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Abstract. Geological and geophysical investigations of 
graphite occurrences in Vesterålen (Nordland county) 
and Senja (Troms county), Northern Norway were carried 
out from 2015 to 2018. The main goal was to ground truth 
resistivity anomalies discovered by a helicopter-borne 
geophysical survey during the MINN project (Minerals in 
Northern Norway) from 2012-2014. All of the graphite 
occurrences are found in supracrustal granulite facies 
rocks of Archaean to Proterozoic age, comprising 
quartzites, migmatitic gneisses, iron formations, 
calcsilicates and graphite schist. The graphite localities 
have a range in total carbon (TC%) varying from 5% to 
21%. The maximum content of TC is found at Vardfjellet, 
Senja with 40.3%. The graphite schists are all of the flake 
graphite type comprising rocks where the graphite flake 
size ranges from approximately 0.01 mm to 2 cm. 

1 Introduction 

In Northern Norway (Nordland and Troms counties) there 
are 76 occurrences of graphite; 47 in Nordland county 
and 29 in Troms county (12 deposits, 13 prospects, 51 
occurrences). Historically, 3 mines have been in 
operation in Vesterålen area, (Jennestad, Golia, and 
Kråkberget). Four graphite mines are active in Europe, 
one of which is in Norway. TheSkaland/Trælen mine has 
been in operation since 1917, producing about 10,000 
tonnes per year from an ore with an average grade of 
31% TC. This is the worlds richest flake graphite mine in 
current operation. 

Detailed geological and ground geophysical 
investigation of fourteen localities were investigated on 
Vesterålen and 6 localities on Senja (2015-2018) 
employing different geological and geophysical methods: 
geological mapping, structural analysis, sampling, 
chemical analyses, geological drilling, trenching and 
ground geophysical methods (CP, IP, SP, EM31 and 2D 
resistivity) (Fig.1-2). Samples were analysed for total 
carbon (TC) and total sulphur (TS) using a Leco SC-632 
analyser. The detection limits are 0.06 % and 0.02 % for 
carbon and sulphur respectively (Table1).

Table 1.Graphite occurrences with content of TC% 

Figure 1. Vesterålen, Apparent resistivity (7000 Hz) with graphite 
occurrences (after Rodionov et al. 2013). 

Figure 2. Apparent resistivity anomalies (6600 Hz) on Senja, with 
graphite occurrences  
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2 Geological setting 

2.1 Vesterålen-Lofoten 

The Lofoten-Vesterålen area in northern Norway is 
regarded as comprising part of the Baltic Shield. In broad 
terms, the area is composed of an Archaean to 
presumably mid-Proterozoic basement, intruded by a 
mangeritic suite composed of anorthosite-mangerite-
charnockite-granite (AMCG) rocks (Davidsen & Skår, 
2016) (Fig.3.). 

Figure 3. Bedrock map at scale 1:250 000, Vesterålen and Senja 
county Northern Norway, with graphite occurrences and 
investigated areas. 

The rocks of the Lofoten-Vesterålen islands of Northern 
Norway are among the oldest yet reported from 
Scandinavia. The region has experienced at least five 
metamorphic and magmatic events during its history, but 
the later events had only local effects (Griffin, 1978). 
There have been two major periods in which new material 
was added to the crust; one at c. 2700 Ma, the other a 
protracted period from c. 2100 to 1700 Ma termed the 
Svecofennian Orogeny. Important metamorphic events 
occurred at 2700-2600 Ma, 1830 Ma and 1100-900 Ma. 
The first two events involved local anatexis, but large-
scale re-melting of pre-existing crust to form granitic 
magma appears to have been limited to an episode at 
c.1400 Ma. The oldest rocks are migmatitic gneisses of
generally intermediate composition, probably largely of
supracrustal origin; these were intruded by a
granodiorite/granite pluton at approximately 2600 Ma. Pb

isotope data indicate that the migmatites formed c. 2700 
Ma ago, and the isotopic systems in some rocks have 
been disturbed by Proterozoic granulite-facies 
metamorphism. 

A Proterozoic supracrustal series is composed 
predominantly of felsic meta-volcanic gneisses but 
includes marble, quartzite, graphite schist and iron 
formations (Griffin, 1978). 

