1962) with an average of 30 ppm.
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Dunántúl coal basins
The Dunántúl (Transdanubian) brown coals were investigated (Ódor 1971). The averages
shown varied between 5 and 84 ppm, with Tatabánya coals having the highest values.
Bükk
The most important known enrichment of this element is at Bükkszentkereszt (Szabó &
Vincze 2013). We followed up on their research, and a case study of the exploration history
along with our research results is included in Chapter 4.
Recent research results
The historic data regularly show significantly higher values than our recent assays. This may
possibly be due to radical differences in digestion and analytical methods.
Primary mineralisations
Beryllium was routinely assayed as shown in Table 3-3.
The Bükkszentkereszt volcanic-sedimentary rocks (phosphorites) and associated metavolcanics (metamorphosed rhyolite-tuffs) contained the highest enrichment in beryllium (max.
389 ppm, see the case study in Chapter 4). Other lithologies showing elevated values are
the Jurassic hard coals of the Mecsek (max. 12 ppm) and the bauxites in the Transdanubian
Range (max. 10 ppm); these enrichments may be valued as potential by-products in case of
future utilisation of either of these mineral resources.
Mineral-related waste materials
Localities

ppm

Pécs fly ash

13

Oroszlány fly ash

6

Visonta fly ash

4

Tiszaújváros fly ash

4

Úrkút Mn-clay

3

Fehérvárcsurgó glass-sand waste

0

Table 3-4. Beryllium content of different waste samples

The high Be content of the Pécs fly ash samples (Table 3-4) reflects well the equally high Be
content of the Mecsek coals. It may be developed as economically extractable element, if
other critical elements can be added to this anomalous enrichment.
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Cobalt
Ferenc Kristály
Previous data in primary mineralisations
Kőszeg
The most important cobalt anomaly was known from the Felsőcsatár metamorphosed basic, ultrabasic igneous rocks, such as cobaltite, gersdorffite, and carrolite (Böjtösné Varrók
1965), with an average grade of 130 ppm Co (Horváth 1976).
Bakony
Significant enrichment of cobalt was reported from the carbonate manganese ores from
Úrkút (Polgári et al. 2000) with up to 1000 ppm values.
Villány
North of the Villany Mts in the Diósviszló-3 drillhole 0.4 % Co was assayed, linked to pyrite
and marcasite in Carboniferous, Permian and Lower triassic rocks, with safflorite and cobaltite (Konrád et al. 2000).
Velence
Nagy (1980) mentioned 300 ppm Co content in the pyrites of the Nadap-11 drillhole, while
Félegyházi (1968) reported 100 ppm Co from the Szűzvár mine sphalerites in the Velence
Mts.
Recsk
Csillag (1973) pointed out the elevated Co content of the early pyrite generation in the skarn
ores, with a maximum of 180 ppm in the amphibole bearing exo-skarns of the Recsk ore
complex.
Rudabánya
In the serpentinite at Perkupa 300-800 ppm Co content was assayed (Nemecz 1956).
Recent research results – Primary mineralisations
Cobalt was routinely assayed in the geological samples.
In the first place Úrkút manganese ores and black shales should be mentioned, with high
average and maximum cobalt content (see the case-study in Chapter 4).
High average cobalt content (79 ppm) was recorded in the Szarvaskő and Darnó gabbros,
where cobaltite mineral has been identified in gabbros, in the Rm-135 drillhole.
Cobalt bearing pyrite (max. 477 ppm) was assayed and identified by microprobe in the Recsk
skarn ore samples. The highest single cobalt (5398 ppm, Sample No 776) concentration was
obtained in Répáshuta, the SE part of the Bükk Mts. The mineralization has been developed
in the breccia matrix in a karst paleodolina (Németh et al. 2014).
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Co (ppm)

Place

Type

Metavolcanic rocks
Dacite, dacite breccia
Andesite
Basalt
Gabbro
Ultabasic rocks, serpentinite
Alkali basalt
Alkali ultrabasite dikes
Phonolite
Bauxite
Clay, sandstone
Clay terrestrial
Coal
Coal, alkali basalt contact
Sandstone basalt contact
Clay, bauxite cover
Clay, sandstone, siltstone
Claystone
Claystone
Shale
Marl
Limestone
Limestone
Marl
Shale
Phosphorite
Schist
Schist
Pelosiderite
Cu-enargite ore
Zn-metasomatic ore
Cu-ore
Fluorite
Zn- skarn ore
Ba, As hydrothermal
Mn-oxide ore

Bükkszentkereszt
Nagybörzsöny
Recsk
Szarvaskő, Sirok
Szarvaskő, Sirok
Aggtelek
Pécs-Vasas
Sukoró
Hosszúhetény
Hungary
Irota
Rudabanya
Mecsek
Mecsek
Mecsek
Nyírád
Mecsek
Kiseged
Rudabánya
Úrkút
Úrkút
Csővár
Úrkút
Úrkút
Bükk
Bükkszentkereszt
Irota
Rudabánya
Pécs-Vasas
Recsk
Recsk
Recsk
Szűzvár
Recsk
Velence
Litke

Age

T
M
O
T,J
T,J
T
Cr
Cr
Cr
Cr,E
Pl
Pl
J
J,Cr
J,Cr
Cr
J
O
O
J
J
T
J
J
T
T
D
D
J
O
O
O
T
O
C,T,O
M

Samples

31
8
10
5
7
13
6
11
8
13
3
3
12
7
2
2
7
3
7
30
2
30
4
3
5
3
20
5
2
2
6
5
9
20
6
3

Table 3-5. Cobalt content of the geological samples
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Average

4
25
29
60
78
53
33
15
3
31
6
16
9
9
6
11
14
17
11
118
3
1
34
67
8
23
10
32
4
6
28
266
2
5
7
11

Maximum

25
53
56
84
210
201
60
53
8
48
12
28
18
24
10
19
35
25
12
369
3
2
75
186
26
49
36
68
6
12
51
477
8
14
16
20
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The main component Mn-oxides hold also other trace element enrichments (like Cu, Zn, and
Ni). This concentration is over the ore-grade limit. These lithologies we strongly recommend
to sample systematically in a follow-up campaign, due to the high economic value of cobalt
mineraliations.

Figure 3-1. Cobaltite in gabbro (Sample 747) Rm-135, 543.6 m

Mineral-related waste materials
Localities

ppm

Pécs, fly ash,

195

Oroszlány, fly ash

34

Visonta fly ash

15

Tiszaújváros fly ash

79

Úrkút Mn-clay

211

Fehérvárcsurgó glass-sand waste

5

Table 3-6. Cobalt content of different waste samples

The high cobalt content of the Pécs fly ash samples represents an economic potential if
other extractable elements can be added to this anomalous enrichment. Similarly, anomalous cobalt anomalies are found in the Mn-clay waste in Úrkút.
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Fluorite
Ferenc Mádai
Previous data in primary mineralisations
Balatonfelvidék
In Pécsely, in Middle Triassic phosphorites, where sedimentary F-apatite is the main component, epigenetic fluorite veins and disseminations are known (Koch 1966).
Velence
The known larger fluorite occurrences in Hungary are all concentrated in the Velencei Mts,
Pátka and Szűzvár. The geology and the mining history of these small operations have been
summarised by Molnar 2014) and in the fluorite case study presented in Chapter 4.
Mátra
At Gyöngyösoroszi, in quartz veins near the Károly-vein, and at Névtelen bérc fluorite is a
common component.
Several other fluorite occurrences are exclusively of mineralogical interest.
Recent results – Primary mineralisations
Fluor assays were performed only from the Velence fluorite vein samples (Chapter 4). No
other results specific to fluorite have been obtained. Eight fluorite vein grab samples were
assayed for fluor content by XRF.

Figure 3-2. Fluorite-quartz vein sample (Sample 250), Pátka Szűzvár, Velence Mts.
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Their grade varied between <0.1 % and 27 % F, i.e. up to 56 % fluorite mineral content. A
sulphide bearing fluorite vein sample (Sample 251) contained the highest In and Ga values
of our survey, i.e. 22 and 94 ppm, respectively.

Gallium
Norbert Németh
Gallium was the only one of the critical elements of which Hungary has been a major producer, providing about 10 % of the world’s production, as by-product of alumina production.
Ga (ppm)

Place

Type

Metavolcanic rocks
Dacite, dacite breccia
Basalt
Gabbro
Ultabasic rocks, serpentinite
Alkali basalt
Alkali ultrabasite dikes
Phonolite
Bauxite
Clay terrestrial
Coal
Coal, alkali basalt contact
Clay, bauxite cover
Claystone
Shale
Marl
Limestone
Marl
Shale
Phosphorite
Schist
Schist
Pelosiderite
Mn-oxide ore
Mn-carbonate ore
Zn-metasomatic ore
Fluorite
Zn- skarn ore

Bükkszentkereszt
Nagybörzsöny
Szarvaskő, Sirok
Szarvaskő, Sirok
Aggtelek
Pécs-Vasas
Sukoró
Hosszúhetény
Hungary
Rudabanya
Mecsek
Mecsek
Nyírád
Kiseged
Úrkút
Úrkút
Csővár
Úrkút
Bükk
Bükkszentkereszt
Irota
Rudabánya
Pécs-Vasas
Úrkút
Úrkút
Recsk
Szűzvár
Recsk

Age

T
M
T,J
T,J
T
Cr
Cr
Cr
Cr,E
Pl
J
J, Cr
Cr
O
J
J
T
J
T
T
D
D
J
J
J
O
T
O

Samples

25
8
3
6
3
5
11
7
12
3
6
5
2
3
23
2
30
3
5
3
8
5
2
2
46
5
7
3

Average

12
13
17
14
7
17
13
37
44
16
17
17
12
13
19
20
0
15
14
5
14
9
12
23
14
4
23
10

Maximum

39
16
25
21
12
25
23
43
55
18
31
30
19
14
46
36
2
33
20
8
34
16
16
40
48
7
94
16

Table 3-7. Gallium content of the geological samples
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From an average 30-40 ppm in bauxite, in the mid-product aluminates the Ga was enriched
to 200 ppm, and extracted during the alumina production using the Bayer technology.
Németh et al. (2013) have given an outlook of known historic gallium enrichments in Hungary, the most important of which are condensed below.
Previous data of primary mineralisations
Balatonfelvidék
Földváriné Vogl (1970) reported high, cca 100 ppm Ga values in Palaeozoic sericite-chlorite
schists and sericitic shales.
Velence
The recorded maximums were in the order of 200-300 ppm in the hydrothermally altered
metamorphic schists along the contacts with granite (Böjtösné Varrók 1966).
Mecsek
According to Csalagovits and Vighné (1969) high values were obtained from the Mecsek Lower Jurassic coal sequence (average 80 ppm of 1,237 samples, with the maximum exceeding
1000 ppm). Further enrichments were detected in the coal ashes (137 ppm average Ga).
Dunántúl coal basins
The Ga content of the Eocene and Oligocene brown coals showed 76-133 ppm averages
(Földváriné Vogl 1970).
Mátra, Recsk
High concentrations (0,1-1% Ga) were measured in the sphalerite minerals from different
base metal ores: Pátka, Nagybörzsöny, Parádfürdő (Földváriné Vogl 1970).
Recent research results – Primary mineralisations
Gallium was routinely assayed in our geological samples, as shown in Table 3-7.
The highest average Ga contents were detected in the bauxites (44 ppm) and phonolites (37
ppm), while the maximum value of 94 ppm was observed in a fluorite vein (Sample 250).
Mineral-related waste materials
Localities

ppm

Pécs fly ash

30

Oroszlány fly ash

22

Visonta fly ash

18

Tiszaújváros fly ash

16

Mn-slime, Úrkút

26

Table 3-8. Gallium content of different waste samples
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Germanium
Réka Horváth
Germanium is one of the elements which was extensively researched in the 1950s, with
technological developments which led to pilot-plant tests (Gagyi-Pálffy 1962).
Previous data in primary mineralisations
Dunántúl coal basins
In the Eocene brown coals at Tatabánya basin Lefler (1981) reported max. 60 ppm Ge from 2
bauxite and 4 coal samples at the footwall boundary of the lowest coal seam.
Ta (ppm)

Place

Type

Age

Samples

Average

Maximum

Metavolcanic rocks

Bükkszentkereszt

T

25

1

2

Dacite, dacite breccia

Nagybörzsöny

M

8

1

1

Ultabasic rocks, serpentinite

Aggtelek

T

2

0

0

Alkali basalt

Pécs-Vasas

Cr

6

3

5

Alkali ultrabasite dikes

Sukoró

Cr

10

2

7

Phonolite

Hosszúhetény

Cr

7

12

13

Bauxite

Hungary

Cr,E

12

2

4

Clay terrestrial

Rudabanya

Pl

3

1

1

Coal

Mecsek

J

12

6

12

Coal, alkali basalt contact

Mecsek

J, Cr

7

4

11

Sandstone basalt contact

Mecsek

J,Cr

2

5

9

Clay, bauxite cover

Nyírád

Cr

2

1

1

Clay, sandstone, siltstone

Mecsek

J

6

10

14

Claystone

Kiseged

O

3

1

1

Shale

Úrkút

J

16

1

1

Marl

Úrkút

J

2

7

13

Marl

Úrkút

J

3

1

1

Shale

Bükk

T

5

2

3

Phosphorite

Bükkszentkereszt

T

3

1

1

Schist

Irota

D

16

1

5

Schist

Rudabánya

D

5

1

2

Pelosiderite

Pécs-Vasas

J

2

2

4

Mn-oxide ore

Úrkút

J

2

0

0

Mn-carbonate ore

Úrkút

J

24

1

2

Fluorite

Szűzvár

T

7

1

2

Zn- skarn ore

Recsk

O

12

0

1

Table 3-9. Germanium content of the geological samples
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Velence
Separated sphalerites from fluorite-base-metal veins contained 150-280 ppm Ge, according
Böjtösné Varrók (1967)
Mecsek
Coal ashes showed 11 – 53 ppm Ge in the southern Pécs zone, 72-82 ppm in the northern
Komló–Nagymányok belt (Csalagovits and Víghné 1969). Gagyi Pálffy (1962) estimated a
possible 9973 t Ge resource in the Mecsek coals.
Recsk
Csillag (1974) published data about the Ge content of separated fahlores (130-500 ppm Ge)
Borsod –Nógrád coal basins
Detailed systematic sampling (Száva et al. 1963) revealed cca 5 ppm average with 301 ppm
maximum value (Sajókaza Drillhole 182). Also, pilot plant extraction and production of germanium from coal gasification plants were described in Gagyi Pálffy (1962).
Recent research results – Primary mineralisations
New assays in our sampled formations have yet failed to verify the expectations raised on
the basis of archive data. Methodological research is still being carried out to find suitable
sample preparation and assaying procedure. A probable explanation is the assumed presence of highly volatile organic Ge compounds in the coals, which might react adversely
to the digestion and induction used in the spectral methods (ICP-OES, or ICP_MS). Our research continues in this direction.
Germanium was routinely assayed in our geological samples, as shown in Table 3-9.
The highest assayed Ge values are found in fluorite Pb-Zn ore veins (Sample 251) 4.5 ppm.
High Ge content (6 %) was measured by microprobe assolid solution in one enargite sample
from Recsk.
Mineral-related waste materials
Localities

ppm

Pécs fly ash

2

Oroszlány fly ash

1

Visonta fly ash

1

Tiszaújváros

1

Mn-slime, Úrkút

1

Table 3-10. Germanium content of different waste samples
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Graphite
Attila Horváth
Previous data in primary mineralisations
Sopron
Graphite schists were intersected at Fertőrákos in drillholes Fr-1002 and Fr-1004 in considerable thickness. The schists also contain base metal sulphide mineralisation (Kósa 1976).
Uppony
In the southern part the schists of Tapolcsányi Formation have disperse graphite-d2, anthracite and meta-bituminite (Fülöp 1994).
Szendrő
In the Rakaca Unit of the Szendrő Mts, the rocks of the Middle Carboniferous Szendrő Phyllite Formation, Irota Formation have disperse graphite. In surface outcrops 0,23–2,56%
(average 1%, in 45 samples) graphite contents were detected by Hernesz et al. (1990). The
Felsővadász Fv-1 drillhole intersected similar graphitic schists between 199.3–600 m.
Madarasi et al. (2006) published the MT map of this area, presenting a considerable MT
conductivity anomaly underlying this area, which may be attributed to increased graphite
content. For further details see the Cserehát case study in Chapter 4.
Rudabánya
Graphitic schists were drilled south from Rudabánya in several coal exploration drillholes,
including Felsőnyárád Fny 297, 298, and Kurityán K-630 drillholes (Fülöp 1994).

Figure 3-3. Felsővadász-1 drillhole, 220,7 m graphitic shale macrophoto
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Recent research results – Primary mineralisations
No special assays for graphite or organic matter have been performed in our sampling
campaign.
Szendrőlád-6 drillhole bituminous shale samples proved to contain disseminated nano-crystalline graphite by XRD and by microprobe analysis. In the same samples optical microscopy
has verified the presence of graphite in one case, and indicated the metha-anthracite stage
for the organic matter in the remaining samples (Hámor-Vidó 2014). On the basis of archive
information about graphite, the Szendrő area was selected for detailed sampling. Works
have been done in cooperation with Rotaqua, the owner of the exploration permit in Irota.
(See the case study in Chapter 4 of this volume).

Indium
Réka Horváth
Previous data in primary mineralisations
Börzsöny
Maximum values of 16-250 ppm In were published by Nagy (1970) from the separated
sphalerites of the Nagybörzsöny mineralisation.
Recsk, Mátra
Galena from Paleogene and Neogene base metal ores contained 330 ppm In, while sphalerites contained 3-80 ppm In, according to Sámsoni (1966).
In the Recsk separated sphalerites an average 62 ppm and max. 250 ppm In content were
published in Csillag (1974).
Recent research results – Primary mineralisations
Due to the general procedure of using indium compound as an internal standard in ICP-OES
and ICP-MS assay at the MFGI laboratory, indium was assayed only on special request from
a second digestion in selected samples where geology or mineralogy indicated its possible
presence.
Native indium, a rare mineral, has been discovered in the granite pegmatite at Tompos-hegy,
Velence, by microprobe, as aggregates of 30 micrometers.
The highest content In value (over 22 ppm) was observed in a fluorite vein sample (Sample
251) from Velence.
Mineral-related waste materials
There are no assay data for fly ash or red mud, and the indium content of the Mn clay samples are all below the detection limit.
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In (ppm)

Place

Type

Dacite, dacite breccia
Alkali basalt
Phonolite
Bauxite
Coal
Coal, alkali basalt contact
Sandstone basalt contact
Clay, bauxite cover
Clay, sandstone, siltstone
Shale
Marl
Marl
Shale
Schist
Pelosiderite
Mn-carbonate ore
Fluorite
Zn- skarn ore

Nagybörzsöny
Pécs-Vasas
Hosszúhetény
Hungary
Mecsek
Mecsek
Mecsek
Nyírád
Mecsek
Úrkút
Úrkút
Úrkút
Bükk
Irota
Pécs-Vasas
Úrkút
Szűzvár
Recsk

Age

M
Cr
Cr
Cr,E
J
J,Cr
J,Cr
Cr
J
J
J
J
T
D
J
J
T
O

Samples

8
6
7
11
11
3
2
2
6
13
2
3
4
8
2
18
7
9

Average

2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
0

Maximum

5
0
2
0
0
0
0
0
0
0
0
0
0
0
0
3
22
0

Table 3-11. Indium content of the geological samples

Figure 3-4. Native indium in granite, Sample 271,
Tompos Hill, Velence Mts
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Magnesium
Attila Horváth
A large amount of information is available about magnesium as a chemical component of
rocks. Only a few minerals can be considered as potential commercial sources of magnesium. Our compilation is focussed on these resources. In our geological settings magnesite is
the sole potential Mg source mineral. Dolomites were not considered as a feasible alternative to produce Mg end products in the recent economic environment.
Previous data in primary mineralisations
Kőszeg
At Felsőcsatár in Mezozoic serpentinites a high concentration of talc and the presence of
less important magnesite enrichments are known (Vendel and Kisházi 1967).
Mecsek, Villány
In the Western Mecsek between Hetvehely and Pécs magnesite and dolomite has developed in theevaporite sequence of the Hetvehely Dolomite Formation, with MgO grades
between 3 and 24 % (Forgó et al. 1966; Nagy 1968). Similar lithology was intersected in the
Villány Mts at Turony-1 drillhole (Forgó et al. 1966).
Bükk
In the northern flanks at Nagyvisnyó Permian evaporites are known (Pelikán 1984), with
identified magnesite in the boreholes Nagyvisnyó-18, Nagyvisnyó-20 and Nagyvisnyó-21.
Rudabánya
At Alsótelekes anhydrite and gypsum mine (and in the northern continuation towards
Jósvafő, Szín, Tornakápolna) Permian–Lower Triassic evaporites outcrop at the surface, in
an evaporite dome penetrating through the younger Pliocene sediments. The sequence
contains thin layers of magnesite intercalations. Similar evaporites in allochtonous position
were known and mined in Perkupa.
Subsurface brines
Several Mg-enriched brines are known in Hungary, for instance in Budapest, Szeged and Várpalota. The highest Mg concentrations (dissolved Mg and Na-sulphate, chloride) were in the
Nagyigmánd brines (2.00-5.5 g/l Mg++ concentration – see Figure 3-5). These brines were
known and used for medicinal purposes since 1867 until the mid-1980s (Dobos 1982).
Recent research results – Primary mineralisations
As main component of rocks, magnesium was routinely assayed in most of the samples
where whole rock analysis was requested. However, they are not listed here, since most of
these values are not economic sources of magnesium.
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Figure 3-5. The label of the Igmánd medicinal water bottle from 1978 (Dobos 1982)

Exceptions are the several serpentinites which were tested primarily for PGE anomaly. The
Tornakápolna-3 drillhole intersected serpentinised ultrabasic rocks, with extremely high Mg
content (max. 43.10 % MgO), close to the ideal composition of the pure lizardite. The serpentinite also contains 960-2094 ppm Ni, at least partially in Ni-sulphide form (N Zajzon, oral
comm), and traces of Pt, Pd.
One of the unrecognised domestic resources for magnesium compunds could be Mg-rich
brines. The highest Mg concentrations come from Nagyigmánd and Kocs, where Dobos
(1982) suggested that its origin is linked to weathering of dolomite and pyrite clasts, turning into dissolved Mg sulphates. Its medicinal use was later stopped due to near-surface nitrate contamination of the aquifer. With over 0.5 % dissolved Mg ion content, the
Nagyigmand brines may well serve as a commercial source for Mg salts. The last production wells are still accessible, and have been sampled and assayed by AAS spectrometry in
the course of research for a BSc thesis (Pitty 2014). The sampling results basically repeated the known chemical character of the water, assayed 36 years ago. Further sampling
and testing of possible precipitation methods of this occurrence are recommended.
Ca2+
198

Mg2+
5 744

Na+
4 637

K+
46

Fe2+
0.38

Mn2+
0.38

Table 3-12. Average of 9 AAS assays of the brine samples taken from the Nagyigmánd
wells (Pitty 2014), in mg/l
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Niobium, Tantalum
Norbert Németh
Previous data in primary mineralisations
Dunántúl
High Nb concentrations were measured in different karst bauxites (60–140 ppm, max. 200
ppm Nb) and in the Úrkút manganese ore (max. 150 ppm) (Bertóti et al. 1978).
Nb (ppm)

Place

Type

Metavolcanic rocks
Dacite, dacite breccia
Basalt
Gabbro
Ultabasic rocks, serpentinite
Alkali basalt
Alkali ultrabasite dikes
Phonolite
Bauxite
Clay terrestrial
Coal
Coal, alkali basalt contact
Sandstone basalt contact
Clay, bauxite cover
Clay, sandstone, siltstone
Claystone
Shale
Marl
Limestone
Marl
Shale
Phosphorite
Schist
Schist
Pelosiderite
Mn-oxide ore
Mn-carbonate ore
Zn-metasomatic ore
Fluorite
Zn- skarn ore

Bükkszentkereszt
Nagybörzsöny
Szarvaskő, Sirok
Szarvaskő, Sirok
Aggtelek
Pécs-Vasas
Sukoró
Hosszúhetény
Hungary
Rudabanya
Mecsek
Mecsek
Mecsek
Nyírád
Mecsek
Kiseged
Úrkút
Úrkút
Csővár
Úrkút
Bükk
Bükkszentkereszt
Irota
Rudabánya
Pécs-Vasas
Úrkút
Úrkút
Recsk
Szűzvár
Recsk

Age

T
M
T,J
T,J
T
Cr
Cr
Cr
Cr,E
Pl
J
J, Cr
J,Cr
Cr
J
O
J
J
T
J
T
T
D
D
J
J
J
O
T
O

Samples

25
8
3
6
3
6
11
7
12
3
12
7
2
2
6
3
23
2
30
3
5
3
16
5
2
2
46
5
7
12

Table 3-13. Niobium content of the geological samples
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Average

9
6
25
5
3
44
128
169
30
11
92
71
68
10
149
10
10
91
1
4
10
3
21
11
40
3
4
1
6
1

Maximum

15
8
56
9
6
77
514
176
60
12
166
196
123
15
210
12
18
179
2
8
14
4
95
22
56
4
10
3
13
10
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Ge (ppm)

Place

Type

Age

Samples

Average

Maximum

Metavolcanic rocks

Bükkszentkereszt

T

25

0

1

Dacite, dacite breccia

Nagybörzsöny

M

8

1

1

Basalt

Szarvaskő, Sirok

T,J

3

1

1

Gabbro

Szarvaskő, Sirok

T,J

6

0

1

Ultabasic rocks, serpentinite

Aggtelek

T

3

0

1

Alkali basalt

Pécs-Vasas

Cr

6

1

1

Alkali ultrabasite dikes

Sukoró

Cr

11

1

3

Phonolite

Hosszúhetény

Cr

7

1

1

Bauxite

Hungary

Cr,E

12

1

1

Clay terrestrial

Rudabanya

Pl

3

1

1

Coal

Mecsek

J

12

0

2

Coal, alkali basalt contact

Mecsek

J,Cr

7

1

2

Sandstone basalt contact

Mecsek

J,Cr

2

1

1

Clay, bauxite cover

Nyírád

Cr

2

0

1

Clay, sandstone, siltstone

Mecsek

J

6

0

0

Claystone

Kiseged

O

3

0

0

Shale

Úrkút

J

23

1

1

Marl

Úrkút

J

2

0

1

Limestone

Csővár

T

30

0

0

Marl

Úrkút

J

3

0

1

Shale

Bükk

T

5

0

1

Phosphorite

Bükkszentkereszt

T

3

0

0

Schist

Irota

D

16

0

1

Schist

Rudabánya

D

5

1

1

Pelosiderite

Pécs-Vasas

J

2

1

1

Mn-oxide ore

Úrkút

J

2

0

0

Mn-carbonate ore

Úrkút

J

46

0

1

Zn-metasomatic ore

Recsk

O

5

1

2

Fluorite

Szűzvár

T

7

1

4

Zn- skarn ore

Recsk

O

12

0

1

Table 3-14. Tantalum content of the geological samples

Mecsek
Niobium bearing minerals like nacareniobsite were identified in phonolite (Nagy 2003,
Ditrói-Puskás et al. 2000).
Velence
Böjtösné Varrók (1966) reported 130 ppm Nb in pyritic quartz-muscovite schist from the
Velencei-Mts Retezi adit.
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Budai Mts
In Nagykovácsi the Bkt-1 (Budakeszi) drillhole intersected carbonatite dikes with up to 0.1%
Nb content (Horváth 1985).
Bükk
Böjtösné Varrók (1974) found Nb enrichment in the Permian sandstones (Szentléleki Formation, 23 samples, maximum 160 ppm Nb) and Carboniferous limestone (with a maximum of
1000 ppm Nb).
Recent research results – Primary mineralisations
Nb and Ta were routinely assayed in the geological samples.
The most significant enrichment of Nb and Ta has been detected in the alkali carbonatite
rocks (beforsite) at Sukoro. Nb-rich rutile probably holds the Nb-Ta values in the sampled
beforsites.
The largest economic potential for Nb-Ta recovery may be assigned to the hard coals at
Mecsek, from which Nb and Ta anomalies were measured near the contact aureole with
alkali basalts.
The studied phonolites have elevated average grades, but do not contain further enrichments. These rocks have shown the largest diversity of Nb-Ta bearing minerals, including
Nb-joaquinite, F-Na-pyrochlore (Szakáll et al. 2014).
Several Nb-Ta minerals, such as columbite, tantalite/tapiolite and Nb-enriched rutile, and
Y-Nb-oxides were detected in the Bükkszentkereszt meta-rhyolites (Figure 3-6).

Figure 3-6. Columbite exsolution lamellae (bright) in rutile, Bükkszentkereszt
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Mineral-related waste materials
Nb ppm

Ta ppm

Fly ash, Pécs

Localities

146

10

Fly ash, Vértes

14

1

Fly ash, Visonta

10

1

Fly ash, Tiszaújváros

22

2

Red mud, Ajka

100

Mn-slime, Úrkút

12

1

Glass sand waste, Fehérvárcsurgó

1

0

Table 3-15. Nb-Ta content of different waste samples

The high concentration of niobium and tantalum makes Pécs fly ash a potential source of
these elements. The similarly high niobium content of the red mud is also noteworthy.

Platinum group elements (PGE)
Eva Hartai
Traditionally the PGE are rare aliens in the geological units in Hungary. Nevertheless, new
geological models allow assigning a moderate potential to these elements in a number
of metallogenical units. Hartai et al. (2013) have summarised the previous knowledge as
follows:
Previous data in primary mineralisations
Recsk
Platinum by-product has been reported in the smelter from the Lahóca HS-epithermal
enargite copper ores, which was verified in assays (0.1-0.6 ppm Pt) by Nagy & Zentai (1968).
Bertalan et al. (2004) found only low Pt values (0.69–1.38 ppb) and anomalies of Ru (max.
39 ppb). Molnár (2010) published 0.05–0.1 ppm Pd enrichment, anomalous Pt values (0.07–
0.41 ppm), and rarely Ru (max. 0.2 ppm).
Darnó
Molnár (2010) and Kiss (2012) detected low values of Pt and Pd in the Mezozoic basalts, and
occasional enrichment of Pd (70 ppb) and Pt (60 ppb) in a Szarvaskő sample.
Recent research results – Primary mineralisations
The largest Pt content (0.011 ppm) was found in Sample 168 (bauxite from Bakonyoszlop).
Permanent low, but detectable Pt and Pd contents were measured in the other bauxite
samples. 0.008 ppm Pt was detected in Sample 391 (Tornakápolna-3, 276.7m) and Sample
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395 (Tornakápolna-3, 411.5m). The highest Pd contents were detected in Sample 893, vein
quartz in sandstone, Irota (0.016 ppm) and Sample 508, vein quartz in sandstone, Irota,
(0.015 ppm).
In the Szarvaskő-Darnó mafic-ultramafic intrusives and volcanics the main ore mineral are
ilmenite and magnetite. The sulphides compose about 10 % of the ore minerals and are
mostly pyrite; chalcopyrite and sphalerite and pyrrhotite are subordinate. Pentlandite inclusions with Co content were identified in ilmenite. Melonite with Pd content was identified
as an inclusion in pyrrhotite in a sample from the Tóbérc quarry, Szarvaskő.
Pt (ppm)

Place

Type

Andesite
Basalt
Gabbro
Ultabasic rocks, serpentinite
Bauxite
Schist
Mo-ore
Cu-ore
Zn- skarn ore

Recsk
Szarvaskő, Sirok
Szarvaskő, Sirok
Aggtelek
Hungary
Irota
Recsk
Recsk
Recsk

Age

O
T,J
T,J
T
Cr,E
D
O
O
O

Samples

Average

26
5
9
10
12
18
3
5
9

0
0
0
0.003
0.005
0.001
0
0
0

Maximum

0.001
0.001
0.001
0.008
0.011
0.006
0
0
0

Table 3-16. Platinum content of the geological samples

Pd (ppm)

Place

Type

Age

Samples

Andesite

Recsk

O

26

Basalt

Szarvaskő, Sirok

T,J

Gabbro

Szarvaskő, Sirok

T,J

Ultabasic rocks, serpentinite

Aggtelek

Bauxite

Hungary

Schist

Irota

Mo-ore

Recsk

Cu-ore

Recsk

Zn- skarn ore

Recsk

Average
0.001

0.003

5

0

0.001

9

0.001

0.003

T

10

0.004

0.005

Cr,E

12

0.002

0.026

D

18

0.003

0.016

O

3

0.002

0.003

O

5

0.001

0.003

O

9

0

0

Table 3-17. Palladium content of the geological samples
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Rare Earth Elements (REE)
Sándor Szakáll
REE enrichments are known in igneous, sedimentary and metamorphic formations. Török
(2012) prepared a detailed report about the REE potential of Hungary. Fekete et al. (2013)
have also given a summary of the Hungarian REE occurrences including further occurrences
and mineralisations.
Previous data in primary mineralisations
Igneous formations
Velence
Carboniferous Variscan granites, aplites and pegmatites commonly contain accessorial REE
minerals, allanite, bastnäsite, xenotime, monazite, cheralite (Pantó et al. 1988). Zircon, apatite and thorianite, as accessories, also hold high REE content.
The Sukoró carbonatite dikes (beforsite) in granite are characterised by high REE values
(average 436, maximum 714 ppm total-REE, according to Horváth et al. 1983).
Mecsek
The Paleozoic Eastern-Mecsek granitoids hold a significant amount of accessory minerals,
among others allanite, bastnäsite, monazite and cheralite, as well as biotite, thorianite, zircon and apatite with considerable Y and REE content.
The Lower Cretaceous alkali basalt volcanics and phonolite or tephrite dikes show high REE
values and mineral assemblage, with monazite, cheralite, loparite and bastnäsite, with associated high zircon content (Fekete et al. 2013).
Villány
High, 1300-2000 ppm total-REE contents were recorded in the hydrothermal veins and veinlets in Paleozoic host rocks, intersected only by drillholes (Konrád et al. 2000).
Budai Mts
At Budakeszi and Nagykovácsi Th and U anomalies indicated Sc, Y, La enrichment, in biotiterich alkali igneous dikes, with a total REE content of 980 ppm (Wéber 1962, 1973).
Recsk
The Paleogene intrusives and volcanic rocks are poor in REE content in general, However,
REE, Sc mineralisation and moderate geochemical enrichment was detected in the alteration zone of the Recsk Ore Complex, dominantly in the skarn zone, with allanite, bastnäsite
and monazite.
Bükk
At Bükkszentkereszt the Middle-Upper Triassic metamorphosed, silicified rhyolite tuffs contain brecciated manganese and phosphate enriched blocks, with apatite as the main mineral
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component, identified xenotime and monazite accessories, with high assayed REE content
(100-1000 ppm, according to Weber 1973).
Metamorphic formations
Sopron
At Fertőrákos in mica schists, graphitic schists and gneisses, pegmatoids monazite, florencite-(Ce), fluor-apatite, rhabdophane and xenotime occur, as syn-metamorphic early-stage
mineralisation of a hydrothermal ore assemblage. In the Sopron Mts, Füzes Ditch muscovite-kyanite-quartzite lenses hold 8,200-8,600 ppm total REE, with up to 10 % total REE
measured locally in boulders (Fekete et al. 2013).
Sedimentary formations
Mecsek
Eastern-Mecsek hard coals
In the coal ashes of the coals from Zobák shaft (Kádas 1974). Szakáll et al. (2003) have identified synchisite-(Ce).
Bakony
Ajka-brown coal
The total REE content of the Upper Cretaceous brown coals was estimated at 330–365 ppm.
In the fly ash residue of the thermal power plant 215 ppm Sc and 920 ppm total REE was
measured (Konrád et al. 2000).
Úrkút and Eplény carbonate manganese ores
In the carbonate and oxide Mn ores significant REE enrichment has long been known (Pálfy
& Kovács 1970), in amounts of 400–645 ppm total REE in the carbonate ores and 500–1,600
ppm total REE in the oxide ores. The dominant REE mineral is bastnäsite. The clay minerals
in the oxide ores probably contain the rare earth elements in ion-absorbed form. At Eplény
the Mn ores have phosphorite intercalations with significantly higher P and REE content
than the Mn ores at Úrkút, with 502 ppm average total REE concentration. Further information is in Chapter 6.
Bauxites
Pantó (1980) estimated that the Hungarian karst-bauxites contain cca 800 ppm total REE
content, indicating a 10x enrichment factor compared to the crustal average. The ALUTERVFKI’s special report about a 120-drillhole bulk-sample REE survey lists more than 10 drillhole intersections above 5,000 ppm total rare-earth, and two intersections over 10,000 ppm
(Zámbó et al. 1981). The commonest REE minerals are monazite, xenotime and bästnasite.
Balaton-felvidék
In the Balatonrendes Upper Pannonian sandstone and clayey sand high anomalies (170–560
ppm U) are linked with low 8–350 ppm total REE enrichment (Konrád et al. 2000).
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Budai Mts
In the Nagykopasz a fault gauge in Triassic limestone and dolomite contains significant Th
(max. 2.59 %) with 4,800 ppm total REE content (Wéber 1962, 1973).
Recent research results – Primary mineralisations
REE elements were the main focus of our research in both the primary and the secondary
raw material research programs. The most important results are summarised in a monograph edited by Szakáll (2014).
Light REE

Place

Type

Age

Samples

Average

Maximum

Metavolcanic rocks

Bükkszentkereszt

T

25

86

248

Dacite, dacite breccia

Nagybörzsöny

M

8

69

128

Basalt

Szarvaskő, Sirok

T,J

3

150

278

Gabbro

Szarvaskő, Sirok

T,J

6

86

99

Ultabasic rocks, serpentinite

Aggtelek

T

3

93

217

Alkali basalt

Pécs-Vasas

Cr

6

178

242

Alkali ultrabasite dikes

Sukoró

Cr

11

294

702

Phonolite

Hosszúhetény

Cr

7

474

531

Bauxite

Hungary

Cr

12

580

780

Clay terrestrial

Rudabanya

Pl

3

153

193

Coal

Mecsek

J

12

460

592

Coal, alkali basalt contact

Mecsek

J, Cr

7

410

673

Sandstone basalt contact

Mecsek

J,Cr

2

312

489

Clay, bauxite cover

Nyírád

Cr

2

145

245

Clay, sandstone, siltstone

Mecsek

J

6

460

644

Claystone

Kiseged

O

3

112

131

Shale

Úrkút

J

23

284

490

Marl

Úrkút

J

2

269

474

Limestone

Csővár

T

30

20

50

Marl

Úrkút

J

3

127

251

Shale

Bükk

T

5

54

107

Phosphorite

Bükkszentkereszt

T

3

77

85

Schist

Irota

D

16

95

526

Schist

Rudabánya

D

5

152

241

Pelosiderite

Pécs-Vasas

J

2

229

322

Mn-oxide ore

Úrkút

J

2

478

664

Mn-carbonate ore

Úrkút

J

46

243

368

Zn-metasomatic ore

Recsk

O

5

44

82

Fluorite

Szűzvár

T

7

109

202

Zn- skarn ore

Recsk

O

12

16

107

Table 3-18. LREE content of the geological samples
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Heavy REE

Place

Type
Metavolcanic rocks

Bükkszentkereszt

Dacite, dacite breccia
Basalt

Age

Samples

Average

Maximum

T

25

30

81

Nagybörzsöny

M

8

84

205

Szarvaskő, Sirok

T,J

3

45

57

Gabbro

Szarvaskő, Sirok

T,J

6

55

73

Ultabasic rocks, serpentinite

Aggtelek

T

3

55

143

Alkali basalt

Pécs-Vasas

Cr

6

32

42

Alkali ultrabasite dikes

Sukoró

Cr

11

74

222

Phonolite

Hosszúhetény

Cr

7

64

67

Bauxite

Hungary

Cr

12

113

250

Clay terrestrial

Rudabanya

Pl

3

48

66

Coal

Mecsek

J

12

80

114

Coal, alkali basalt contact

Mecsek

J, Cr

7

90

149

Sandstone basalt contact

Mecsek

J,Cr

2

43

65

Clay, bauxite cover

Nyírád

Cr

2

34

51

Clay, sandstone, siltstone

Mecsek

J

6

77

109

Claystone

Kiseged

O

3

24

26

Shale

Úrkút

J

23

54

107

Marl

Úrkút

J

2

41

69

Limestone

Csővár

T

30

8

31

Marl

Úrkút

J

3

32

65

Shale

Bükk

T

5

84

182

Phosphorite

Bükkszentkereszt

T

3

222

239

Schist

Irota

D

16

27

161

Schist

Rudabánya

D

5

32

46

Pelosiderite

Pécs-Vasas

J

2

69

73

Mn-oxide ore

Úrkút

J

2

391

651

Mn-carbonate ore

Úrkút

J

46

45

68

Zn-metasomatic ore

Recsk

O

5

21

34

Fluorite

Szűzvár

T

7

67

99

Zn- skarn ore

Recsk

O

12

3

19

Table 3-19. HREE content of the geological samples

A short summary of these findings and a wider outlook of REE distribution in all of our assayed samples and materials is given here. In our summary tables we used light-LREE and
heavy-HREE values. LREE are La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, while HREE are Tb, Dy, Ho, Er,
Tm, Yb, Lu plus yttrium. The scandium is not reported here although in some classifications
it is mentioned as a rare earth element.
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A detailed mineralogical evaluation has been published by Szakáll (2014).
In total REE +Sc content, the Úrkút waad samples are the most enriched lihological types
among all the samples taken. From LREE the bauxites and from HREE the Úrkút waad samples are ranked first. The Bükk phosphorites are the richest in yttrium, while the bauxites
have the highest Sc values.
The Mecsek phonolites are rich in LREE, while definitely poor in HREE. The Nagybörzsöny
dacite breccias are low in total REE and LREE, but high in HREE content.
Velence granite, which has been considered a traditional host of REE elements, has shown
low values for both LREE and HREE, which is a quite unexpected result.
The Mecsek hard coals and the Bakony bauxites are intensely enriched in both HREE and
LREE. Similarly important potential REE sources are the different lithological units of the
Úrkút manganese deposit. These units can be considered as potential sources of REE as
by-products.
In the next chapters the case studies will present the results of the sampling of
Mecsek Coal Formation, the Bükkszentkereszt meta-rhyolites and phosphorites, the Bakony
bauxites, and the Úrkút carbonate and oxide manganese ore deposits.

Figure 3-7. Phonolite, Sample 138, Hossszúhetény, Mecsek
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Mineral-related waste materials
Localities

LREE

HREE

Pécs fly ash

864

97

Vértes fly ash

360

145

Visonta fly ash

146

116

Tiszaújváros fly ash

322

47

Ajka red mud

826

204

Úrkút Mn-clay

435

96

Fehérvárcsurgó glass sand waste

576

34

Table 3-20. LREE and HREE content of different waste samples

The Pécs fly ash samples are anomalous for LREE; all the other fly ash samples have much
lower concentrations. The Ajka red mud samples are similarly anomalous for both LREE and
HREE.