The supracrustal units containing the graphite schists 
are also often intruded by younger intrusions (AMCG). U-
Pb dating indicates a three-stage magmatic history 
beginning at 1870–1860 Ma, with a dominant stage at 
1800–1790 Ma, and the emplacement of pegmatites, 
local rehydration and retrogression between 1790 and 
1770 Ma (Corfu, 2004),. The basement and the early 
Proterozoic supracrustal sequence were subjected to 
regional metamorphism, which reached granulite facies 
over most of the area at about 1830 Ma (Griffin 1978). 
The Archaean to Palaeoproterozoic Gneiss Complex of 
Vesterålen, is dominated by orthopyroxene-bearing 
migmatitic gneisses. The gneiss complex includes 
horizons of quartzites, calc-silicates and amphibolites. 
The metamorphic event(s) reached peak conditions at P= 
0.8-0.9 GPa and T= 860-880 °C (Engvik et al. 2016). 

2.2 Senja 

Senja is part of The West Troms Basement Complex 
(WTBC) which occupies the coastal islands of Troms 
county, North Norway (Fig. 1). The region is 
characterised by Archaean gneisses with varied 
protoliths, Archaean and Palaeoproterozoic greenstone 
belts and Svecofennian bimodal intrusions with ages of 
ca. 1.8 Ga. The WTBC is juxtaposed against the 
Caledonian nappe stack in the east by extensional and 
local thrust faults and represents a basement outlier in a 
similar tectonic position as Lofoten and Vesterålen. 
Geochronology from U–Pb of magmatic and migmatitic 
rocks collected in a transect perpendicular to the NW–SE 
strike of the complex records three main stages of 
Archaean magmatism and one superimposed, Neo-
Archaean metamorphic high-grade event. The period 
from 2.75–2.70 Ga was particularly geologically active in 
the rest of the complex, with intrusion of diorite-
granodiorite plutons on Kvaløya and Senja, followed by 
local migmatisation and a subsequent pulse of diorite-
granite magmatism from 2.70 to 2.67 Ga. The Archaean 
rocks were variably reworked, metamorphosed and 
intruded by felsic and mafic plutons during the 
Svecofennian (1.8–1.7 Ga) orogeny, and locally also 
formed the substrate to Palaeoproterozoic supracrustal 
rocks. Possible correlatives are found in the Lofoten and 
Vesterålen area (Myhre et al. 2013). 

3 Petrology 

3.1  Vesterålen-Lofoten 

Graphite-bearing units comprise rocks with variable 
content of pyroxene (orthopyroxene, clinopyroxene) and 
plagioclase and are often abundant in biotite. The host 
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rock is also locally rich in iron sulfides and with mafic and 
mica veins enriched in pyrrhotite, pyrite, graphite, 
magnetite, biotite, amphibole, mica and clay minerals. 
Graphite-bearing rocks (granulite/pyroxene gneiss/felsic 
gneiss/biotite gneiss) are often intruded by charnockite 
and mangeritic intrusions (Rønningen et al. 2018). 

Graphite schist is often complexly folded but can also 
occur with a brecciated texture (Fig. 4. a,b,c). Host rock 
identification can be problematic where graphite is 
abundant as the graphite schists are often strongly 
metamorphosed during granulite facies metamorphism. 
The average content of pyroxene (orthopyroxene, 
clinopyroxene) and plagioclase minerals can vary. 
Accessory minerals include magnetite, titanite, zircon, 
rutile, chlorite, apatite, and clay minerals. 

Graphite rich zones can be from 30cm to up to 6m 
thick. In the wall rock adjacent to the graphite-rich zones 
graphite is often present in disseminated form at a lower 
grade (up to 20m thick) and can occur in mafic veins 
together with other minerals, such as biotite pyrrhotite 
pyrite, and mica. Graphite flake size can vary up to 2mm 
(Fig. 4d). 

Millimetric to centimeter thick calcite veins and joints 
filled with calcite can also be found.  

Figure 4 Thin sections in transmitted light, a) Iron-rich graphite 
schist (TC12,4%, TS 3,83%), b) Folded graphite schist, c) Iron and 
graphite rich breccia, pyrrhotite matrix, graphite flakes in silicate 
clasts, d) Graphite flakes up to 2mm. 