Tungsten
Viktor Mádai
Previous data in primary mineralisations

Figure 3-8. Nagybörzsöny, Felső- Rózsa adit, Dacite breccia with W enrichment
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Velence
In the contact zone of granite pegmatites developed and contain rare veinlets of quartzwolframite-scheelite in the contact shales in 250 – 400 ppm W amounts (Böjtösné Varrók
1966).
Börzsöny
Sulphide ores in several magmatic lithologies – dacite, dacite breccia and dacite pyroclastics
– contain wolframite (Szakáll et al. 2012). Földváryné Vogl (1967) mentioned max. 2500 ppm
W values in the samples of the Nagybörzsöny adit.
W (ppm)

Place
RecentType
research results – Primary mineralisations
Age
Tungsten
was routinely
assayed in most
geological samples.
Metavolcanic
rocks
Bükkszentkereszt
T

Samples

Average

Maximum

25

4

12

Dacite, dacite breccia

Nagybörzsöny

M

8

60

186

Basalt

Szarvaskő, Sirok

T,J

3

1

1

Gabbro

Szarvaskő, Sirok

T,J

6

0

1

Ultabasic rocks, serpentinite

Aggtelek

T

3

1

2

Alkali basalt

Pécs-Vasas

Cr

6

2

4

Alkali ultrabasite dikes

Sukoró

Cr

10

15

58

Phonolite

Hosszúhetény

Cr

7

8

42

Bauxite

Hungary

Cr

11

4

5

Clay terrestrial

Rudabanya

Pl

3

2

3

Coal

Mecsek

J

11

4

10

Coal, alkali basalt contact

Mecsek

J, Cr

3

5

7

Sandstone basalt contact

Mecsek

J,Cr

2

2

3

Clay, bauxite cover

Nyírád

Cr

2

1

2

Clay, sandstone, siltstone

Mecsek

J

6

6

7

Claystone

Kiseged

O

3

2

3

Shale

Úrkút

J

16

1

7

Marl

Úrkút

J

2

1

2

Marl

Úrkút

J

3

1

2

Shale

Bükk

T

5

48

185

Phosphorite

Bükkszentkereszt

T

3

85

98

Schist

Irota

D

16

2

6

Schist

Rudabánya

D

5

15

56

Pelosiderite

Pécs-Vasas

J

2

3

4

Mn-oxide ore

Úrkút

J

2

40

72

Mn-carbonate ore

Úrkút

J

24

4

11

Zn-metasomatic ore

Recsk

O

6

12

27

Fluorite

Szűzvár

T

7

4

8

Zn- skarn ore

Recsk

O

20

1

9

Table 3-21. Tungsten content of the geological samples
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An error has been detected in the tungsten assays, which may alter the picture of the
distribution of this element. An example of this problem is the Miocene dacite breccia in
Nagybörzsöny, in which low enrichment (less than 200 ppm W) was found in the first assays,
although in control assays 0.24 % W content was found, which is near to industrial mineable
grade. Further control samples are being assayed at the moment.
The presence of wolframite was proved in Nagybörzsöny, while scheelite was detected in the
fluorite vein samples of the Velence Mts and in the skarn samples of the Recsk Deeps.
High tungsten content is characteristic in the Triassic phosphorites and meta-rhyolites of
Bükkszentkereszt, and in the Cretaceous phonolites at Hosszúhetény. A moderate enrichment is shown in the Devonian black shales sampled in Rudabánya.
Mineral-related waste materials
Localities

ppm

Ajka, red mud

6

Úrkút Mn-clay

7

Fehérvárcsurgó glass sand waste

1

Table 3-22. Tungsten content of different waste samples

No assays were made from the fly ash samples.
Programme A: Assessment of domestic resource potential of critical elements from primary
sources
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of critical elements from primary sources

Mineral-based strategic raw materials

4

Programme manager: Norbert Zajzon

Introduction
Based on the gathered archive information, a large number of projects proposals were created regarding primary mineralisations. Obviously some selection was needed. The selection was finally made on the following principles:
• known geological potential,
• access to previous exploration data,
• geographical position,
• our expertise and human resources.
On these grounds, our resources were concentrated on a far smaller number of subjects. In these projects the principal goal was to re-evaluate previous knowledge and complement it on key points to help further assessment of the mineralisation in order to aid the
decision of whether to undertake industrial-scale research or exploration.
Such projects will be presented in this chapter. Others, which advanced further to be
evaluated from a technological point of view and obtained enough information to allow
preliminary economic appraisal, are included in Chapter 6.
In these paragraphs a brief cross-section of the mineralisations is given to highlight
the unexplored opportunities which may justify further research. More detailed data and
research information can be found in the detailed reports, which provide voluminous chemical and mineralogical information. Also, partial results were published periodically from
the research advances. The list of our publications gives a reference list of these works fur
further consultation.
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New picture about a forgotten mine

Fluorite, Pátka
József Molnár, Ljudmilla Bokányi, Ferenc Mádai, Norbert Zajzon, Ferenc Kristály,
Richárd Tompa
Our study was aimed at summarising the archive data and complementing them with fresh
geochemical information from surface outcrops. The results have been collected in a thematic monography (Molnar 2014).

History
The Pátka fluorite and base metal mines were discovered in the 1948 by the mapping geologists of the MÁFI as one member of a cluster of veins, and developed as the sole source of
fluorite ore in the country from 1952.

Figure 4-1. The fluorite occurrences and mines on the geological map of the Velence Mts.
(modified after Gyalog & Horváth 2004)
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Production was made from quartz-fluorite-galena-sphalerite ores hosted by Carboniferous
granite. Three adjacent small underground mines worked intermittently (Figure 4-1).
The mine developments were not preceded by any systematic exploration. An ore
processing plant with 25 tonnes per day ore capacity was built in 1959 and the mine was
subsequently changed to base metal production until its closure in 1972.
The last resource estimates (as of 1 January 2006) showed a total fluorite + base metal
ore reserve of 180,000 tonnes with 1.23 % Pb and 4.82 % Zn content, and 5,000 tonnes of
fluorite (no grade information for fluorite) (MGSz 2006).
The underground workings served for small scale production. From the Pákozd and Pátka-Szűzvár and Pátka-Kőrakáshegy mines a total of 30,000 tonnes fluorite was mined during
their lifetime. The combined output of fluorite plus base metal ores at Pátka-Kőrakáshegy
and Pátka Szűzvár was 149,000 tonnes, with 1,303 t Pb concentrate (55% Pb content) and
9,051 t Zn concentrate (54 % Zn content). Production reached a maximum depth of 150 m
along the main vein.
A new ore prospecting programme was initiated and performed by MÁFI and ELGI from
1980, focussing on the andesite related alteration zones and geochemical anomalies of the
eastern segment of the Velence Mts. It did not reveal substantial new information about the
fluorite-quartz veins (Horváth et al. 1987).

Compilation of mining data
Data regarding the fluorite mineralisation and the mining of fluorite ores were retrieved
from the national archive and other sources, like laboratory certificate duplicates of OÉÁ,
the former operator company.

Figure 4-2. The mine drifts and the fluorite-vein block diagram, Pákozd mine
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The known veins in underground exposures were worked at a maximum of 300 m strike
length, over 150 m vertical span, dipping 70-81 degrees, in widths varying from 0.2 m to 15
m. Old mining maps have been geo-referenced and integrated into a database using Gemcom Surpac software. Further assay maps and geological drift maps are being integrated
into the system. The resulting database may be used for assessing further resource potential
or evaluating future land-use alternatives (Figure 4-2).

New results in mineralogy, geochemistry and geology
The earliest ore formation is probably related to the peripherial zones of the granite intrusion at its contact with the metamorphosed Paleozoic schists. The fluorite-bearing ore veins
were originally thought to be formed during hydrothermal activity related to the emplacement of the granite. Their direction is dominantly SW-NE in the southwestern parts (Tompos hegy), N-S in the Pákozd occurrence, and NNW-SSE in the northern parts (László-tanya,
Pátka) (Figure 4-1).

Quartz
Fluorite
Galena
Sphalerite
Pyrite
Chalcopyrite
Tetrahedrite
Manganocalcite
Calcite
Quartz
crypto-crystalline

Figure 4-3. Paragenetic sequence of fluorite-bearing hydrothermal veins, after Nagy (1980)

Molnár (2004) and later Benkó (2008) have suggested that the fluorite-bearing veins
belong neither to the Carboniferous granite nor to the Paleogene andesites, instead, they
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form an independent mineralisation. Based on radiometric measurements they defined the
age of the fluorite mineralisation as being in the Upper Triassic (227-213 Ma).
Our study could not cover the ore mineralogy in great detail due to the inaccessibility
of underground outcrops. In previous studies it was determined that the dominant primary
hydrothermal mineral assemblage is quartz, fluorite, barite, sphalerite, galena, cerussite,
chalcopyrite and tetrahedrite (Figure 4-3). The veins also have a characteristic APS assemblage as accessory components: e.g. pyromorphite, jarosite, mimetesite, brochantite and
plumbogummite, (Szakáll et al. 2014).
Being the earliest hydrothermal mineral, the fluorite is frequently intensely brecciated,
cemented by quartz and the primary ore minerals, chalcopyrite, cerussite and pyromorphite.

Figure 4-4. Fluorite – light grey (1) – and quartz – dark grey (2) – clasts cemented
by cerussite –white (3). BSE image (sample from HOM collection)

The geochemistry of the fluorite veins has been investigated recently in grab samples
taken from surface outcrops. Apart from two samples from the Pátka-Szűzvár area, the samples do not contain sulphides.
Only the vein samples were assayed by XRF for fluor content. The results varied between 0.1–27.4 F%. The best Pátka-Szűzvár polimetallic ore grab sample (No. 251) had 0.03
% Cu, 1.25 % Pb and 10.0 % Zn, containing high Ga (94 ppm), Cd (223 ppm) and In (22 ppm)
values, but low fluor (<0.1 % F) content. The highest F grade sample was 27.4 % F (56 % fluorite). All fluorite base-metal vein samples have moderately high Cr content (compared to the
assumed granitic source) of 124-318 ppm. The REE content of the fluorite veins is low, 107
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ppm LREE and 14 ppm HREE, showing a twofold increase in the highest grade base-metal
ore samples. Gold was detected in fluorite base-metal veins (max. 0.27 ppm in sample No.
250), and acanthite identified by microprobe, indicating a probable significant Au-Ag content of the vein mineralisation.
Native indium has been found in a granite pegmatite sample, Tompos Hill sample No
271, in native form near to fluorite vein outcrops. about 6 km south of Pátka-Szűzvár (see
Figure 4-4).

Research on surface properties and flotation of fluorite
One of the most important aims of the research carried out in the Institute of Raw Materials
Preparation and Environmental Processing using samples taken from Pátka tailings dump
was to establish an effective flotation technology by thorough determination of the interfacial properties of fluorite and gangue minerals (that have been stored and oxidised for a long
time) via zeta-potential measurements [Bokányi et al. 2013a].
Zeta-potential measurements were carried out to determine the binary interactions
between the solid pure fluorite and quartz – as the main gangue mineral – and the aqueous milieu of different pH, furthermore the tertiary interactions with surfactants, collectors
Flotinor FS-2, FS-100 (fatty acids formula) and SM-15 (orthophosphoric acid ester), as well
as the quaternary interactions with electrolytes (depressants: sodium-meta-silicate and sodium-carbonate) and surfactants [Bokányi and Bruncszlik 2014]. Based on the results of the
fundamental research the extremely important interfacial phenomena were revealed and
the appropriate flotation reagents were selected.
The flotation experiments were performed with the original Pátka mining tailing sample containing 4.2 % fluorite (determined by XRD). The sample was ground to below 125 μm
in a wet ball mill at mild conditions, resulting in the liberation degree of fluorite as high as
94 %. Then the sample was pre-separated in a Knelson concentrator followed by systematic
flotation experiments, carried out in a KHD cell of 1 L volume.
Alkaline conditions were tested at pH=8-9.5. The flotation testing technology included
a rougher and a cleaner flotation. For rougher flotation Flotinor SM-15 was applied as a collector in amounts of 200 and 400 g/t. Flotanol-D14 was used as a frother.
For the cleaner flotation Flotinor SM-15 (100 g/t) was used as a collector, while water
glass (500 g/t, 750 g/t, 1000 g/t, 1250 g/t) as a depressant, and pine oil as the frothing agent
were used. pH-adjustment and depression of quartz was carried out using soda.
The highest fluorite recovery (99.4 %) in the rougher flotation stage was reached using
200 g/t Flotinor SM-15 collector at pH 9.5, adjusted by soda. The fluorite content in the cell
product contained only 0.02 % fluorite. The optimal depressant dosage was found to be 750
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g/t. The fluorite content and recovery at optimal conditions in the cleaner flotation stage
were 77 % and 85.49 %, respectively [Bokányi et al. 2013b, 2013c].
The flotation experiments entirely proved the results obtained in the fundamental research. The closed-circuit technology consisting of rougher and scavenger flotation stages,
as well as a two-stage cleaning operation was then elaborated, as a result of which the
fluorite concentrate (Fig. 4-5) was yielded with 98 % fluorite content at a 98 % recovery rate
[Budavári 2014].

Figure 4-5. Fluorite concentrate under UV binocular microscope

Conclusions, suggestions
The fluorite ore in the Velence Mts (Figure 4-6) was mined in small underground mines
until the early 1970s, from practically unexplored resources. Further untested potential for
finding fluorite exists both on the surface and towards the depth. Since the previous mining
activity was not based on drilling exploration, further prospects of finding additional significant fluorite resources cannot be excluded.
Mineralogy indicates that fluorite is the earliest hydrothermal mineral, separated from
the later ore mineralisations in the vein texture. Apart from known fluorite, lead and zinc
enrichment, the geochemistry warrants detailed sampling and assaying of Au-Ag content,
and further assays may reveal higher importance of the detected anomalous Ga and In content.
Flotation tests promise easy processability of ores and a good recovery rate for the
production of commercial grade concentrate.
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Fig 4-6. Surface sampling near Laszlotanya, Velence Mts

Extra value in the hard coal

New geochemical data from the Mecsek Hard Coal Formation
Réka Horváth, Norbert Zajzon, György Less

Objectives
The Mecsek Hardcoal Formation (MHF) has been under investigation for many decades, as
described in detail by Némedi Varga (1995). Despite the long research history of the MHF,
reliable, modern geochemical data are scarce.
Apart from its main product, energy, according to earlier studies the MHF is the most
promising series containing coal-related trace element enrichments in Hungary according
to earlier studies (for a historical review see Horváth et al. 2013 and Horváth 2014a), hence
determining the geochemistry of MHF was the main purpose of our research.

Geological background
The deposition of MHF took place in the Late Triassic-Early Jurassic in a fluvial-deltaic environment, transgressively changing into a marine carbonate-siliciclastic sequence in the
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later Jurassic period. During the coal forming period the basement Carboniferous granitic
assemblage was exposed and eroded on the surface around the coal basin.

Figure 4-7. Half graben structure of the basin during sedimentation, Nagy (1968)

Figure 4-8. Simplified geological map of the Eastern-Mecsek area
(modified after Forgó et al. 1966)
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The original southward dipping half-graben structure (Figure 4-7.) caused a significant
thickness difference in the basin series. This structure was deformed by four main extensional and compressional phases in the Miocene (Forgó et al. 1966) producing the current
highly variable distribution pattern of the coal measures. Several magmatic pulses affected
the coal-bearing strata, including (1) Late Triassic and Lower Jurassic volcanism (intercalated
alkali basalt tuffs) preceding the deposition of the coal-bearing sediments, (2) penetrating
Lower Cretaceous alkali basalt and phonolite intrusive (as in Pécs Vasas and Hosszúhetény),
and (3) Paleogene-Neogene Andesite subvolcanic intrusions (near Komló) (Figure 4-8).

Sampling and analytical methods
Three coal fields, the Nagymányok, Pécs-Vasas and Pécs-Szabolcs area, were sampled for
this study. From Nagymányok 8 drill core samples were collected (Nagymányok 30 drillhole),
16 samples from the Pécs-Vasas open-pit mine, and 97 from Pécs-Szabolcs (WH4, WH10
drillholes). From this latter sample series 17 composite samples were made based on lithological similarity. ICP-MS, ICP-OES, XRF, XRD and SEM-EDX analyses were carried out.

Geochemical data
Significant enrichment of Nb, Ta, Hf, Zr and REE related to hard coal and clayey hard coal has
been found.
Nb
Ta
Hf
Zr
∑REE+Y

Pécs-Szabolcs

Pécs-Vasas

Nagymányok

129
8
12
>500
520

62
4.5
7.6
408
518

51
3.3
5
295
421

Table 4-1. Average concentration values (ppm) of the hard coal.
Zr values at Pécs Szabolcs all exceeded the 500 ppm upperassay limit
Element
Nb
Ta
Hf
Zr
∑REE

Enrichment factor
Pécs-Szabolcs

Pécs-Vasas

Nagymányok

30.5
27.8
10.2
14.3
8.1

12.9
11.3
6.4
10
7.3

12.8
11.1
4.2
8.2
7.9

Table 4-2. Enrichment factors of element contents as a proportion
of hard coal world average (Seredin & Finkelman 2008)
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The distribution of Nb, Ta, Hf and Zr show a decreasing tendency from SW towards NE, while
the rare earth elements are distributed nearly homogeneously throughout the coal basin
(see Tables 4-1 and 4-2).
Mostly zoned Nd-rich REE-carbonate, zircon and Nb-rich rutile crystal fragments were
detected by SEM-EDX as possible host minerals of the above listed elements. For further
details as well a detailed REE distribution, see Horváth (2014a).

Interpretation and conclusion
There are more than one probable sources of Nb, Ta, Hf, Zr and the rare earth elements related to the Mecsek Hardcoal Formation. The sedimentary source region can be a dominant
factor in trace element enrichment in coal in the case of such a small-scale basin, because
the source region is close to the sedimentary basin, hence detrital material can efficiently
be transported to the interior of coal basin (Dai et al. 2012). Due to the low solubility of REE,
the bulk of these elements are carried as suspended river loads and the minority could occur as fine colloids, dissolved ions or REE-complexes (Birk & White, 1991). The REE can be
accumulated on the surface of clay minerals (Birk & White, 1991) and Eu anomaly is inherited from the source rock (Eskenazy, 1987; Seredin & Finkelman 2008).
Based on studies of e.g. Seredin & Finkelman (2008), Dai et al. (2010, 2012, 2014a,
2014b) it seems also possible to have a considerable element contribution of alkaline volcanic tuffs intercalated to the coal seams. Our further aim is to reveal the geological-geochemical background of the enrichment and obtain more details about the distribution of
these elements.

Economic considerations
The trace elements may add significant value to the raw coal, depending on the mode of
combustion and utilisation. The high Nb content may add an extra 1-10 % to the value of
the raw coal calculated in the traditional manner as a fuel mineral. High Ta values (around
6 ppm average and 11 ppm maximums) are worth similarly an extra 1−5 % in the value of
the raw coal. Zr (and perhaps Hf) may also be considered as a contributor to the combined
value of the coal.
The geochemical distribution of trace elements in the coal is a good forecast for the
expected element enrichments in the combustion residues, for example in the disposed fly
ash, which have been also investigated during the CriticEl project (Mucsi et al. 2014). Since
the fly ash production represent millions of cubic metres annually, it may qualify as a possible raw material source in certain types of coal feed.
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Evolving new mineralised complex in grassroot terrain

Graphite, PGE, rare earths, sulphides – Cserehát
Norbert Németh, András Madarasi, Mária Hámorné Vidó, Éva Hartai, Gábor Pethő,
Norbert Szabó, Balázs Czeglédi, Ferenc Kristály, Norbert Zajzon, Áron Csomor

History
Nearly fifty years ago airborne magnetic and radiometric surveys revealed anomalous areas
in the Gadna and Felsővadász zone of the Szendrő Mts, hosted by Carboniferous and Devonian low grade metasedimentary rocks (Erkel et al. 1967). Follow-up exploration was carried
out by MÉV, the then state-owned uranium mining and exploration company. Shallow drillholes (like Irota Ir-9) found no significant radioactive mineral enrichment, but intersected
disseminated hydrothermal mineralisation (mainly arsenopyrite, pyrrhotite) (Csáki 1976).

Figure 4-9. The Irota exploration area. The two E-W striking faults (red lines) bound
the assumed hidden elevated body (sulphide mineralisation with pyrrhotite)
with high susceptiblity (green shading), which is about 1 km wide. The narrow blue
stripe marks the projection of the conductive body in the highest position
(modified using 1:100.000 geological map, Gyalog & Síkhegyi 2005)
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Later drilled stratigraphic boreholes Felsővadász Fv-1 and Gadna-1 (Gad-1) also verified the
presence of sulphide mineralisation (Figure 4-9). Rotaqua KFT started exploration in 2009,
and entered into cooperation with the University of Miskolc (ME) in 2010 to work on the
mineralogy and genetic questions of the mineral occurrence.

Geophysical measurements
The airborne magnetic survey marked a large anomaly in elevated position at an estimated
depth of 230–270 m, with an extensive deeper continuation in southern direction south
of an assumed E-W fault zone (Erkel et al. 1967). A seismic reflection profile verified the
elevated position of the Paleozoic block (Madarasi et al 2006), and a regional magnetotelluric survey later identified a partially overlapping conductivity anomaly at depth (Madarasi
2012) (Figure 4-9).