3.2 Senja 

Graphite occurs within graphite biotite gneiss which are 
abundant in feldspar, amphibole, sulfides, and mica 
minerals. Graphite occurs in lenses, veins and is also 
disseminated (up to 25m thick zones in drillcore). 

Figure 5. Thin section hg39-16- biotite graphite gneiss 

4 Structural geology 

The WTBC on Senja consists of three main tectonic 
blocks juxtaposed along NW-SE crustal scale shear 
zones. The central block, termed The Senja Shear Belt 
(Zwaan, 1995) is a highly tectonised, predominantly 
granitoid block at granulite facies with complexly in-folded 

metasedimentary units containing graphite. The graphite 
deposits on Senja were first mapped in detail by Heldal & 
Lund (1987). Henderson & Kenrick (2003) demonstrated 
that the graphite deposits on Senja are intimately 
associated with the development of NNW-SSE striking F2 
folds, and that the graphite is spatially associated with the 
F2 fold hinges. However, the F2 fold hinges are deformed 
by D3 deformation on approximately E-W axes, creating 
complex interference geometries. Henderson & Kendrick 
(2003) also noted that graphite is most geographically 
extensive where F3 structures intersect graphite-bearing 
F2 structures. The extent of graphite outcrop is also 
strongly affected by the presence of both F2 and F3 shear 
zone structures which locally (F2) or regionally (F3) 'shear-
out' the graphite outcrops, thereby limiting the extent of 
the graphite deposits, suggesting that a robust 
knowledge of the combination of the D2 and D3 structures 
allows for a better understanding of the geometry of the 
graphite deposits. Henderson & Kendrick (2003) carried 
out detailed 1:5000 structural mapping of 6 graphite 
deposits on Senja. In the present study, two of these 
deposits were re-mapped; Vardfjellet and Bukkemoen. 
Vardfjellet is the largest unexploited graphite deposit in 
Europe. Both deposits display a complex geometrical 
relationship. 

Figure 6. Map of the newly discovered Grunnvåg deposit with ground 
conductivity meter-EM31 (mS/m) mesurements. The graphite is 
isoclinally folded around F2 fold hinges. 

The Bukkemoen deposit was thought to close towards 
the east (Henderson & Kendrick, 2003). However, this 
study shows that regionally the same tectonically 
attenuated lenses continue eastwards over a 
considerable distance. In the eastern extremity of the 
Precambrian Basement adjacent to late normal faulting, 
extensive graphite has been discovered in the Grunnvåg 
deposit (Figure 6). Here the graphite is complexly 
deformed in a similar way to the Vardfjellet and 
Bukkemoen deposits. Both detailed structural analysis, 
graphite sampling and ground geophysics have been 
undertaken and confirm the presence of an isoclinally 
folded (F2), WNW-ESE striking graphite lense up to 
approximately 80m thick with thickening up to 
approximately 120m possible in the F2 fold hinges. The 
graphite lense is weakly folded in very open F3 folds on 
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NW-SE axes but the associated folding of the F2 hinges 
is of limited extent compared to other deposits in the area. 

The geophysical anomaly of the Bukkemoen deposit is 
approximately 2km in strike length, the outcropping 
graphite schist (up to 120 m wide) indicates a potential 
graphite resource. However, no detailed resource 
estimates are available at present. Grunnvåg represents 
the best exposed and longest graphite outcrop which is 
approximately. 270m long, 90m wide with average 
graphite content of 5,84 TC%. 

Bergh et al. (2010) proposed a regional tectonic model 
for the WTBC which is now demonstrably relevant for the 
whole of the Svecofennian orogeny in northern 
Fennoscandia (Henderson et al., 2015). Bergh et al. 
(2010) systematised the structural evolution of the West 
Troms Basement Complex (WTBC) west of the 
Caledonian nappe sequences and found that an initial 
phase of NE-directed contraction produced dip-slip fold 
and thrust belt geometries that were attenuated and 
segmented by subsequent orogenic scale sinistral lateral 
shearing. The combination of the F2 and F3 fold and shear 
structures leads to complex graphite deposit geometry. 
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Abstract. In the EU, preliminary data show that there are 
1167 registered occurrences, prospects or deposits of Li, 
Co and graphite, of these only 17 are active. This 
compilation is part of work package 5 of the FRAME 
project (Forecasting and Assessing Europe’s Strategic 
Raw Materials needs) a section within the framework of 
the GeoERA project. The data collected classify the 
occurrences according to their genetic type, their 
occurrence type and production status. The data have 
been collected from geological survey national databases 
and in this compilation we regard all Co deposits with a 
mean Co >100ppm as potential occurrences for Co. For 
the other commodities, Li bearing minerals or graphite 
must be positively identified or explored for to be 
included.  