Figure 4-10. The interpreted geological model based on ground magnetic measurements
(Czeglédi 2011)

The magnetic anomaly has been detailed by ground magnetic measurements and
three different units have been identified through the inversion of the data: a unit at greater
depth, a shallower less susceptible unit overlapping the deeper anomaly, and a shallow thin
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sub-horizontal body (with remanent magnetic properties) identified with the Pliocene rhyolite tuffs (Czeglédi 2011) (Figure 4-10). The former two magnetic bodies were evaluated by
Csáki (1976) as the deep primary sulphide zone (with pyrrhotite as susceptible mineral) and
the upper weathered zone (where pyrrhotite has disappeared by oxidation) of the Paleozoic
strata. The zone abuts an E-W trending northwardly dipping fault zone on the north, and
gradually sinks downwards to greater depth towards the south.
The indicated deep magnetotelluric anomaly has been verified by additional MT measurements with the cooperation of MFGI and ME, showing an apparently isometric conductivity anomaly at depth with less conductive northern and southern margins (Nádasi 2013).
The top part of this modelled conductive body is marked by a blue E-W stripe in Figure
4-11.

Figure 4-11. 2D inversion of the IR-MT profile (Madarasi & Radi 2013).
Dashed line marks the assumed basement relief intersected
by the Felsővadász-1 drillhole

Geology, mineralogy
The area has been mapped, and the outcrops as well as the cores of three drillholes
(Felsővadász-1, Gadna-1, Szendrőlád-6) chip-sampled; orientative soil geochemical samples
were taken.
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Paleozoic
The lowest Paleozoic geological unit is folded, schistose graphitic phyllite, metamorphosed siltstone, sandstone and chert, called the Irota Formation The phyllite has quartz,
chlorite, sericite and paragonite as main mineral components, with varying graphite/organic carbon content. Its age is uncertain, probably Devonian, i.e. the oldest member of the
Szendrő Mts Paleozoic sequence (Fülöp 1994) (Figure 4-12). The series suffered hydrothermal alteration, which was related to later igneous or metamorphic processes (Raincsákné
Kosáry 1978, Árkai et al. 2012).

Figure 4-12. FV-1 416.7 m drillcore, graphitic phyllite (Czeglédi 2013)

Pliocene
The Paleozoic sediments are covered by Pliocene sediments and rhyolite tuffs. The basal sandstones of these rocks have abundant jarosite and arsenate in their cement, indicating
significant weathering of the Pleozoic surface and/or remobilisation of the sulphur from the
sulphide bearing basement rocks along the unconformity (Jámbor 1960, Csomor & Miklós
2012) (Figure 4-13).

REE mineralisation
In the unoxidised primary zone REE minerals (monacite, xenotime, parisite, synchisite,
allanite) associated fine grained dissemination frequently forms in the quartz sericite
graphite schists. REE elements form moderate chemical concentration in the schists (max.
146 ppm Ce, 100 ppm La). No young sediments were assayed. Neogene sediments and
73

Mineral-based strategic raw materials

tuffs have been scarcely assayed yet; jarosite- and limonite-cemented sandstone samples
were As-rich.

Figure 4-13. Jarosite (prismatic crystals) and arsenate cement (light grey cement)
in Pliocene sandstone. BSE image.

Organic matter
Two archive drillholes – Szendrőlád-6 and Felsővadász-1 – intersected graphitic schists according to the original descriptions. These were re-sampled and their organic matter content investigated by XRD and coal petrography (Hámorné-Vidó 2014). Graphite was identified optically by ore microscope in the samples as 5-20 micron flakes and bundles. Graphite
d-2 was identified by XRD (4 %) dispersed in the rock matrix, oriented along the cleavage.
According to Hámorné-Vidó (2014), the present coal mineral is predominantly liptinite, the
original organic material was possibly algal mat, benthos algae and bacteria.

Platinum group elements – a geochemical anomaly
The black shales may host – among others – PGE mineralisation (Jowitt & Keays 2011). Taking this in account, Irota samples were assayed for Pt and Pd. The Cserehát has been proved
to be the most consistent zone for occurrence and anomalies of platinum group elements
from all of the formations tested by us. The maximum observed values were in soils 5 ppb
Pt and 11 ppb Pd, in outcrop chip samples 8 ppb Pt and 3 ppb Pd, and in the sampled Fv-1
drillhole 32 ppb Pt and 17 ppb Pd.
The PGE assay values are not in correlation with the (also anomalous) gold values. The
mineralogical identification of Pt bearing minerals has not been carried out.
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Sulphide-gold ore mineralisation
The black shales frequently hold abundant visible sulphides. At least a part of them are
syngenetic with the sedimentation, as the frequently detected framboidal pyrites testify
(Fig. 4-14). The earliest epigenetic ore mineralisation formed prior to and during the main
deformation period. It is characterised by pyrite, galena and sphalerite, as testified by the
samples of Szendrőlád-6 drillhole. The main ore mineralogy consists of magnetite, pyrite,
chalcopyrite, galena and pyrrhotite, with a later carbonate metasomatic overprint of goethite, siderite and ankerite (Turi 2014). The highest base metal values from chip sampled
drillcores are 139 ppm Cu, 57 ppm Pb and 440 ppm Zn.

Figure 4-14. Framboidal pyrite from the graphitic schist, Szendrőlád-6, 289 m

Native gold has been detected in form of 2–5 micron particles in a small number of
schist samples, and also indicated by anomalous gold assay values (up to 0.8 ppm Au in
Fv-1 drillhole). Pyrrhotite, chalcopyrite, arsenopyrite, pyrite are the most common sulphide
species in the Fv-1 and Gd-1 drillhole samples, postdating the early assemblage. Siderite,
ankerite, goethite and dolomite indicate epigenetic Ca-Fe metasomatism. The local formation of abundant kaolinite marks strong epigenetic argillic alteration processes, coupled by
retrograde metamorphic alterations (Árkai et al. 2012).
In the supergene alteration zone all primary sulphides have become unstable and
leached out, leaving limonitic pseudomorphs in the weathered schists.
Jarosite, arsenates and REE-carbonates were found enriched in the cement of Pliocene
sandstones directly overlying the rocks of the weathered Paleozoic surface.
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Conclusions
Geophysical information allows the outlining of a large-scale mineralised system, which
is only peripherically touched upon by previous geological works. The schists may derive
from Devonian black shales, with primary sulphide Au-PGE enrichment, overprinted by later
hydrothermal activity. A possible remobilisation and secondary concentration of valuable
components along the unconformity is probable. There are also indications of young, shallow seated secondary REE enrichment in the Pliocene sediments.

Discovering a strange selection of critical elements

Beryllium, Bükkszentkereszt
Norbert Németh, Gábor Pethő, Norbert Zajzon, Sándor Szakáll

History
Between Bükkszentkereszt and Bükkszentlászló (Figure 4-15.) uranium ore exploration was
carried out between 1969 and 1973, after an airborne gamma-ray survey indicated positive
anomaly (Csáki & Csákiné 1973, Szabó & Vincze 2013). The main source of this anomaly
proved to be the high potassium content of the rocks. A subsequent ground gamma-ray survey indicated U-enriched debris in a gully near the Hősök-forrása. Trenching, 4 deep (3–400
m) and nearly 100 shallow (20–50 m deep) drillholes were made to explore the expected Uore. In a few drillholes and a cleared section metre-sized blocks of Mn-oxide bearing apatite
rocks were found with cca 100 ppm U and Be content.
As these bodies were small and no continuity was detectable between the shallow
level indications, the exploration was ended without defining any uranium ore resource. The
Be enrichment, however, was investigated further, and there was an attempt to correlate it
with the rhyolite tuff-bound Spor Mts beryllium deposit in Utah, USA (Kubovics et al. 1987,
1989).

Objectives
In the frame of the CriticEl project we planned to reinvestigate the Be-enriched rocks with
respect to their mineralogy and geochemistry. To do this we had to re-open and sample a
phosphorite-containing cut in the gully. We also aimed at estimating the possible spatial
extension of the enrichment. The potential of other rock types of the area as resources for
Be or any other critical element was also investigated.
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Figure 4-15. Geological sketch of the Bagolyhegy Metarhyolite Formation
(pale green crosses; magenta: other Triassic rocks; yellow: Cenozoic cover)
and the survey area, indicating the Be-bearing phosphorite occurrence
(cut with sample numbers and shallow drillholes with identifying codes in red),
cliffs and sampling sites with sample numbers of silicified and K-metasomatised rocks (blue),
sampling sites of albitized quartzite debris (brown), of alkaline rocks (magenta) and of chloritic
metavolcanics (cyan). Black lines: geophysical profiles, red lines: major fault contacts.

Geology of the area
The phosphorite occurrence is bound stratigraphically to the Lower Carnian Bagolyhegy
Metarhyolite Formation (Less et al. 2005), a calc-alkaline stratovolcanic complex (Szentpétery 1931, Pantó 1951, Szoldán 1990) in the Triassic succession of the Bükk Mts. The rocks
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suffered prehnite-pumpellyite facies metamorphism cca. 80–90 Ma ago (Árkai 1973, Árkai
et al. 1995) and were folded and faulted in multiple phases, so syngenetic fabric and structures are strongly overprinted; it is scarcely possible to distinguish between rocks of lava,
tuff or tuffite origin.
The metarhyolite consists of quartz, feldspar (orthoclase, albite, plagioclase) and sericite with a strong anastomosing cleavage enveloping remnant porphyry quartz and feldspar
grains. In several metavolcanic bodies chlorite is also a major constituent. Other significant
accessories are pyrite, haematite, tourmaline, ilmenite and apatite, occurring typically as
vein fillings associated with quartz. In some 10 m scale blocks silicification formed hard,
splintery rocks emerging as small cliffs from the unaltered matrix. Another typical alteration
is albitisation with quartz veins, dominantly along cleavage planes.
On the SE side of the valley massive, pure limestone is contacted with the metarhyolite
at steep fault zones. There are several 10 m scale limestone blocks embedded in metarhyolite matrix, sheared along a N–S striking fault zone. The SW boundary is a regional strike-slip
fault, cherty limestone intercalated with metabasalt and dolomite bodies occurring on the
other side. The metabasalt has a different, 120 Ma K-Ar age (Szoldán 1990) and the deformation style of the limestone differs also. The metabasalt contains haematite mineralisation
at the nearby Lőrinc Hill.

Geophysical exploration
To gain information on the geologic structures and the host rock the following geophysical methods (instruments) were applied: VLF resistivity (T-VLF, IRIS Instruments), magnetic
(GSM-19 Overhauser magnetometer, GEM System), multielectrode resistivity and induced
polarisation (Syscal, IRIS Instruments) and natural gamma spectroscopy (Gamma Surveyor,
GF Instruments). There were six measuring profiles: five profiles (N, M, S, C and G) were situated on the East part and only one (W) was on the West part of the gully (Figure 4-15).
We measured VLF apparent resistivity and its phase along five profiles (C, N, M, S and
W) with 10 m spacing. The apparent resistivity values were in the range of 20–500 ohmm.
Apart from profile N we observed phase values less than 45o, indicating that the resistivity
shows an increasing tendency with depth. We applied VLF mainly to determine the thickness of the overlying conductive weathered zone, to delineate near surface quartz veins, to
plan the sites for multielectrode and multiresistivity measurements and to locate fault zones
with magnetic survey.
Magnetic survey was made along three profiles (N, S, W) with 5 m spacing. The residual magnetic anomaly was determined and evaluated by standard 2-D inversion software
MAG2DC for profile N. From this an approximately N-S striking, tilted fault contact between
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the massive limestone and metarhyolite could be interpreted (Pethő at al. 2013). The geological model of profile N was supported also by VLF phase and multielectrode resistivity
measurements.

Figure 4-16. VLF resistivity and phase response along profile S

Multielectrode resistivity and induced polarisation measurement was made along three
profiles (N,S,G) with 5 m electrode spacing. The middle part of profile G was investigated by
2.5 m electrode spacing as well. For the interpretation of the apparent resistivity and apparent chargeability data RES2DINV software (Loke & Barker 1996) was used. This method can
be characterised by the greatest spatial resolution among the geophysical method applied
by us. Along profile S the VLF phase response is more pronounced than the VLF apparent
resistivity (Figure 4-16).
The VLF phase minimum coincides with the resistivity maximum in the middle part of
the resistivity section A in Figure 4-17, showing frequency variation with the change in the
depth of the bedrock position. Based on the multielectrode resistivity and chargeability sections of Figure 4-16. we can interpret geologically profile S.
On the right part of the section the effect of separated limestone blocks embedded in
the weathered zone overlying slaty sericitic metarhyolite can be observed. The contact between the sericitic and silicified metarhyolites at 170 m can be concluded from the resistivity
section of Figure 4-16 and the VLF phase data as well. In the middle part of section S the
covered bedrock is massive silicified metarhyolite with an uplifted position. There is a fault
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on its left side. Neither the contact zone nor the fault reaches the surface. On the left of this
fault the effect of the gradually ascending sericitic metarhyolite can be observed. However,
it does not crop out, because it is covered by debris of the weathered zone and silicified
metarhyolite on the surface at the end of the profile (Pethő at al. 2014). The magnetic residual anomaly of this profile supported this interpretation.

Figure 4-17. Resistivity (A) and chargeability (B) section under profile S

Ground natural gamma spectroscopic and dose rate measurements were carried out
along five (C, N, M, S, W) profiles showing the radiometric properties of the soil and debris
together. The field sampling for laboratory analysis was partly based on spectral radiometry
and dose rate measurements in the gully and also on other exposures to gain information on
sericitic and silicified metarhyolites, metabasalt and limestone in the exploration area.
The main conclusions of radiometric measurements are as follows: apart from the
measurement on the exposure in the gully, where the U concentration increases by two
orders of magnitude relative to the average value, the measured dose rate was linearly correlated with the K content. The measured K content is highest on K-metasomatised silicified
metarhyolite. In this area beryllium occurrence is connected to U-rich formation, however,
surface natural gamma-ray measurements do not have penetration reaching this zone.
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New results in mineralogy, geochemistry and geology
The Be-bearing phosphorite in the reopened cut proved to be a 0.1–0.2 m thick bed (Figure
4-18), strongly folded in zigzag style within the metarhyolite matrix, which was probably of
volcano-sedimentary origin, but the recrystallised fabric is dominated by the cleavage.

Figure 4-18. Phosphorite bed in the cut beneath the Hősök-forrása with measured dip data

Figure 4-19. Fluorapatite (light grey mass, mixed with clay minerals where porous), quartz
(dark grey anhedral grains), fluorophlopogite (grey laminae), rutile (grey inclusions in quartz).
BSE image. Section of sample taken from the phosphorite bed in Figure 4-18
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Mineralogy was investigated with XRD, optical and electron microscopy. The dominant
mineral of this bed is fluorapatite intermixed with Mn-oxides (mainly cryptomelane), quartz
and phyllosilicates (halloysite, smectite, fluorophlogopite and some other accessory phases)
(Figures 4-19 and 4-20). The bed comprises laminae of different colour and composition
(Figure 4-21).

Figure 4-20. Globular aggregates of cryptomelane. BSE image. Section of sample taken
from the phosphorite bed in Figure 4-18

Figure 4-21. Laminated sample taken from the phosphorite
bed in Figure 4-18
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Both chemical assays and LA-ICPMS measurements showed that beryllium as well as
uranium content is bound to the fluorapatite and Mn-oxide minerals; concentrations (chemical assays) in the two apatite-rich fractions exceeded 300 ppm Be and 500 ppm U. Beyond
these, W (320 ppm), Tl (53 ppm) and Sn (40 ppm) in the Mn-oxide, heavy REE and Y in the
apatite, Li in the fluorophlogopite, Mn-oxides and apatite are also enriched. The ∑REE usually is around 150–200 ppm, which is low, but the HREE/∑REE is around 0.4–0.5. According
to the LA-ICPMS measurements the apatite has 600–900 ppm Be and variable Li content,
up to 400–500 ppm. The Mn-oxides (cryptomelane and todorokite) usually contain more Be
and Li than the fluorapatite. The fluorophlogopite contains the highest amount of Li above
1000 ppm.
The hard, silicified rocks with several outcrops and abundant debris on the area include
a peculiar mineral assemblage. The dominant mineral is quartz is associated with orthoclase
(adularia) in the silicified, K-metasomatized rocks. Minor amounts of pyrite, rutile, anatase,
xenotime-(Y), monazite-(Ce), native gold, silver and chlorargyrite are also present.

Figure 4-22. W-Sn-Nb-zoned rutile.
BSE image

The albite-quartz veins contain quartz, orthoclase, albite, pyrite, rutile and ilmenite
with high Mn, W and Nb content, and some accessory components: xenotime-(Y), cassiterite, anatase, brookite, apatite, arsenopyrite and galena. Interesting minerals are the NbTa-oxides: columbite-Fe-Mn solid solution and tantalite/tapiolite in close association with
rutile, ilmenite, and Y-Nb-REE-oxide minerals from the pyrochlore or aeschynite group. The
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rutiles are usually strongly Nb and W zoned, containing columbite, cassiterite and xenotime(Y) inclusions (Figure 4-22). The columbite can be homogenous or Ta-zoned

Figure 4-23. Strengite, prismatic crystals.
SEM image
Dominantly Fe-oxides, sulphates, wide variety of phosphates (like strengite, Figure 423) and arsenates were formed by weathering in the cracks of both the K-metasomatizedsilicified and albite-quartz vein type rocks.
In the light of the observed evidence the formation of the apatite bed may have been
caused by hydrothermal activity during the volcanism, while K-metasomatism and silicification may have been post-volcanic alterations (possibly connected with a subsequent, Late
Carnian volcanic phase), and albitisation and formation of cleavage parallel quartz veins is a
younger, syn- or postmetamorphic feature. Later deformation phases of folding and largescale faulting could have sheared and torn apart the mineralised bodies, but significant remobilisation (other than weathering) did not occur: the major fault zones do not control the
described mineralisations, attached limestone bodies are known to be barren.

Conclusions, suggestions
The re-explored phosphorite bed could be a potential source of Be, Li, U, W and HREE, but
the limited thickness and the lack of continuity leaves it as an indication. Further research
activities should have a focus on finding the continuation of the apatite body, clarifying
its structural position and determining its geometry. Metasomatised metarhyolite bodies
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representing a more considerable volume may also be a prospect for epithermal vein mineralisation. Geophysics can be used in an effective way to explore fault zones, debris cover
thickness and K-metasomatised rock bodies.
Research for extractable trace elements – a co-operation of mineralogy and technology

Bauxite – a traditional ore with potential new value
Csaba Szabó, Viktor Mádai, Imre Gombkötő, Kálmán Török, Izabella Márkus,
János Földessy, Norbert Zajzon, Attila Pataki

Objectives
Hungary was historically a major producer of bauxite and large unexploited bauxite resources are known within her borders. Bauxite itself consists of different immobile components
from the weathering of source rocks such as newly formed minerals, clays, aluminium oxyhydroxides and iron oxides. Apart from aluminium, the weathering product may contain
considerable amounts of other elements, which may turn an occurrence into an ore mine
for gold (Boddington, Australia) or cobalt-nickel (Moa, Cuba).
The Gánt bauxite deposit was discovered in 1920, as the first commercial example of
this ore in Hungary. Later new mines were opened near Nyirád and Iszkaszentgyörgy, and
Hungarian bauxite mining turned into a significant industrial player. Annual bauxite production reached three milion tonnes of ore in the 1970s (Fazekas 2002). This production
dropped to 1 Mt/year in the period of 1990–1995, and shrunk further to 0.5–0.6 million
tonnes/year by 2000. In the meantime a continuously increasing amount of bauxite was
imported from the Balkan countries and finally completely replaced the Hungarian bauxite
as raw material for alumina production. The last bauxite mine of Hungary was closed in
2013, shortly after our research started; our goal was to use the last opportunity to visit the
underground production sites.
The presence of REE+Y anomalies in the Hungarian bauxites is known (Bárdossy et al.
1975, Bárdossy 1977, Pantó 1980). In a previous survey in which 120 intervals of drillcore
samples were examined, the highest values of total REE-Y content exceeded 1%, while in
more than 10 samples (from Csabrendek, Iharkút, Németbánya) they were higher than
0.5 % (Stefániay 1981). We focussed our research on REE elements. In this study we did not
put effort into research on the Ga content, since this is mainly part of the chemical technology of processing the bauxites, beyond our capacities and interest.
The presence of critical elements and their potential economic significance were indicated also in red mud, a processing waste of alumina production (Szépvölgyi & Kótay 2012).
As 30 million tonnes of red mud has been disposed at the Ajka alumina plant in Hungary (in
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total cca 50 million tonnes In the whole country.), it can be sizeable resource from which to
recover trace elements, if technology for their processing can be developed.
We have started a project within CriticEl to gain a deeper insight of the mineralogy of
these enrichments in order to give information for tests aiming at the recovery of the valuable trace elements.

Geological background
Bauxites are found in numerous localities on carbonate rocks in the Transdanubian Range,
reflecting the long terrestrial period at the end of the Mezozoic time in these areas. These
are all karst bauxites, i.e. their host morphology is a karst depression, formed in the Triassic
on Lower Cretaceous limestones and dolomites. The age of the bauxite formation varies
from Cretaceous to Middle Eocene. The earliest deposits have Cretaceous Albian cover, then
there are deposits covered by Cretaceous Senonian sediments, and finally the youngest ones
were covered by Eocene lacustrine and marine sediments (Bárdossy 1977). The morphology
of the orebodies can be characterised as series of irregular pods of subvertical cylindric to
lensoid, tabular shape, with volumes of 0.1 million to a few million tonnes (Figure 4-24).

Figure 4-24. The top part of the Iharkút bauxite open pit before
the final reclamation (2001). Note the uneven depositional surface of the covering
stratified Cretaceous sediments over the bauxite-filled karst sinkhole
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The relationship of geological environment, lithology and chemistry has been studied
in great detail (for example Bárdossy 1977, D’Argenio & Mindszenty 1995, Mindszenty &
Bárdossy 2013).
The main factors which determine the market value of a bauxite ore are the Al2O3
content, and the modulus (the ratio of Al2O3 and SiO2). This ratio should be above 4, and
preferably over 10 to consider the bauxite as economic target to process to alumina.
Trace element content may hold extra value only if it is recoverable during the processing of bauxite to aluminium metal. In this aspect Ti, REE+Y, Sc, Ga, V, Au contents have the
largest weight in the economic equation. Their enrichment strongly varies from orebody to
orebody, and is governed by the geology of the source regions of the rocks that became part
of the weathering crust.

Sampling and analytical methods
It was decided to sample the available underground and surface outcrops, plus the overlying sediments in contact with the bauxite, where possible. Outcrops at Halimba, Nyírád,
Bakonyoszlop, Gánt and Nagyharsány were sampled, plus two more samples from bauxites
imported from Montenegro (Niksic, Posusje).

Figure 4-25. Bauxite sample (No. 177), Halimba, underground
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Altogether 20 bulk samples (ca 10 kg each) were taken, 14 of which were Hungarian
bauxite ores. The Nyírad and Halimba ores were later selected for further technological testing (Figure 4-25). ICP-AES, ICP-MS, and WDX-XRF analysis, XRD and SEM-EDS analyses were
made on samples from Nyirád, Halimba and Nagyharsány.

Mineralogical data
The texture of the ores is either structureless or pisolithic, their consistency is earthy or compact. The washed, sorted > 1.0 mm fraction of a pisoidic bauxite is shown in Figure 4-26.
The mineralogical composition of the studied Halimba and Nyírád raw bauxites consists
of boehmite, hematite, lepidokrokite, anatase, rutile and kaolinite.

Figure 4-26. Polished section of pizoids of bauxite (over 1 mm size fraction)
under binocular microscope (Sample No 166)

Geochemistry
The Al2O3 content of the bauxite samples ranged from 41.8 to 57.7 wt%, with modulus from
4.9 to 60.5, with TiO2 content between 2.02 and 3.31 wt%. The high average Cr (326 ppm)
and Ni (141 ppm) values may point to basic (or ultrabasic) igneous source rocks (Szabó et
al. 2014).
Total LREE content is 640–742 ppm, HREE 40–79 ppm, Y 70–171 ppm, Sc 41–45 ppm.
The REE bearing phase is found dominantly as xenotime and monacite, as dispersed fine
particles of 5-10 microns size In some cases the pisoids or rutile, anatase particles may preferably concentrate the REE minerals (Figure 4-27). In this aspect the Hungarian bauxites
are similar to Mediterranean type (Italian, Montenegroan, and Turkish) and Iranian karstic
bauxites (Szabó et al. 2014).
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Figure 4-27. Rare earth particles enriched in bauxite pisoids, Sample No. 177

Figure 4-28. Distributions of REE-Y contents of Hungarian and foreign (from literature) Bauxites
(a) Standardised for C1 condrite (McDonough & Sun 1995), (b) Standardised for PAAS
(Post-Archaean Australian Shale) (McLennan 1989). After Szabó et al. (2014)
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C1 condrite and PAAS standardised data can be seen in Figures 4-28a and 4-28b. The C1
condrite standardised figure shows negative and positive Ce-anomaly in some samples, and
a uniform negative Eu-anomaly. The phenomenon can not be seen in the figures of a PAASstandardised diagramme. These indicate that Eu-defficiency was inherited from the source
rocks. The varying Ce-anomaly may refer to higher and lower Eh values, indicating variable
surface and subsurface weathering processes (Braun et al. 1990; Karadag et al. 2009).
In all cases the overlying sediments (coal, clay, limestone) show some inherited enrichment from the bauxite, although no further REE enrichment has been detected in these
lithologies.

Planning processing tests
Considerable previous experience has been gained on the research of mineral processing of
bauxites (for a comperehensive summary work see Csőke 1985). In our recent work it was
assumed that certain portions of the trace elements can be effectively recovered before the
bauxite is subjected to chemical processing to produce alumina. Two sample groups, one
from Halimba (No.177 sample) and one from Nyírád (No. 166 sample) have been selected.
Attrition and sorting the ore by original grain size was one of the first tests.

Figure 4-29. The effect of attrition to the Al/Si ratio of the Halimba bauxite.
Although Al content does not change, the Si content change indicates that
the kaolinite can be removed and sent to the finest fraction, thus the modulus of
the coarser product is also improved
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In attrition tests 0.5 kg of sample material was disintegrated by soaking in pure water.
After five weeks of soaking and daily fine agitation by hand they were sieved wet. The openings of the applied sieves were 1 mm, 500 µm, 212 µm, 125 µm 63 µm and 45 µm, respectively. It was found that the bauxites behave differently. Sample No. 166 responded poorly
to the treatment, while Sample No. 177 reacted well, i.e. efficient mineral separation was
achieved, the kaolinite was liberated by attrition and concentrated in the finest sieve, 45
µm fraction (Figure 4-29). Zircon was slightly enriched in the coarse fractions. Further assay
work is being done to determine the REE contents in the separated fractions.

Interpretation and conclusion
Although Hungarian bauxite production has been terminated, our results may be used as a
forecast of the the potential value of the remaining in-situ bauxite ore resources, to find if
such potential extra values exist in the imported bauxite ores, or to detect such enrichments
either in the aluminates or in the red mud. The preliminary view which we have formed after the first runs of testwork is: (1) some bauxite types can efficiently be separated by simple
physical means, and some of the chemical elements follow this separation by concentrating
in one or the other fraction, (2) Hungarian bauxite types are similar to Mediterranean bauxites, i.e. similar results can be expected from the more REE+Y enriched imported bauxites,
and (3) important critical elements pass through the alumina production and end up concentrating in the red-mud waste. If there is a geological enrichment in the source bauxite,
an expected further twofold technological concentration can be expected in the residue,
which, according to Szépvölgyi & Kótai (2012), can be treated economically for a multiple set
of products, including recovery of trace elements as metals.
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Introduction
When something is produced, undesirable residues are generally produced as well. We usually have no better way to call these than waste. Waste is produced either at the beginning
of the production cycle – like mining waste – or at the end – used packaging materials, parts,
end products and worn out equipment. With proper management waste can be turned into
useful raw materials from a variety of secondary sources.

Waste from mining and energy production
Two major waste producing industries are the mining and primary energy production sectors. When copper metal is produced, some 99 % of the extracted ore is discarded (and
declared as waste). 1:99 is a very poor ratio, but it comes from the geological situation of the
ore – rock formation itself. The ratio, however, is even worse if gold, uranium or rare earth
metals are being produced. Also, similar major waste types are slag and fly ash – the noncombustible part of the coal that remains in thermal power plants. We have sampled and
evaluated several types of such waste – Fehérvárcsurgó glass sand waste, Ajka red mud, fly
ash ponds of different plants – as potential sources of critical elements (see Chapter 3) and
as components of mineral resources (Chapter 4). In this chapter a case study is presented
about how to process them into geopolymers – a secondary material for multiple uses with
a growing market.

E-waste
Doing research on e-waste is a popular topic among material scientists in recent times. From
the 14 critical elements (or element groups) investigated within the framework of the CriticEl project, many are found as essential component in electronic devices. At the same time
nothing is more short-lived today than an electronic device, because of fast implementa93
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tion of technological advancement and fashion trends. Notebooks (Figure 5-1), cell phones,
liquid crystal displays – LCD televisions, monitors, plasma televisions – PDP, and LED (light
emitting diode) illuminators are dynamically changing parts of our everyday life. (Not to
speak about military devices, which are beyond the scope of this project). Global statistics
contain distressing numbers about the quantity of thrown-away computers, mobile phones,
disc players, cameras, and radios, through large household appliances like refrigerators,
microwave ovens, TV sets, washing machines, and up to cars, normally after only a few years
of useful life.
Waste can be inert (i.e. slowly react with the environment) or hazardous (with a quick
and deleterious impact). Both types need to be re-evaluated and brought back to the production cycle to the extent possible in order to save energy, water and land – those resources which we truly cannot renew or replace. Several short case studies are included in this
chapter to show the extreme diversity of tasks we have been faced with during the recovery
of critical elements from electronic waste.

Figure 5-1. Rare earth elements and rare earth elements in the computers,
based on Böni (2013)
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Recovery of metals
Plastic, steel and non-ferrous metals can be found in sizeable blocks and thick layers in electronic components. Minor elements like precious metals and rare earths can be found in
thin layers, foils and coatings (for example the coating of a contact surface, or conductive
layers, e.g. the indium-tin-oxide (ITO) thin conductive layer in LCD panels). The critical elements are usually alloy constituents or scattered in the raw material (e.g. the gallium in a
LED, in the form of gallium-arsenide, -nitride, -phosphide).
Due to the above described structure, plastics, steel and non-ferrous metals can be
mostly recovered by physical separation after comminution. Precious metals and critical
elements can be mainly liberated and separated by chemical and/or biological processes. A
generalised flow-sheet of one possible technology for the separation process can be seen in
Figure 5-2 (Csőke et al. 2013).

Figure 5-2. The general technology of electronic scrap preparation (Csőke et al. 2013)

Despite the relatively abundant data in the literature, it is essential to rely basically
on one’s own measurement experience and data if we wish to create a national processing
base of the critical raw materials.
In this project topic the main objective was to provide scientific evidence for pilot scale
complex, residue-free recycling of LCD displays, batteries and printed circuit boards for fur95
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ther process-engineering investigations. Given the fact that the thermal and chemical processes are quite expensive, the main efforts were made to create a pre-concentrate with the
highest possible grade of the most valuable components by mechanical-physical processes,
even if this is only possible at low yield. These pre-concentrates can be fed to chemical, biological or thermal (plasma) processing technologies. Similarly, during the chemical or biological solubilisation investigations the aim was to produce a collective concentrate (mainly
precipitate) that contains more valuable components like critical elements. This concentrate
could be the basis for producing marketable metal compounds or clean metals and alloys.
Hereinafter some emphasised critical elements (element groups) and their recovery
from the main carrier of electronic devices or component parts – flat display, batteries, and
printed circuit board – will be presented.
What leads a LED?

Gallium in the light emission diodes
Sándor Nagy, Imre Pólya, Norbert Zajzon

Background
Nowadays LEDs (Light Emitting Diodes) are widely utilised. They are applied as backlighting in
LCD displays and TV sets or as lighting equipment in homes, cars and instruments (Figure 5-3).

Figure 5-3. Examples of LED utilisation: LED light (left), LCD backlight (right)

LED was discovered in the 1920s by the radio technician Losev in Russia. He realised
that the diodes used for his radio receiver emitted light when current was flowing through
them. In 1955, Braunstein (RCA) observed the infrared emission of gallium arsenide (GaAs)
and of other semiconductor alloys. Biard and Pittman (Texas Instruments) recognised the
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significance of the phenomenon and patented the LED. Holonyak developed the first LED
with visible light applicable in practice in 1962. He developed the GaAsP based red laser
diode, which is used in CD or DVD players (Veres 2010). LEDs have a number of advantages
compared to other sources of light, like their low energy consumption, small size, long lifetime and resistance against vibration.

LED structure and working principle
Inside the LED there is a rectangular chip (Figure 5-4), with a sandwich structure similar to
diodes (made up of p and n layers)

Figure 5-4. LED from LCD backlight (left) and an example of LED structure (right)
Power Plant
Ajka
Berente
Várpalota
Visonta
Oroszlány
Pécs
Komló
Bánhida
Dorog
Tatabánya
Tiszapalkonya
Győr I
Győr II
Sopron
Total

Fly ash pond area Fly ash volume
hectar
million cu.m
88
20.7
15
19.1
180
27
51
7.6
105
21
233.3
39.2
4
1.1
25
4.6
25
1.2
27
28
255
14.1
0.3
0.11
0.4
0.16
0.5
0.3
1009.5
184.17

Table 5-1. Typical critical element concentrations and position in a white LED
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Gallium is an important component of the layers in the LED chips. Gallium nitride (GaN)
and the indium gallium nitride (InGaN) semiconductors emit light from the blue-green to
the ultraviolet range in a LED. This is transformed to white light by the luminescence material containing rare earths. The exact chemical composition of LEDs is not public. The
amount and position of critical elements in a white LED are shown in Table 5-1 (Buchert et
al. 2012).

Laboratory experiments with LED
Critical element recovery from LEDs originating from an LCD backlight was investigated.
There were approximately 50-70 LEDs installed per TV set and the weight of one LED
was approximately 20 mg in the tested TV sets (depending on type and size ), making the
total weight of LEDS 1.2 g in an average set. If calculations are done using the average values
shown in Table 5-2, taking the approximate weight of 10 kg for a TV-set into consideration,
then the above critical element content of this set (from the LEDs alone) is around 9-10 g/
set for Y, Ga, In, 5 g for Gd, and 0.2-1 g of Eu and Ce as expected recoverable values.

Figure 5-5. Cross-section of an edge type LED (polished section)

In the first step of the analysis, microscopic photos were taken of the LEDs by
optical microscope. A cross-section of an edge type LED is shown in Figure 5-5 as an example, where the white LED housing, the copper parts coated with silver, the LED chip applied
on a sapphire base, gold wires and the embedment substance of the chip can be seen.
To determine the chemical composition of the individual parts SEM microprobe analysis was carried out. The position of an assay point and the respective spectral assay curve
is seen in Figure 5-6. On the rectangular LED chip inside the brighter part forms a thin layer
on the sapphire base, (the darker part is immersed in the underlying sapphire). The spectrogram shows the composition of the layer containing Ga and In.
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Figure 5-6. SEM image of polished section of a matrix type LED and spectrogram
of the layer containing Ga and In

Conclusions
Based on the tests the following process for used LEDs is recommended:
• dismantling the equipment, collecting the LEDs,
• cutting and grinding of dismounted LED chips for the liberation of chip
and copper wiring (cutting mill, <1 mm),
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• separation according to conductivity (recovery of copper),
• separation of sapphire part (chip) from the housing by density,
• acidic dissolution of critical elements from chip and from fine particles
containing critical elements.
Small parts in creating wealth

Tantalum from capacitors
József Faitli, Tamás Magyar, Attila Takács

Introduction
The increasing demand for reducing the size of electronic devices, especially laptop computers and cellular phones, has accelerated the demand for small volume, high-performance
tantalum capacitors (Figure 5-7). As compared to other capacitors, tantalum capacitors have
higher capacity per unit volume and heat-resistant ability (the maximum operating temperature can reach 125 °C). Due to their excellent properties, the production volume of tantalum
capacitors has dramatically increased in the last 10 years (Mineta & Okabe 2005).

Figure 5-7. The SMD (surface-mount device) (on the left) and the so-called
“drop” tantalum capacitors (on the right) (www.tme.eu)

The structure and material composition of SMD tantalum capacitors
The major constituent of tantalum capacitors is a porous structured anode made from metallic tantalum powder pressed into pelletised form. The anode represents 50 mass% of
tantalum capacitors. On the surface of tantalum particles there is a thin oxide layer (1001000 Å thickness) made by electrochemical oxidation. This layer of surface oxidised tantalum particles serves as the dielectric layer of the capacitor. This dielectric layer is covered by
manganese-dioxide solid state electrolyte layer. The electrolyte layer is followed by a carbon
and a metal conducting layer (silver); these layers constitute the cathode. Finally the capaci100
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tors are provided with a fireproof protective case made by epoxy resin (approx. 40 mass %).
Figure 5-8 shows the structure of SMD tantalum capacitors (www.vishay.com).

Figure 5-8. Structure of SMD tantalum capacitors

Scanning electron microscope analysis was performed to determine the exact location
of tantalum in capacitors (ME, Institute of Mineralogy and Geology) (Figure 5-9). The chemical composition of each layer was determined by using a microprobe (Table 5-2).

Figure 5-9. SEM image of the examined SMD tantalum capacitor
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Element

Weight per
LED [µg]

Occurrence

In

29

Semiconductor chip

Ga

33

Semiconductor chip

Ce

2

Luminescent substance doping

Eu

0.4-0.9

Luminescent substance doping

Gd

15

Y

32

Luminescent substance carrier
medium
Luminescent substance carrier
medium

Table 5-2. The atomic mass composition of discrete layers
of the examined SMD tantalum capacitors (the total mass percent of elements might
not be 100 % due to the applied sample preparation and analysis techniques)

Mechanical preparation of tantalum capacitors in order to recover
tantalum
The Institute of Raw Materials Preparation and Environmental Processing of the University of Miskolc has developed a method to mechanically prepare used tantalum capacitors,
partly based on the literature (Mineta & Okabe 2005). The first process of the developed
method is the oxidisation of the used and separated capacitors at 500 °C temperature during 45 minutes retention time. Because of this thermal process the fireproof epoxy cover
becomes granulose and the complete inner part remains unaltered (Figure 5-10).

Figure 5-10. The optical microscope picture of the examined tantalum capacitor after
thermal treatment in a furnace (on the left) and ultrasonic bath treatment (on the right)
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The thermally treated capacitors with granulated fireproof epoxy cover can be further
processed by an ultrasonic bath on a screen surface. In this way practically the total amount
of the epoxy layer can be removed and the complete inner part of the capacitors remains
unaltered. After drying, the complete inner part can be milled in a planetary mill for 20 minutes and by sieving, the negative and positive terminals and the residual fine particulates
can be separated. The separated terminals are high purity metallic products and the fine
particulate residual part can be further processed by chemical methods.
Critical elements from discarded electronics on display

A possible source of indium – LCD display panels
Barnabás Csőke, Ljudmilla Bokányi, József Faitli, Sándor Nagy, Tamás Magyar,
Terézia Varga, Valéria Üveges

Background
Indium is a highly valuable metal. No independent indium ore deposits occur; it is produced
as a by-product of zinc ores, where its concentration varies usually between 1 and 100 g/t
(USGS, 2012).
The most important application of indium is the production of LCD flat displays. It is
estimated that in 2014 97 % of the total display production will be of LCD televisions and
monitors (DisplaySearch 2012). Liquid crystal (Fig 5-11) is an aromatic based polymer with
benzene, fluorine, bromide-components and a cyan-group (Zhuang et al. 2012). Indium content varies between 110 and 150 g/t (Csőke et al. 2013) in LCDs. As a result, the used liquid
crystal displays are potentially valuable alternative indium resources.

Figure 5-11. Different liquid crystal molecules, based on Ébert (2012)
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Reinitzer, an Austrian botanist, observed in 1888 that the cholesterol recovered from
the sugar beet has two melting points, and between them the material has properties like
both a liquid and a crystalline material (KAWAMOTO 2002; Miklósi 2004). Engineers and
researchers of the David Sarnoff Research Centre, led by George Heilmeier, designed a technology for the electrical control of the scatter light by liquid crystals, so the first rudimentary
liquid crystal display was built in 1968. The first everyday use LCD was developed by the
International Liquid Crystal Company (ILIXCO), led by James Ferguson, in 1972.
The LCD is a six-layer sandwich structure which consist of two 0.4–1.1 mm thick glass
plate and plastic films (polarisers, protective films), as can be seen in Figure 5-12.

Figure 5-12. Structure of the liquid crystal display

Beside the active liquid crystal, indium-tin-oxide (ITO), thin layer transistors having conductive properties, a rectifier layer and colour filters are placed between the glass plates.
The parts of the LCD module are, beside the panel: backlight, thin-layer circuit board, cable
and mounting frame (Barna 2006). Since the LCD panel is incapable of independent light
emission on its own, backlight is added to the technology, which is transmitted or not by the
liquid crystals depending on their orientation. The ITO layer is a mixture of indium (III)-oxide
(In2O3) and tin (IV)-oxide (SnO2), and normally it contains 80-90 % In2O3 (Jeon et al. 2008;
Csőke et al. 2013). TFT – thin film transistor – is a type of the LCD monitors (Lee et al. 2013),
where all pixels of the display have their own transistor which produces the illuminating
point, as opposed to the earlier passive matrix LCD displays. In the case of the colour LCDTFT technology, for visualisation of the colour, liquid crystal cells with three different colour
filters (red, green, blue) are assigned to all pixels. The basic colours of the display are determined by the colour filters and backlight as well.
Initially, used LCD monitors and television sets were investigated only for environmental purposes (Barna 2006), and later the disposal of the LCD waste (mercury, liquid crystals)
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and the energetic utilisation of the plastic parts were investigated. Nowadays, recycling of
the most valuable materials, mainly indium is in the centre of research, and this requires
a combination of manual dismantling, mechanical sorting and classification, and thermal
and/or chemical processes.
The first step of the indium recycling from used TVs and monitors is to remove the LCD
panel of the device. Then the liquid crystal and plastic polarisation and protective films have
to be removed as well. Removing of protective foils can be done by different techniques:
combustion of the organic materials at >400 oC (Dodbiba et al. 2012); pyrolysis – in this case
the risk of the PAH (polycyclic aromatic hydrocarbons) formation can be reduced (Lu et al.
2012); ripping off the film after a short period of thermal treatment (200-250 oC) (Li et al.
2009; Lee et al. 2013); grinding and then washing the liquid crystal. Finally, the indium and
the tin can be recycled from the residual slag or the cleared ITO-glass by acidic dissolution
and precipitation from the solution after grinding (Li et al. 2009), by cementation (Muratani
et al. 2010) or liquid-liquid extraction (Virolainen et al. 2011; Ruan et al. 2012), or by ionexchange separation as well.

Evaluation of the LCD display recycling tests
The investigation was started by sampling and dismantling the LCD monitors and TV-s. The
material and the part composition were determined, and then the processing tests were
carried out according to the flowsheet shown in Figure 5-13, which was created based on
the literature and the experience of the dismantling.

Figure 5-13. Processing flowsheet
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The processing tests basically were done in the laboratories of the University of Miskolc,
Institute of Raw Material Preparation and Environmental Processing. The scanning electron
microscopy (SEM) was performed in the Institute of Mineralogy and Geology, and the chemical analyses in the MTA TTK KKI.

Result of the dismantling
Determination of the composition for both structural and partial material composition was
done by the dismantling of LCD TVs and 8 LCD monitors. Examples of the result of the dismantling can be seen in Figure 5-14 and Table 5-3.

Figure 5-14. DELL 1905FP LCD monitor (CCFL backlight) before (left)
and after (right) dismantling
Examined
layer
/
Element

Ag
Br
C
Cl
Fe
Mn
Na
O
Sb
Si
Ta
Ti

Fireproof
protective
case
Silver layer

1.87
56.18
0.21
0.96
0.29
23.57
3.20
12.11
1.62

62.85
28.51
1.69
6.46
0.49
-

Carbon Electrolyte
layer
layer
atomic mass %

Anode

Wire

8.34
59.33
13.48
16.70
2.14
-

11.14
7.47
81.38
-

100.00
-

62.14
32.86
-

Table 5-3: The structural and part material composition of LCD devices
(Example - DELL devices)
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As a result of dismantling of the 13 devices it can be stated that the average weight of
the LCD monitor is 6.2 kg, while the average weight of the LCD TV is 8.4 kg. The mass ratio
of the indium carrier LCD panels is 12.5% in monitors and 16.5% in TVs. In total, the average
weight is 7.3 kg, the mass ratio of the LCD panel is 12.5%.

Thermal treatment and film separation
The plastic films can be removed easily from the glass after a 300s long 225-227 °C thermal
treatment (similar to the literature). The material balance of the ITO glass can be seen in
Table 5-4.

Parts
Plastic
Metal
LCD panel
PCB
Backlight lamp
Wires
Screws
SUM

DELL monitor, Model:
DELL TV, Model: 1905FP
1905FP
No..:CN-OT6117-71618-HBG- No.: CN-OT6117-71618-HBGAGSL
AGSL
Year: 2006, CCFL
Year: 2006, LED
Mass, [kg]
Yield, [%]
Mass, [kg]
Yield, [%]
2.18
2.92
43.07
46.19
1.48
2.38
35.1
31.36
0.5
0.84
12.39
10.59
0.46
0.44
6.49
9.75
0.04

0.85

0.12

1.77

0.04
0.02
4.72

0.85
0.42
100

0.06
0.02
6.78

0.88
0.29
100

Table 5-4: Material balance of the DB and JVC displays (ITO-glass)
after heat treatment and film separation

Microscopic investigation of the TFT- and CF glass of the LCD panels
The optical investigation was carried out in the colour filter and TFT glass part of a DiBoss
type television. The polarisation film was previously removed by thermal treatment and the
liquid crystal by washing. The structure was investigated by a Zeiss Axioskop 2 MAT optical
microscope. Figures 5-15 and 5-16 show pictures of the parts.
The colour segments of the pixels can be seen well. One transistor belongs to one
pixel colour segment. The transparent ITO layer can be seen only by SEM (JEOL JXA-8600
Superprobe). Fig 5-17 shows the main parts pf the TFT glass (transistor and capacitor).
The Si content of the base glass is around 40 %, while in the ITO conductive layer it is higher
than 60 %.
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Figure 5-15. CF glass of the DiBOSS television

Figure 5-16. TFT glass of the DiBOSS television

Figure 5-17. SEM picture of the DiBOSS TFT glass
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Removal of the liquid crystal
After the comminution of the LCD below 10-20 mm, the next step in the technology was to
remove the liquid crystal. The liquid crystal removal was carried out by different methods:
soaking in distilled water; soaking in distilled water with different detergents, ultrasonic
treatment in distilled water, and ultrasonic treatment in distilled water with different surfactants. Based on the measurement results the specific amount of the liquid crystal was
0.198 cm2/g. Ultrasonic treatment in distilled water was more effective than the normal
soaking.

Preparation of the clean CF TFT glass for chemical analysis and chemical
processing
After the removal of the liquid crystal, by drying and comminution the sample material was
prepared for the investigations on chemical processing (Fig 5-18). The results of the chemical analysis can be seen in Table 5-5.

Figure 5-18. CF and TFT ITO glass of DELL monitors and HP laptop prepared
by hammer mill for chemical processing

Calculating with the respective masses, the specific theoretically recoverable indium
content of a flat LCD displays is:
16 mg/kg – related to the weight of the whole display;
131 mg/kg – related to the weight of the LCD panel.
Based on the results it can be also concluded that the CF glass has significantly higher
indium content than the TFT glass.
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Polarizer
Yield, %
Feed: 100.0
%
Yield, %
Feed: 100.0
%

5.7

CF glass
TFT Glass
DB displays

49.3

Polarizer

39.6

5.4

48.1

4.9

JVC displays

4.6

42.4

Table 5-5. Chemical composition of ITO glass parts

Chemical processing: solubilisation and solution treatment
Systematic chemical processing experiments for indium recovery from used LCD displays
were carried out using the -5 mm fraction, prepared according to the mechanical processing
flowsheet (Figure 5-13). The ratio of the bright and dark glass was 1:1 in the sample. Singlestep and two-step solubilisation has been applied.
After taking a representative sample from the prepared LCD panels, the parallel solubilisation experiments were carried out using 1 M sulphuric acid and 1 M hydrochloric acid.
The efficiency of the leaching was investigated at different temperatures (40, 50 and 80 °C)
and at different residence time (0.5, 1, 4 h). The solid/liquid ratio was 1:1 (g/ml). The leaching experiments were carried out in Erlenmayer flasks by 150 min-1 stirring in a shaking apparatus. The results of the measurements can be seen in Figure 5-19 and Figure 5-20.

Figure 5-19. The metals recovery obtained using 1M hydrochloric acid
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Figure 5-20. The metals recovery obtained using 1M sulphuric acid

Figure 5-21. The metal recovery of some major elements in the two-step leaching experiment
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Based on the experimental results it can be concluded that both the 1M sulphuric
acid at 55 °C and 0.5h, and the 1M hydrochloric acid at 55 °C are appropriate solvents
to recover nearly the whole indium content from the solid phase. However, using hydrochloric acid at 55 °C and 1h residence time is more advantageous, because dissolution of
other elements (e.g. iron) is lower under these leaching circumstances, which makes the
pregnant solution treatment more difficult. Data also show that the short retention time is
preferable since a re-precipitation process is induced with time and the resultant dissolved
indium and lanthanum content decreases after 30 min treatment time with 1M sulphuric
acid.
The aim of the two-step leaching experiments was to dissolve the iron selectively into a
solution by 0.5M acetic acid, and in the second step to solubilise indium by 1M hydrochloric
acid. In the first step the effect of the temperature was investigated: measurements were
carried out at 25 and 55 °C by acetic acid as well. In the second step a temperature of 55 °C
was applied in all cases. The solid/liquid ratio was 1:1, the residence time was 1 hour in all
cases. Figure 5-21 shows the results of the two-step leaching process.
It was found that the higher temperature is advantageous for the leaching of the critical, strategic target metals. However, the selective leaching of the iron was not so straightforward; the iron was dissolved in both leaching steps, but to varying degrees: 11 % in the
first and 3.6 % in the second step. The two-step leaching process should not be rejected,
because the yield of the Fe in the solid tailings of the solubilisation is higher by 5 % than in
the one step technology.

Figure 5-22. The recovery of some main elements in the precipitate
in NaOH precipitation at 50 °C
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The further investigation of the pregnant solution – prepared in the 1M HCl 55 °C leaching – was focused on the concentration of the critical metals by hydroxide precipitation. 1M
NaOH solution was used in either one-step or multistage mode for the precipitation. In the
first step hydrogen-peroxide was added to the solution to oxidise the iron and later be able
to precipitate it at lower pH. The pH of the solution was then increased up to pH=3. The
obtained precipitates were filtered, and then the pH of the solution was increased in the
multistage mode up to the value of pH=3.5; 4; 4.5; 5. The solid phase was removed after
every step. The precipitation process was carried out at ambient temperature until pH=3.
The further precipitation was carried out at 25 and 50 °C as well. The recovery of some main
elements in the precipitate can be seen in Figure 5-22.

Conclusion
It was found that higher selectivity can be reached by higher temperature precipitation in
the presence of an oxidiser. During multistage solution treatment 90 % of the iron and tin
can be removed from the solution at pH=3.5, while only 20 % of the indium will be transformed into solid phase. Following the iron and tin removal, the indium can be recovered
from the residual pregnant solution at pH=5.
The hydroxide precipitate contains indium, lanthanum, manganese and other metals.
The selective separation of these metals and the production of market products can be
achieved by the repeated dissolution of the precipitate and then the multistage solution
treatment carried out by the combination of several techniques.
Ways of utilising bulk waste materials

Fly ash from coal fired thermal power plants
Gábor Mucsi, Ljudmilla Bokányi, Barnabás Csőke, Ákos Debreczeni, László Gáspár, Imre
Gombkötő, Réka Horváth, György Less, Zoltán Molnár, Ádám Rácz

Coal and fly ash
According to a recent energy survey (BP Statistical Review of World Energy, 2013), coal based
energy production still plays an important role in the global energy production: in 2012 coal
had a share of 28 % among the total energy resources. This is mainly due to its widespread
availability and favourable price.
The coal arrives at the power plant with variable ash content, seldom less than 15 %.
Thus with the combustion of the coal a significant volume of solid residue is also produced.
The amount of this residue is proportional to the coal, thus the deposited slags and fly ash
tend to cause increasing problems and concern (Figure 5-23).
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Figure 5-23. Sampling from the fly ash pond of the Visonta power plant

Figure 5-24. Fly ash under electron-microscope (SEM image) (Mucsi et al. 2014)

Fly ash is the fine fraction of the solid residues, in the form of spherical globules with
grain size at around 90 % below 100 µm (Figure 5-24). It is formed from the inert minerals
of the coal, which become molten and oxidised during the combustion. Huge amounts of
fly ash residue have been disposed in ponds near to thermal power plants. In Hungary the
volume of deposited fly ash is shown in Table 5-6.
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Elements in mg/kg

TFT glass (dark)

CF glass (bright)

Average of monitor

La + Ce + Nd + Y

103

10

58

In + Sn

246

373

308

Ni + Zr +Ti + V +Mo +Co

271

104

190

Pb + Zn + Cr + Cu + Fe

2031

2200

2114

Al + B + Ba + Ca + Sr

29 290

33 450

31 323

Table 5-6. Volume of deposited fly ash at the different thermal power plants
in Hungary (Gáspár 2005)

Fly ash as a resource – recent applications
Even with the recent reduced share of coal in domestic electricity production, around 2
million tonnes of fly ash are being produced and deposited annually (Mucsi 2012). It is vital
for the operators to reduce this amount as much as possible.
There are several routes of research to find commercial applications for this potential
raw material. It starts with applications as simple as fine grained aggregates (like road basement), continues as artifical puzzolan in concrete, and ends with high value-added products
(cenospheres, artifical zeolites, etc).

CriticEl research towards the production of geopolymers
Geopolymers are artificial products consisting of a polymeric Si–O–Al framework, similar
to zeolites. The main difference from zeolite is that geopolymers are amorphous instead of
crystalline. The microstructure of geopolymers on a nanometer scale observed by TEM comprises small aluminosilicate clusters with pores dispersed within a highly porous network.
The cluster sizes are between 5 and 10 nanometers. One of the possible raw materials for
producing geopolymers is fly ash. Our research was aimed at determining the physical and
chemical characteristics of fly ash coming from different thermal power plants. We focussed
our work on two different properties: (1) mechanical activation of fly ash through grinding
and (2) geochemical evaluation of fly ash as potential raw material for critical elements.
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Sampling
Three thermal power plant fly ash ponds were sampled:
• Oroszlány – brown coal – 1 sample – Oroszlány Eocene brown coal,
• Tiszaújváros – brown coal – 1 sample – Borsod Miocene brown coal,
• Pécs – hard coal – 13 samples from different ponds – Mecsek Jurassic hard coal. Here
the samples were taken from drillholes at different depths from the ponds,
covering the whole vertical section of the ponds.
One fly ash was sampled from the dust collecting filter system of the operating power station:
• Visonta – lignite – 1 sample – Visonta Pliocene lignite + 10 % biomass.

Mechanical activation of fly ash through grinding
The tests were carried out only on the Visonta sample. As readily available fine grained
silicate material, fly ash is an ideal raw material to produce geopolymer. One aspect which
hinders this application is the low reactivity of the fly ash, causing long bonding time and
slow build-up of strength.

Figure 5-25: The changes in 50 and 80 percentile grain size as a function
of grinding energy
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Figure 5-26. Change in block density and uniaxial compression strength as
a function of specific surface in case of vibration compacting

Figure 5-27. A geopolymer block produced from Visonta fly ash
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The material can be mechanically activated through grinding and NaOH addition (Figure 5-25). Tests indicate that 6 M concentration of NaOH and 3 minutes grinding time gives
the highest compressive strength, 13.3 MPa (Figure 5-26). Figure 5-27 shows a geopolymer
specimen made of mechanically activated Visonta (lignite) fly ash and NaOH/waterglass as
alkaline activator.

Geochemical properties of fly ash
Owing to the large volumes concerned, fly ash disposal sites can be important sources of
certain chemical elements which enrich them. The enrichment is governed by the geology
of the original coal seams and the combustion technology of the power plant.
Several previous surveys have mapped the trace element chemistry of coals and fly
ash deposits. In the Mecsek coals Csalagovits & Víghné Fejes (1969) found that B, Sn, Pb,
Ga and Mo exceed average values of sedimentary rocks. Intense anomalies are known from
the Ajka brown coals, such as uranium, thorium, vanadium titanium, molybdenum, gallium
(Tomschey 1988). Fügedi (1978) has found anomalous As, Be, Bi, Sb, Co, Mo, Pb, W, Zr, Ga
and V content in the Eocene-Oligocene coal bearing sequence at Majk. The coal ash from
the Borsod-coalfield indicated elevated Ga, Pb, Zn, Mo, As, Be and B values.
Our sampling of fly ash has covered the Pécs, Tiszaújváros, and Tatabánya sites and the
Mátra Power station “fresh” fly ash from Visonta. Among all the tested samples, the Mecsek
fly ash gives the highest values of minor elements. The 13 samples from Pécs indicate high
chemical homogeneity. Its total REE content is around 600-700 ppm, which is 2-4 times
higher than any other sampled fly ash (ΣREE in Visonta 170–175 ppm, in Tiszaújváros 351
ppm, Vértes 413 ppm). An interesting feature was the strong negative correlation between
SiO2 and total REE (-0.97), which may indicate that the REE content is not linked to the silicates – a positive attribute when processing alternatives are considered.

Summary
The tests have indicated that the mechanically activated material can be used in a number
of applications, for instance as the binder of geopolymer-concrete with aggregates, or can
be developed into a higher added value product such as geopolymer foam. Further detailed
investigation is necessary from an environmental point of view (the leaching test) to study
its applicability, even in the case of waste encapsulation in geopolymer.
The initial geochemical survey results show that the Mecsek fly ash has ponds with such
a high minor element content that they are recommended for further detailed research. The
economic feasibility of recovering these elements is low unless recovery is a by-product,
linked to other bulk applications like construction material or use in geopolymers.
118

Geology, technology, economy

From minerals through processing to production

6

János Földessy, Barnabás Csőke, Imre Gombkötő, Helmuth Schupler

Introduction
The project has been structured to concentrate basically on geology and processing technology. Nevertheless the economic side should never be lost from sight, since the research is
about raw materials for industry, meaning that feasibility had always to be tested in both
technical and economic aspects. As basic research, our project seldom gave a directly applicable set of economic parameters for further planning. Broad estimates and initial assessments could be made about a small number of primary and secondary materials.
Two projects were chosen and presented here to illustrate the possible economic implications. The first is at plant level (Fehérvárcsurgó glass sand), where a product formerly
regarded as waste can be re-assessed and recommended for utilisation, by complementing
the original technology of the main product. The second is at company level (Úrkút, solubilisation of Mn ores). This shows that a change in the processing technology may open product
lines to new markets.
In both projects we used net present value models. These models simulate an operation, with incoming raw materials and outgoing products. The facilities where the operation
takes place have to be constructed, therefore estimated investment costs are also part of
the model. Similarly, there are estimated operational costs. These items were taken either
from a co-operating company, from handbooks or from accepted and published technical,
statistical or financial publications. Finally, a part of the input parameters were obtained
from our research.
The data were not sufficient to carry out a proper multi-variant economic analysis
which might lead to accurate pre-feasibility evaluation of a mineral occurrence or a secondary recycling project. However, we believe that these cases illustrate how serious the economic impact of a mineral resource or secondary residual material can be, and at the same
time it delineates the scope of future works and funds necessary to put these resources into
production.
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After going through the projects of the CriticEl, we are quite certain in stating that
Hungary under-estimates its existing resources for critical materials. These represent high
– though unrecognised – value in the state assets, which necessitates regular investment
in maintaining and developing its value. The demand which should be considered in these
models is not those of the recent times, but the demands of the 2030s, since at least 10 to
15 years’ lead time is needed before a research and development project in this field would
arrive at the production stage.
Is it worth complementing the existing technology?

Heavy minerals from glass sand tailings, Fehérvárcsurgó
Sándor Nagy, Barnabás Csőke, Norbert Zajzon, Ferenc Kristály, Izabella Márkus,
Imre Gombkötő, Zoltán Pap, Krisztina Kaliczné Papp, László Szép,
Nikoletta Duber, Helmuth Schupler, István Gaga

Introduction
High purity quartz sands are suitable for glass sand production, and so are the mature sands,
from which the feldspar has decayed and the clay fraction has been washed out. The ultra
stable heavy minerals (zircon, rutile, tourmaline) are also relatively enriched in these sands.

Figure 6-1. Fehérvárcsurgó glass sand plant
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These minerals have to be removed during the processing of the glass sand products.
Several important trace elements are concentrated in this heavy mineral fraction. Fehérvárcsurgó has been an important production plant since 1961, where Üveg-Ásvány Ltd. produces large volumes of glass sand annually. The raw sand has 93-96 % SiO2 content, with total
Fe2O3 ranging between 0.24 and 0.89 %. The final products may have 0.06-0.08 % Fe content
and a maximum of 6 % under 0.1 mm fine fraction. This is solved by complex processing
(gravity, magnetic separation and flotation). As a consequence, the waste contains the mafic
and heavy minerals, normally with elevated trace element content. Annual output has been
in the range of 400,000 tonnes (Kun 1989).
The aim of the tests presented in this chapter was the determination of the mineralogy
and chemical composition of the heavy minerals in the tailings and the assessment of their
recovery rates and the economic feasibility of their utilisation. Results regarding the REE
content of the sands are discussed in more detail in Szakáll (2014).

Heavy mineral separation technology
The basic principle of the separation of heavy minerals from the other components is the
difference in their physical properties. The larger the difference is, the better separation of
the components can be achieved.

Figure 6-2. Typical technology for preparation of monazite-containing sand
(based on Bőhm 1972, Gupta 2003, Wills 2006)
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The separation can be carried out by density difference, complemented by techniques
based on their magnetic properties and conductivity. A technology combined from the
above-mentioned separation steps is shown in Figure 6-2 (Bőhm 1972, Gupta 2003, Wills
2006).

Sampling and basic experiments
The No. 1. tailing pond of Üveg-Ásvány Ltd. and the material flow directly emerging as waste
from the beneficiation technology was sampled.
Particle size mm Average density kg/cu.m

Recovery %

Sample No.

FCS2

FCS5

FCS2

FCS5

>0.5

2 660

2 650

31.84

14,71

0.25–0.5

2 660

2 660

10.86

8,62

0.125–0.25

2 680

2 690

38.29

19,77

0.063–0.125

3 040

3 210

17.4

51,47

<0.063

3 010

4 070

1.61

5,43

Table 6-1. Average densities of size fractions and yield of size fractions

According to density analysis the FCS2, FCS3 and FCS5 samples contain a significant
amount of heavy minerals in the finer fractions: 0.063-0.125 mm (ρFCS5 II=3210 kg/cu.m) and
<0.063 mm (ρFCS5 I=4070 kg/cu.m). Based on the mineralogical information and density data
the FCS5 sample was selected for further testing.

Mineralogy and chemistry of the samples, before and after the treatment
Preliminary experiments for separation and for determination of component minerals were
carried out on the samples FCS2 and FCS5 (Szakáll 2014). Sample FCS5 was used for basic
technological experiments and evaluation of the products.
Mineralogical analysis (optical microscopy, XRD, SEM-EDX, XRF) of the separated heavy
fraction samples revealed that the most common heavy minerals are ilmenite, rutile, staurolite, epidote, zircon, garnet and monazite, along with traces of magnetite.
Some results of chemical analysis of sample FCS-5 heavy mineral fraction can be seen
in Table 6-2. The table contains summarised values as ΣREE. The results are shown for
cerium as the main component in monazite and its recovery in different particle size fractions. The heavy minerals are concentrated in the smaller size fractions; this is especially
true for REE.
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<0.063 mm

0.063–0.125 mm

0- 0.125 mm
(calculated)

Mass yield, %

9.5

90.5

100

Ce [mg/kg]

1 690

203

345

Ce recovery, %

46.8

53.2

100

Σ REE, [mg/kg]

3 456

545

826

REE recovery, %

39.9

60.1

100

Particle size

Table 6-2. Results of chemical analysis of particle size fractions (Sample FCS5)

On the basis of preliminary experiments a technological flow-sheet was designed (Figure 6-3).

Figure 6-3. Simplified processing flow chart of sample FCS5

Table 6-3 shows the results of chemical analysis of the density separation products. The
heavy product contains 99.66 % of the total REE content.
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Density fraction

>3000
kg/cu.m

<3000
kg/cu.m

Feed

Yield,%

51.3

48.7

100.0

Ce [mg/kg]

579

2

298

Ce recovery, %

99.7

0.3

100.0

SUM REE [mg/kg]

1 393.00

5.00

717.00

REE recovery, %

99.7

0.3

100.0

Table 6-3. Chemical analysis of density fractions (Sample FCS5)

Magnetic separation
The experiment was carried out with a wet HGMS separator. The products can be seen in
Figure 6-4.

Figure 6-4. Products of magnetic separation
(magnetic fraction: left, non-magnetic fraction: right)
Sample
Yield, %

0.1A
25.1

0.2A
20.4

0.5A
24.5

1A
7.7

NON-MAGN.
22.3

mg/kg

rec %

mg/kg

rec %

mg/kg

rec %

mg/kg

rec %

mg/kg

rec %

Ce

183

9

324

13

912

46

1 750

27

102

5

La

98

10

163

13

454

45

898

28

47

4

Nd

89

11

138

14

371

44

674

26

41

5

Other REE

129

∑REE

499

11

778

14

2 009

44

3 721

26

230

5

Li

2

24

2

20

2

24

3

11

2

21

Ti

12 000

33

12 200

28

11 000

30

6 600

6

1 030

3

Nb

20

40

16

26

11

22

11

7

3

5

153

272

399

40

Table 6-4. Chemical composition of products of magnetic separation
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The results of chemical analysis and recoveries of different REEs are shown in Table 6-4.
The recoveries of Ce, La and Nd are nearly identical. It can be assumed that these elements
are contained in one mineral (monazite).
Table 6-5 shows the mineralogical composition of the different fractions of the magnetic separation (XRD analysis with Bruker AXS D8 Advance diffractometer). The X-ray diffraction analysis corresponds well with the chemical analysis in the case of monazite. In the two
magnetic fractions 0.2 A and 1.0 A 0.2% and 0.4% monazite was detected by XRD analysis.
Fraction:
Mineral
Quartz
Zircon
Ilmenit
Rutile
Staurolite
Anatase
Hematite
Monazite
Tourmaline
Chlorapatite
Cristobalite
Kyanite
Amorphous

HGMS 0.1A HGMS 0.2A HGMS 0.5A

2.5
1.6
65.1
3.8

7.0
2.2
81.4
5.7
2.4
1.3

HGMS
1A

Composition [%]
5.2
13.2
3.6
7.0
62.5
7.9
9.3
17.6
6.6
25.5
2.4
2.4
1.3
2.0
0.2
0.4
8.4
1.9

HGMS
Non-magn
58.7
10.0
0.2
9.1
1.1

0.5

0.8
27.0

0.0

9.0

13.0

14.4
6.0

Table 6-5. Mineral composition of magnetic separation products

Electrostatic separation of magnetic product
The experiment was carried out on the ERIEZ electrostatic separator (drum: 250×250 mm).
The feed was the magnetic product of HGMS I. (I=1 A). The applied voltages: 5, 10, 15, 20
and 25 kV. Monazite was not detected by XRD analysis in either fraction.

Electrostatic separation of non-magnetic product
The non-magnetic product of HGMS (non-magnetic at =1 A) separation was fed to the
electrostatic separator. The applied voltages were the same as above. The results of the XRD
analysis of products are shown in Table 6-6.
According to the proposed final processing scheme used in the economic analysis, preenrichment density separation is followed by weak field magnetic separation, which is advised for the separation of large weight ratio magnetite and ilmenite. Rutile, monazite and
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zircon are then separated: firstly monazite by strong field magnetic separation, then the
conductive rutile by electro- dynamic separators from non-conductive zircon or magnetic
monazite from the non-magnetic zircon.
Ilmenite can be strongly, medium or weakly magnetic, therefore monazite might have
to be cleaned from ilmenite with electrostatic separation. Based on analysis this technology
was capable of recovering 55 % of the ilmenite and 44 % of the monazite from the course
part ( < 0.125 mm) of the sample.
Conductive product I.

Conductive product II.

(5kV)

(10kV, 15kV, 20kV)

(20kV)

Mineral / wt%

Mineral / wt%

Mineral / wt%

Rutile
Zircon
Quartz
Anatase
Ilmenit
Perovskite
Amorphous

18.4
14.1
49.4
3.3
7.5
1.3
6.0

Rutile
Zircon
Quartz
Anatase
Ilmenit
Perovskite
Amorphous

16.4
5.0
56.9
3.1
9.6
0.9
8.0

Non-conductive product

Rutile
Zircon
Quartz
Anatase
Ilmenit
Perovskite
Amorphous

10.8
11.2
60.1
2.4
2.6
0.9
4.0

Gahnite (?)
Albite

1.2
0.7

Pseudobrookite (Fe)

0.6

Table 6-6. XRD analysis of products of electrostatic separation

Economic assessment
Schupler and Gaga (2014) prepared a net present value (NPV) model to investigate whether
such a relatively small operation could be realised at a profit. The first alternative, i.e. a small
1 tonne/hour plant linked solely to the present glass-sand production, has been proved to
be uneconomic.
As a second alternative it was assumed that a 10 tonne/hour heavy mineral beneficiation plant (approximately 40,000 tonnes/year) should be attached to the existing technology using the existing historic waste. This can process both the actual production plus
complementary waste reprocessing from the deposited waste.
The initial grade parameters for the heavy mineral waste were set at:
• monazite
0.4 %
• ilmenite
8%
• rutile
1%
• zircon
1%
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Recovery rate:
• monazite:
44 %
• ilmenite:
55 %
The available resource base for the 10 tonne/hour plant (accounting for the deposited
waste since commencement of production) is 2 million tonnes. which, using the above plant
size, and assuming 2 shifts/day, 251 days/year, can theoretically serve 500 years of production at the above calculated rate. In the model 25 years of operation was taken. The investment cost of the plant was estimated at 120,000,000 HUF (a little over 500,000 USD). Operation costs, overheads and other expenses were drawn from similar plants in Hungary.
Prices for the products were taken from Concensus (2013) as HM sands, i.e. ilmenite (171-300 USD/t), rutile (1,175-1,800 USD/t), monazite (2,800-3,200 USD/t), zircon sand
(1,200-1,700 USD/t). The main financial parameters were set as discount rate 10%, exchange
rate 235 HUF/USD, monthly wage + allowances 300,000 HUF. Other important factors such
as taxation, utility price changes, marketing costs, etc. were disregarded in this estimate.
NPV modelling was carried out based on the flow chart (Figure 6-3) and input parameters. The model has produced the main results summarised in Table 6-7.
Items

Discounted values

Investment costs

$

510 000

Operational costs

$

3 196 000

Income

$

18 155 000

NPV

$

14 449 000

Table 6-7. Main economic parameters of a 10 tonne/hour beneficiation plant using
NPV model (values in USD)

Summary
Rutile, ilmenite, zircon and monazite are the main recoverable heavy minerals. Ilmenite and
zircon are well concentrated in the examined tailings and it is easy to produce them in high
purity. Monazite is the only identified REE mineral phase, although its concentration is low.
Possibly REE elements may be concentrated in other mineral phases (Ti-oxides), although
we do not have chemical information about the composition of these phases.
On the basis of our experiments it can be concluded that it is possible to produce sand
concentrate with significant TiO2 content using the described technology (fraction 0.2-0.5
A: 88.4 %). The ilmenite and rutile can probably be cleaned further based on differences in
their magnetic properties.
The non-magnetic product of HGMS separation is rich in zircon (10.0 %). Monazite
comes in the magnetic product of HGMS separation.
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By considering the historic waste material as a potential resource, the economic analysis resulted in positive NPV, meaning that the construction and operation of such a heavy
mineral separation unit can be performed profitably.
Is dissolution a good solution?

Úrkút – new directions of manganese production
Norbert Zajzon, Ljudmilla Bokányi, Helmuth Schupler, Tamás Vigh, Attila Horváth,
Imre Gombkötő, István Gaga

Background
The Úrkút manganese ore deposit is located in the Transdanubian Central Range. Manganese
ore production started in 1921. Underground mining is still active near the village of Úrkút,
and production is 40–50 kt ore per year with moderate (20–25 wt%) MnO grade. The ore is
sold after crushing and grinding, and used as an alloying material in the steel industry.
Manganese clay residue is produced during processing of Mn-oxide ores. Taking into
consideration the amount available – 2.8 million tons – and its utilisation possibilities, it can
be a feasible raw material.

Geology, mineralogy
The Mn-carbonate ore can be found in a cca. 40 m thick black shale – Mn-ore sequence deposited in a submarine basin, which was one of the depressions created by the Early Jurassic
rifting of the Upper Triassic carbonate platform (horst-graben structure). Today the deposit
occupies an area of cca. 10 km2 (Polgári et al. 2000). The sequence is made up, from bottom
to top, of the lower black shale, the Main Ore Bed (10–12 m), the middle black shale, the
Ore Bed No. II (8–10 m), the upper black shale and the topmost iron-bearing brown Cservár
Flintstone.
Numerous types of Mn ores exist in the area of Úrkút, and are classified into two main
groups according to their mineralogical composition: Mn-carbonate and Mn-oxide ores,
which can be subdivided further into primary and secondary varieties.
The Mn-carbonate ore (Figure 6-5) consists of micritic carbonates (dominantly rodochrosite), clay minerals (mainly celadonite), goethite and small amounts of quartz and apatite (Polgári et al. 2000). The grain size of these mineral components rarely exceeds 5 µm.
It is a layered sedimentary rock, it consists of the alternation of fine, mm-scale (0.1–10
mm thick) argillaceous marlstone and carbonaceous marlstone laminae (Fig 6-6). During
sedimentation of the Mn ore other important factors, such as microbial and hydrothermal
128

From minerals through processing to production

activity, also played a crucial role in its formation. Quick chemical precipitation of Mn and Fe
dominated close to the hydrothermal upwelling zone (Csárda Hill), whereas slow microbial
catalysis of Mn took place at the distal zones, where lower metal concentrations were available (Polgári et al. 2012).

Figure 6-5. Underground sampling in the Úrkút mine

Figure 6-6. Manganese carbonate sample (No 103)

129

From minerals through processing to production

Oxygen-poor conditions (the Toarcian Oceanic Anoxic Event) allowed the Mn to stay in
solution during transportation till the time of ore formation. The Csárda Hill ore is a silicaand Fe-rich Mn-oxide ore, while the ore that formed further away from the hydrothermal
vent is Mn-carbonate ore. The Mn-carbonate ore is an early diagenetic product formed
from a Mn-oxide pre-ore gaining its carbon from decomposing organic matter (Polgári et
al. 1991).
Previous studies pointed out elevated (400–600 ppm ∑REE) rare earth element content
associated with phosphorus in the carbonatic ore. The Úrkút deposit locally contains anomalous amounts of REE such as samples from the U-307 borehole and from Csárda Hill, containing 0.09–0.12 and 0.145–0.26 wt% total REE oxide, respectively (Pálfy & Kovács 1970).

Recent results in geochemistry and mineralogy
Roughly 100 samples were investigated for geochemistry during our research (ICP-MS and
ICP-AES after Li-metaborate fusion). The samples carry lower REE concentrations (259 ppm
ΣREE on average), than the earlier published data. The black shale samples fall into a lower
and a higher REE-concentration group (average ΣREE 155 and 454 ppm, respectively). Higher
REE concentration appears near the bottom of the middle black shale.
The REE-hosting main phase in the Mn-carbonate ore is apatite (0.X wt% Ce and La can
almost always be detected by SEM-EDX), but REE could be absorbed in different clays and
Fe-Mn-oxyhydroxides. Minor amounts of REE are also possibly incorporated in the carbonates.

Figure 6-7. Cobalt-bearing cattierite in the manganese carbonate ore
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Measured concentration (wt%)
Main components in
green
brown
clayey Mn-ore
oxide
carbonate Mn- carbonate Mnwaste
ore
ore
MnO
26.50
27.70
17.90
Fe2O3

10.00

13.70

22.20

SiO2

19.70

16.60

28.70

Al2O3

1.94

2.41

10.00

CaO

8.75

3.79

1.64

MgO

3.67

7.22

1.67

K2O

1.09

0.36

1.34

TiO2

0.12

0.15

0.55

SO3

2.32

0.84

0.14

P2O5

0.64

0.26

0.46

BaO

0.04

1.45

0.10

Na2O

0.06

0.07

0.09

SrO

0.03

0.04

0.20

H2O

1.55

2.79

3.61

LOI

23.42

22.44

11.27

minor elements

concentration in mg/kg

La

35.2

41.5

76.5

Ce

108.0

143.0

205.0

Pr

7.3

8.0

17.5

Nd

29.7

31.1

72.5

Sm

6.0

5.7

14.7

Eu

1.4

5.7

3.3

Gd

5.0

4.9

11.5

Tb

1.0

0.9

2.1

Dy

5.4

4.9

12.1

Ho

1.1

1.0

2.4

Er

2.8

2.7

6.3

Tm

0.4

0.4

0.9

Yb

2.3

2.2

5.3

Lu

0.3

0.3

0.7

Y

28.9

24.7

71.5

∑REE+Y

235.0

278.0

502.0

Sc

2.1

1.9

3.7

Ga

4.9

5.2

12.4

Ge

0.5

<0.25

0.8

Nb

2.7

3.9

12.1

V

43.7

73.3

133.0

Th

1.7

1.9

7.3

U

0.7

0.3

3.7

Table 6-8: Average chemical composition of the different ore types
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The average carbonate content is 60–70 wt% in the carbonate Mn ore, always with
strongly varying cations such as Mn, Fe, Ca and Mg building up dominantly calcite structure
carbonates, and subsequently dolomite structure carbonates. The main clay mineral is celadonite-illite, usually giving the green colour of the rock, but smectites (14Å and 15Å) are
also present in the different colour varieties (brown, grey, black) of the ore associated with
goethite. The colour of the black ore comes from ca. 20 wt% of Mn-oxides. This black type
is unique, both Mn-oxides and Mn-carbonates are present. Some pyrite and quartz, or XRD
amorphous material (assumed to be chert) are present in ca. 10 wt%. The Mn clay on the
dump has a totally different mineral composition, being the residue of the oxidative Mn ore,
goethite (45 wt%), Mn-oxides (25 wt%), quartz (15 wt%) and XRD amorphous material (15
wt%), which could be clays SiO2 or even Fe- and Mn-oxyhydroxides with very low crystallinity.The disposed Mn clay waste also carries relatively high REE concentrations (average ΣREE
455 ppm). The chemical composition of the main rock types is summarised in Table 6-8.
REE spectra (normalised on Post Archaean Australian Shale: PAAS – Taylor &
McLennan 1985) of the samples exhibit several special features. The positive Ce anomaly
(defined as Cean= CePAAS/(0.5LaPAAS+0.5PrPAAS), Bau & Dulski 1996) occurring in all the carbonate ores, black shales and manganese clays is probably the sign of oxygen-poor conditions
during formation. A middle REE enrichment is experienced in these samples. HREE does not
show enrichment relatively to LREE. A positive Eu anomaly (Euan = EuPAAS / (2/3 SmPAAS + 1/3
TbPAAS), Bau & Dulski 1996) appears only in five Mn-carbonate ore samples. This, together
with enrichment of Ba and W may indicate episodes of more intensive hydrothermal fluidinflow (Bau & Dulski 1996).
Beside REE, cobalt is also one of the critical elements. It was found as Co-Ni-sulphides
(Polgári et al. 2000). Our analyses also indicate the presence of CoS2 (cattierite) in several
ten µm grains (Fig 6-7). This mineral occurs in the middle of zoned carbonate grains, indicating an early precipitation stage.
If the chemical content is normalised to PAAS – which represents the Upper Continental Crust – then enrichment of REE, W, Se, Co and Sn (sometimes Ba and Eu) is clearly visible,
while the Cr, V, Zr, Nb, Th and U is depleted. This indicates a hydrothermal contribution in
the sedimentary basin, where the detrital component from the land is limited.

Selective leaching tests of ore types and Mn clay waste
The purpose of the systematic laboratory leaching tests carried out at the Institute of Raw
Materials Preparation and Environmental Processing was to investigate the possibility for
selective recovering the manganese, as well as cobalt and the REE (Bokányi et al. 2014).
Three samples were used for the experiments: the brown carbonate Mn ore, the carbonate
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Mn ore and the clayey Mn-ore waste. To achieve the processing target formulated above
and based on the literature, it was decided to investigate two-stage acidic leaching. The first
stage was adjusted for the selective solubilisation of Mn and Co phases using diluted acid,
the second stage for the leaching of the REEs at higher acid concentrations. HCl and H2SO4
solutions of various concentrations were used for the leaching at 25 °C and 50 °C.

Figure 6-8. Recovery of trace elements in liquid phase from brown carbonate Mn-ore
sample using two-stage HCl leaching at 25 and 50 °C
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For the brown carbonate Mn-ore sample, when using sulphuric acid, as well as hydrochloric acid at 50°C, it was found that almost the total Mn content can be leached, while
Fe recovery remains below 10 % (Fig 6-8). Nevertheless, only the sulphuric acid showed
a high selectivity towards Mn solubilisation, and high mass transfer of manganese could
be achieved even in the first leaching step. In the case of HCl, the two-stage leaching also
resulted in the reaching of a recovery rate of 97–99 wt% for Mn and 70 wt% for Co and Ga
in liquid phase, although in the first solubilisation stage only 40–41 wt% of manganese and
18–19 wt% of cobalt was leached. Temperature increase is rather advantageous in the cases
of cobalt and gallium; in other cases the metal recovery increase is not so high.
The selective solubilisation of REEs using HCl of higher concentration in the second
stage was successful. The total recovery of REEs was as high as 82–84 wt%. Recovery values
of trace elements in liquid phase from the brown carbonate Mn-ore sample using two-stage
HCl leaching at 25 and 50 °C are shown in Figure 6-8. It can be seen that from Gd, Ce, Tb,
La, Nd, Pr, Sm, Dy, through Y, Ho, Er, Tm, Yb till Lu, the solubilisation recovery constantly
decreases from 95 down to 83 wt%. The U, Sc, As, Eu and Th showed only partial solubility,
while V, Ge and Nb were practically insoluble for the brown carbonate Mn-ore sample.
For the green carbonate Mn-ore sample (Fig 6-9) it was found that when using the
hydrochloric acid only a part of manganese can be solubilised in the first stage. The remaining amount of Mn, all the soluble Fe and the REE are solubilised in the second stage of the
HCl leaching. The total recovery in solution of manganese is around 99%, that of cobalt
74–76 wt% and that of gallium 42–51 wt%, depending on the applied temperature. The
iron-bearing species were easier to leach in this sample: Fe recovery in solution was as high
as 53–58 wt%.
The total recovery of REE was higher than in the case of the previous sample: 88.5–90
wt%. Regarding the recovery values of trace elements in liquid phase from the green carbonate Mn-ore sample using two-stage HCl leaching at 25 and 50°C the tendencies in their
solubility are more or less the same as for the brown carbonate Mn-ore sample. Exceptions
are Eu and U, with increased solubility, and Ga, with decreased leachability in the green
carbonate Mn-ore sample.
Finally, for the clayey Mn-ore sample it was discovered that any tested circumstances
were suitable for the appropriate mass transfer from solid phase into solution. The Mn and
Fe recovery were below 10 wt%. The total REE recovery was as low as 47.6 wt% at 25°C and
49.4 wt% at 50°C.
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Treatment plant investment cost estimate
The input ore is manganese carbonate ore with an average grade of 26.5 % MnO, 0.05 %
total REE. At present the ore is sold as lump ore to a nearby iron smelter, the sole customer,
which thus defines both the possible output of the mine and the price that can be achieved.
Their demand tops at 50,000 tonnes per year lump ore, although the resources could support much higher production.
As Baba et al, (2014) described, several leaching techniques for manganese carbonate ores are in use on a commercial scale. It was thought that leaching technology could
facilitate a more diverse product scale, where the minor components of the ore could also
be utilised.
Integrated treatment of manganese ore and its minor elements is feasible if the leaching process for main components and minor elements is similar. In this case pregnant
solution can be produced containing each important metal component (directly or selectively) and recovery from solution can be done afterwards selectively. According to Baba
et al. (2014), sulphuric acid is used most commonly in manganese ore chemical treatment
worldwide. For REE recovery from Úrkút manganese ore, the use of sulphuric acid seems to
be also optimal as a solvent.
To assess the investment cost, a small nearby carbon-in-leach gold leaching plant was
taken as example. Cvetkovski et al, (1996) published costs of a treatment facility of complex
sulphide ore with precious metals in Serbia with complex leaching technology using comminution, pressure oxidation, leaching and recovery of base metals and precious metals with
CIL treatment. The estimated capital cost including surface facilities, infrastructure site and
office costs was USD 11,000,000. Operating costs were almost USD 200 per metric tonne
of ore processed, including the mine operating costs as well. We have set the capacity for
the proposed manganese clay residue treatment plant at 50,000 tonnes/year, calculating
1 shift per day and 220 workdays per year. Since the Úrkút mine is already running with
50,000 tonnes/year capacity, therefore only the leaching plant related investments need to
be estimated. Considering price increases and inflation, capital costs of a treatment plant
for Úrkút with a capacity of 220 tonnes/day is estimated for approximately EUR 15,000.000.
Operating costs are difficult to estimate; being a small operation, they were initially taken as
EUR 100 per tonne of ore treated.
In the starting model it was assumed that the operation would produce low quality
chemical grade manganese oxides plus REE oxides from acid leaching. In the present market
situation manganese would contribute 98 % of the turnover, while REE is estimated at 2 %.
Other elements like Co, Ni and V are not included in this estimate. With these input/output
parameters, and a 25-year lifetime, the project showed negative NPV.
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If the capacity could be increased to 2,000 tonnes per day then other technology and
product options could also be feasibly encountered. The assumption is sufficiently backed
by the robust mineral resource base of Úrkút. EMM – electrolytic manganese metal – is a
highly priced product, dominantly from Chinese producers. The recently planned Canadian
Woodstock electrolytic manganese plant will produce electrolytic manganese (EMM) metal
at 0.81 USD/lb cost, while the turnover is estimated at 1.35 USD/lb average EMM price from
manganese carbonate ore (Woodstock 2014). The head grade of the Mn ore at Woodstock
is 9.87 % MnO, over the 40-year planned project life. Applying NPV analysis to this technology and the higher throughput of the plant, the NPV is highly positive, forecasting a robust
economic project. In this case the main product, manganese in itself would secure the economic operation. The sale of REE by-products would lead to significant extra earnings in this
model.
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Despite opinions to the contrary, there is indeed a strong relationship between global annual GDP growth and the performance of the global mining industry. Sources of raw material are of strategic importance today, as they have always been. Their significance is further
increased by the fact that deposits are depleted over time, and that demand for previously
unused materials (or minerals bearing their elements) emerges, or demands are boosted as
a result of scientific research, innovation and technological advances. Energy sources are
not the only strategically important raw materials; certain special elements – both metals
and non-metals – and the minerals bearing them are also crucial. In each of its areas the
industry of the 21st century is creating new demands that can only be met by the extracting
and processing industry.
At the turn of the millennium the world’s developed regions (such as the USA, the European Union and Japan) were faced with the fact that although developing areas, particularly
China, Southeast Asia and Latin America, were still behind in terms of technological research
and development and innovation, these developing regions were at a distinct advantage in
terms of their access to the sources of raw materials, including the critical raw materials,
that make development possible. In some cases, they even possessed a monopoly in these
materials.
Europe is extremely vulnerable in terms of critical raw materials, as it depends on imports for the majority of its supply. This situation is made even less favourable by the fact
that demand for these materials from developing nations is growing, making it more difficult to obtain materials on the market. The global materials market is also influenced by
national measures to protect local industries. Another factor adding to the difficulty of obtaining raw materials is that they may be currently extracted from a few far away locations,
and the shipping routes are often unsafe. The critical materials are also needed in fields that
make up the central elements of Europe’s energy policy. The goal of the Strategic Energy
Technology Plan (SET-Plan) adopted in 2008 is to support the green energy policy of the EU
by exploring, developing and putting on the market low CO2 emission technologies.
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Recognising the risks involved in ensuring a supply of raw materials, in 2008 the European Commission called for a common European strategy for raw materials and for the
establishment of a suitable legal environment, particularly for critical materials, considered
essential for the economy. Beyond the need for searching for primary materials, the initiative also called attention to the role of waste in reducing the demand for primary resources
by recycling discarded products, and by limiting or banning the transport of waste out of EU
territory. In the case of some materials, risks are increased if the concentration of production is high, if they are difficult to substitute, or if the recovery rate is low.
A comprehensive strategy for carrying out recommendations related to raw materials
has been announced by the European Commission. The Europe 2020 strategy (COM (2010)
2020) sets out its major goals for the ten-year period to 2020, keeping three priorities in
mind:
• smart growth, through more effective investments in education, research
and innovation;
• sustainable growth, thanks to a decisive move towards a low-carbon economy; and
• inclusive growth, encouraging job creation and poverty reduction, social
and regional cohesion.
Seven flagship initiatives are proposed in relation to these priorities, and in two of
them raw materials are in focus: the Innovation Union initiative (rethinking approaches to
research, development and innovation), and the Resource Efficient Europe initiative. Since
then the list of strategic materials has lengthened; the first report contained 14 materials
considered of strategic importance, while a thorough review led to the most recent report
(RMG 2014) containing 20 materials considered to be critical to Europe’s growth.
One group of recommended is related to training, dissemination of information and
legislation. While there are still deposits within the EU member states that are not yet sufficiently explored or exploited, there is unjustified resistance to their exploration and mining,
many member states have overly strict regulations, and in some cases the geological and
geographical attributes of the area are not conducive to extraction.
While the general opinion is that Hungary is poor in raw materials, this belief largely arises from a lack of knowledge and from the failure to exploit existing opportunities,
whether in energy sources, in ore and non-ore mineral resources, or in the area of raw mineral materials for the building industry. The results of the last major raw material exploration
projects, which took place in the 1980s, have been analysed only in part, while the data and
data storage devices of that period are fast becoming obsolete.
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The CriticEl mineral resources research project has achieved significant results in the
following areas:
• Expanded mineralogical and geochemical data on mineral deposits that are being
worked or have been closed down, added value information for the display and
distribution of strategic elements (such as the Recsk cobalt and indium, or niobium
and tantalum from Máza-South and from Pécs-Vasas), and experiments of technical
modifications and economic estimations based up on these new or expanded data
(REEs from Úrkút and Halimba).
• Re-evaluation of existing but partly obsolete or ignored data on mineral occurrences
(such as Bükkszentkereszt berillium, graphite from Irota, and Pátka-Szűzvár
fluorite).
• Revealing new (greenfield) occurrences of mineral resources (such as niobiumtantalum-rare earths in Sukoró, or cobalt in Vincepáli-Répáshuta).
Based on the information gathered in these locations within the CriticEl project, further
systematic and industrial level research is needed in order for the society of Hungary to take
advantage of the economic potential contained in its elements.
We are in full agreement with the research efforts being carried out by the Geological
and Geophysical Institute of Hungary (MFGI); we also believe that re-evaluation of earlier
geographical research data is important, and so is systematising, preserving stored samples
and reanalysing drill samples from anomalous areas. Discovering and exploring such enrichments are prerequisites to creating production sites that can significantly raise the economic power of the regions, whether through centralised, state-controlled efforts or private
operations. Major but promiseful tasks are the challenges for the government decision makers and exploration, mining companies in the re-evaluation of the nation’s mineral resources and in launching new research programs in this area.
In the case of secondary raw materials, the main results of the project are a survey of
waste, particularly electronic waste, containing critical elements. Several technology-based
projects dealt with methods for removing exploitable materials from electronic devices. The
results gained by the CriticEl project offer opportunities for the further development of Hungarian selective waste processing systems, developing and using new technologies, perhaps
even within international partnerships. Results worthy of mention were also reached in the
field of utilising mining and energy industry waste (such as glass sand or fly ash).
Naturally the research carried out within this project did not cover all possible fields;
rather, it concentrated on a few particular areas, materials or waste types in order to explore
opportunities and call attention to the needs and possibilities for research and innovative
development in identifying sources of raw materials and in their economical use.
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The investigations in primary raw materials put smaller weight on the well-known
large-scale occurrences, such as those at Recsk, Rudabánya, Gyöngyösoroszi, or Börzsöny,
and concentrated to less explored new areas. Investigations of waste focused on a few types
of tailings from mines, wastes of a limited number of mining-metallurgical-energy production operations, and a few types electronic waste.
Based on the experience gained in the project and its findings, as well as in the directives issued by the EU on raw material policy, it is possible to identify the most important
future tasks in Hungary’s raw material management and for its research groups:
• Continuation of the research carried out during the project, working on one concrete
project in each area and bringing a technology to the point of feasibility in industry.
• Keeping sustainable development and economic needs in mind, creating a uniform
national raw materials strategy for primary and secondary materials that considers
economic, environmental protection and social impacts.
• Strengthened protection for the natural resources that form our national assets,
promotion and support for exploitation and usage, and creating a legal and financial
system for the regulation and support of these activities.
• Formation of an effective and transparent national mineral registry to assist in
research and applications of raw materials in Hungary and to inform potential
investors; a complete overhaul of the current mineral inventory system, now
obsolete, taking into consideration the global trend towards realistic assessment of
and availability.
• Promoting research, especially into identifying potential alternative mineral resources,
modifying the structure of already known deposits to enable new applications, or
ways of cost effective exploitation of enriched deposits at greater depths.
• Research in and the development of equipment, processes and technologies for
exploiting industrial and consumer waste – residue materials, tailings, sludge,
metallurgical slag, fly ash from power stations, discarded electronic goods, etc. – as
a source of secondary raw materials.
• Provision of support to encourage firms, research institutions, and universities to
cooperate in developing new technologies for the use of secondary raw materials; as
such development is both extremely resource intensive and risky, only multinational
firms and groups are able to engage in such development.
• Broadening cooperation, at home and internationally, for research and development
in the area of raw materials management, for both primary and secondary
materials.
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Abbrevations
APS

arsenate-phosphate-sulphate

CF

color filter

DL

detection limit

EDX

energy dispersive spectrometry

ELGI

Hungarian State Eötvös Lorand Geophysical Institute (Magyar Állami Eötvös
Loránd Geofizikai Intézet)

f.o.b.

free on-board price category

FKI

Research Institute for the Metal Industry, ALUTERV-FKI
(Fémipari Kutató Intézet, ALUTERV-FKI)

GTK

Geological Survey of Finland (Geologian tutkimuskeskus)

HM

heavy mineral

HOM

Hermann Ottó Museum, Miskolc

HS

high sulphidation

ICP-MS

inductively coupled plasma mass spectrometry

ICP-OES

inductively coupled optical emission spectrometry

ITO

indium-titanium-oxide layer

LA-ICPMS

laser ablation ICP-MS spectrometry

LCD

liquid crystal display

LED

light-emitting diode

LOI

loss of ignition

Ma

million years

MÁFI

Hungarian State Institute of Geology (Magyar Állami Földtani Intézet)

MBFH

Hungarian Office for Mining and Geology (Magyar Bányászati és Földtani
Hivatal)

MGSZ

Hungarian Geological Survey (Magyar Geológiai Szolgálat)

MHF

Mecsek Hardcoal Formation

MT

magneto-telluric

MTA TTK KKI

Hungarian Academy of Sciences, Natural Sciences Research Center,
Chemical Research Institute (MTA Természettudományi Kutatóközpont
Kémiai Kutatóintézet)

OÉÁ

National Ore and Mineral Mining State Company (Országos Érc- és
Ásványbányák)

PAAS

Post-Archean Australian shales

PCB

printed circuit board
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Abbrevations
PGE

platinum group elements

PGM

platinum group metals

ppb

part per billon

ppm

part per million

SEM

scanning electron microscopy

SX-EW

solvent extraction - electrowinning

TÁMOP

Social Renewal Operative Programme (Társadalmi Megújulás Operativ Program)

TEM

transmission electron microscopy

TFT

thin film transistor

UM

University of Miskolc

UV

ultra-violet

VLF

very low frequency

WDX

wavelength dispersive spectrometry

WEEE

waste electrical and electronic equipment

XRD

X-ray diffractometry

XRF

X-ray fluorescent spectrometry
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Geographical names and GPS positions
Name of locality

Latitude (°N)

Longitude (°E)

Map URL

Ajka

47.103696

17.549963

http://goo.gl/maps/EHTws

Alsótelekes

48.419240

20.662944

http://goo.gl/maps/YEeJC

Asztagkő

47.859417

19.922389

http://goo.gl/maps/S47Ea

Balatonrendes

46.833045

17.575226

http://goo.gl/maps/oOkrm

Balinka

47.317447

18.169340

http://goo.gl/maps/aHzBw

Budakeszi

47.508464

18.905411

http://goo.gl/maps/Fqumb

Budaörs

47.461986

18.951488

http://goo.gl/maps/ZPxct

Budapest

47.497221

19.027993

http://goo.gl/maps/6w0A0

Bükkszentkereszt

48.064036

20.616665

http://goo.gl/maps/mkdzo

Darnó

47.959089

22.663089

http://goo.gl/maps/8ud5i

Diósviszló

45.882072

18.158573

http://goo.gl/maps/ILYMb

Dorog

47.722844

18.729879

http://goo.gl/maps/Stzwt

Dudar

47.309077

17.940997

http://goo.gl/maps/WDG3l

Eplény

47.211853

17.915927

http://goo.gl/maps/yYM3n

Felsőcsatár

47.212030

16.457519

http://goo.gl/maps/jNGNE

Felsőnyárád

48.330724

20.604190

http://goo.gl/maps/bLZmG

Felsővadász

48.367787

20.911969

http://goo.gl/maps/hREOK

Fertőrákos

47.724450

16.642970

http://goo.gl/maps/5c3So

Gadna

48.40234

20.915771

http://goo.gl/maps/g3bLi

Gyöngyösoroszi

47.837225

19.889624

http://goo.gl/maps/9vEVh

Gyöngyössolymos

47.854971

19.927476

http://goo.gl/maps/a8WYW

Hetvehely

46.138065

18.034724

http://goo.gl/maps/FhOhR

Irota

48.405638

20.878091

http://goo.gl/maps/NUv4B

Jósvafő

48.489064

20.561083

http://goo.gl/maps/uDKOK

Kocs

47.601980

18.202268

http://goo.gl/maps/8a5tf

Komló

46.190118

18.241491

http://goo.gl/maps/we4YG

Kőszeg

47.384663

16.528668

http://goo.gl/maps/vopsM

Kövágószőlős

46.081100

18.118927

http://goo.gl/maps/mC22m

Kurityán

48.312112

20.625863

http://goo.gl/maps/5xLST

Lahóca

47.939694

20.082972

http://goo.gl/maps/ZVjde

Mány

47.535920

18.658330

http://goo.gl/maps/1TrdJ
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Geographical names and GPS positions
Mór

47.389185

18.190466

http://goo.gl/maps/5g8ds

Nadap

47.262318

18.615220

https://goo.gl/maps/zrpRU

Nagybörzsöny

47.926409

18.850726

http://goo.gl/maps/R5Pg7

Nagyigmánd

47.624895

18.080922

http://goo.gl/maps/pxhYw

Nagykovácsi

47.570901

18.883755

http://goo.gl/maps/4OtWN

Nagymányok

46.285022

18.450244

http://goo.gl/maps/T6Y10

Nagyvisnyó

48.117929

20.441671

http://goo.gl/maps/y6FGz

Oroszlány

47.467649

18.317148

http://goo.gl/maps/6KQKq

Pákozd

47.224442

18.541665

http://goo.gl/maps/k89g5

Parádfürdő

47.929225

20.057264

http://goo.gl/maps/Kcmnh

Pátka

47.284804

18.488218

http://goo.gl/maps/ciYIV

Pécs

46.076185

18.225176

http://goo.gl/maps/TcF0n

Pécsely

46.958657

17.783215

http://goo.gl/maps/ajaxG

Perkupa

48.473655

20.687484

http://goo.gl/maps/8mgyW

Pusztavám

47.435910

18.225916

http://goo.gl/maps/TWa08

Recsk

47.929555

20.107580

http://goo.gl/maps/FTNur

Rudabánya

48.375195

20.625960

http://goo.gl/maps/yAnFv

Sajókaza

48.294225

20.584947

http://goo.gl/maps/miZ9i

Sukoró

47.244391

18.603466

http://goo.gl/maps/TV4iq

Szarvaskő

47.985603

20.335044

http://goo.gl/maps/nvQvu

Szászvár

46.270005

18.371057

http://goo.gl/maps/pxUsT

Szeged

46.250598

20.176861

http://goo.gl/maps/qTeW4

Szendrő

48.400672

20.724536

http://goo.gl/maps/120wc

Sirok

47.929544

20.196985

http://goo.gl/maps/9OQiM

Szendrőlád

48.344134

20.745136

http://goo.gl/maps/581EE

Szin

48.496896

20.656611

http://goo.gl/maps/RJq0k

Tatabánya

47.565763

18.402223

http://goo.gl/maps/C6SZV

Tornakápolna

48.463759

20.615631

http://goo.gl/maps/9ZcwZ

Túrony

45.904617

18.229565

http://goo.gl/maps/pVvMt

Úrkút

47.070567

17.683886

http://goo.gl/maps/gvhdb

Várpalota

47.206240

18.160472

http://goo.gl/maps/3KaiY

Velence

47.212621

18.669570

http://goo.gl/maps/bCDvz

Villány

45.867414

18.456913

http://goo.gl/maps/ao8MT

Overview map			
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http://goo.gl/UkJrsx

Minerals and their chemical formulas
acanthite		Ag2S
aeschynite		(Ce,Ca,Fe,Th)(Ti,Nb)2(O,OH)6
albite		NaAlSi3O8
allanite		(CaCe)(Al2Fe2+)(Si2O7)(SiO4)O(OH)
anatase		TiO2
anhydrite		CaSO4
ankerite		Ca(Fe2+,Mg)(CO3)2
anthracite		C
apatite-(F)		Ca5(PO4)3F
arsenopyrite		FeAsS
baryte		BaSO4
bastnäsite		(REE,Th)(CO3)(F,OH)
biotite		KFe2+3(AlSi3O10)(OH)2
böhmite		AlO(OH)
brochantite		Cu(SO4)(OH)6
brookite		TiO2
carrollite		Cu(Co,Ni)2S4
cassiterite		SnO2
cattierite		CoS2
cerussite		PbCO3
chalcopyrite		CuFeS2
chlorargyrite		AgCl
chlorite		(Mg,Fe,Al)5Al(AlSi3O10)(OH)8
cobaltite		CoAsS
columbite		(Fe,Mn)(Nb,Ta)2O6
cryptomelane		K(Mn4+7Mn3+)O16
dolomite		CaMg(CO3)2
enargite		Cu3AsS4
florencite-(Ce)		CeAl3(PO4)2(OH)6
fluorite		CaF2
fluoro-phlogopite		KMg3(AlSi3O10)(F,OH)2
galena		PbS
gersdorffite		NiAsS
goethite		α-Fe3+O(OH)
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Minerals and their chemical formulas
graphite		C
gypsum		CaSO4*2H2O
halloysite		Al2(Si2O5)(OH)4
hematite		Fe2O3
ilmenite		Fe2+TiO3
jarosite		KFe3+(SO4)2(OH)6
joaquinite-(Nb)		NaBa2Ce2FeTi2[Si4O12]2O2(OH,F)*H2O
kaolinite		Al2(Si2O5)(OH)4
keralite		(Ca,Ce)(Th,Ce)(PO4)2
kyanite		Al2(SiO4)O
lepidocrocite		γ-Fe3+O(OH)
lizardite		Mg3(Si2O5)(OH)4
loparite		(Na,Ce,Ca,Sr,Th)(Ti,Nb,Fe)O3
magnesite		MgCO3
magnetite		Fe2+Fe3+2O4
marcasite		FeS2
melonite		NiTe2
mimetesite		Pb5(AsO4)3Cl
monacite		(Ce,La,Nd,Th)(PO4)
muscovite		KAl2(AlSi3O10)(OH)2
nacareniobsite		Na3Ca3(Ce,La,Nd)Nb(Si2O7)2OF3
native gold		Au
native indium		In
orthoclase		KAlSi3O8
paragonite		NaAl2(AlSi3O10)(OH)2
parisite		Ca(Ce,Nd,La)2(CO3)3F2
plagioclase		NaAlSi3O8 - CaAl2Si2O8
plumbogummite		PbAl3(PO4)2(OH)5*H2O
prehnite		Ca2Al2Si3O10(OH)2
pumpelleyite		Ca2(Al,Fe,Mg)Al2(Si2O7)(SiO4)(OH,O)2*H2O
pyrite		FeS2
pyrochlore-(F,Na)		(Na,REE,Ca)2Nb2(O,OH)6F
pyromorphite		Pb5(PO4)3Cl
pyrrhotite		Fe1-xS (x= {0 - 0,17})
quartz		SiO2
rhabdophane		(REE,Ca,Th)(PO4)*H2O
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Minerals and their chemical formulas
rutile		TiO2
safflorite		CoAs2
scheelite		Ca5(WO)4
sericite		KAl2(AlSi3O10)(OH)2
siderite		FeCO3
sphalerite		ZnS
stibnite		Sb2S3
strengite		FePO4*2H2O
synchisite-(Ce)		Ca(Ce,La)(CO3)2F
talc		Mg3(Si4O10)(OH)2
tantalite		(Fe,Mn)(Ta,Nb)2O6
tapiolite		(Fe,Mn)(Ta,Nb)2O6
tetrahedrite		Cu6[Cu4(Fe,Zn)2]Sb4S13
thorianite		ThO2
todorokite		(Ca,K,Na,Mg,Ba,Mn)(Mn,Mg,Al)6O12*3H2O
tourmaline		(Ca,Na,K)(Al,Fe2+,Fe3+,Li,Mg2+,Mn2+)3(Al,Cr3+,Fe3+,V3+)6[(Si,Al,B3+)6O18]
(BO3)3(O,OH)3(F,O,OH)
wolframite		(Fe,Mn)WO4
xenotime		Y(PO4)
zircon		ZrSiO4
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