1 The data, collection and overview 

The FRAME project is part of the H2020 GeoEra platform 
and consists of 11 partners from different geological 
survey in Europe. Li, Co and graphite are the most 
important materials in batteries. The project collected raw 
data extracted from each survey’s national database. In 
addition, a number of geological surveys that are not part 
of the project were requested to supply data. Basic 
geographical and geological information was collected 
including the genetic type of the different commodities. 
The occurrences were also divided into a) “Deposit” an 
occurrence where a value usually in the form of grade and 
tonnage exist. b) “prospect” an area with probability of 
deposits, but more detailed information is lacking c) 
“showing”, any occurrence of a type of mineralization 
usually with little additional information. The total number 
of localities for each commodity in each country is 
summarized in Fig.1 a, b and c. 

2 Summary of the different commodities. 

We show the distribution of Li, Co and graphite occurrences 
in the EU, classified according to their genetic types, in Fig 
2, 3 and 4. 

Figure 1 a b c Number of lithium, Cobalt and Graphite occurrences 
in Europe. 
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2.1 Lithium 

High-grade Li deposits (Gourcerol et al., 2019; Gloaguen 
et al., 2018) are represented by numerous Li-rich LCT 
pegmatites, rare metal granites (Melleton et al., 2015) 
and atypical stratiform deposits such as Jadar. The 
distribution of lithium in Europe shows a strong clustering 
(fig. 2) highlighting the Li potential of the Variscan belt of 
south and central Europe. Representative examples 
(Gourcerol et al., 2019) are Wolfsberg pegmatites (236 
366.46t Li2O – grade 1.0%), Sepeda pegmatites (221 
728.1t Li2O – grade 1.0%) or Beauvoir rare-metal granite 
(375 000t Li2O – grade 0.78%). Lithium is hosted by 
various minerals such as phosphates (amblygonite, 
montebrasite, triphylite), inosilicate (spodumene) and 
phyllosilicates (lepidolite series, zinnwaldite, petalite). 
Co-products are generally Ta, Nb, Sn, Be. Jadar-type Li 
deposits are presently encountered in intramontane 
lacustrine evaporate basins in Serbia and Bosnia, where 
Li is hosted by Jadarite, a Li-bearing borosilicate. Its 
crystallisation is poorly constrained and may be related to 
the interaction of clastic sedimentary rocks with 
surrounding brine, possibly involving hydrothermal 
devitrification and hydration of andesitic-dacitic 
pyroclastic material or alteration of clay minerals. 
(Stanley et al., 2007; Stojadinovic et al., 2017). Jadarite 
occurs as 1-10 mm white ovoid grains in a mudstone 
matrix. The Li & B mineralisation of Jadar occurs as 1.5 
to 35 m thick stratiform lenses of three identified gently 
dipping tabular zones covering a surface area of 3 km by 
2.5 km. In 2017, the total mineral resources report 135.7 
Mt of ore at a grade of 1.86 % Li2O and 15.4 % B2O3 (Rio 
Tinto, 2017) that represents a giant deposit of 2.524 Mt 
of Li2O. 

Medium-grade Li deposits (Gourcerol et al., 2019) are 
represented by hydrothermal deposits such as greisens 
and Li-bearing quartz veins associated to some 
peraluminous rare metal granites. A typical example for 
greisen is Cinovec (Czech Republic, 5 652 990.2t Li2O - 
grade 0.4 Li2O) and for Li-bearing veins is Argemela mine 
(Portugal, 80 400t Li2O – grade 0.4%). In greisens, lithium 
is mainly hosted by iron and fluorine-rich micas 
(zinnwaldite, lepidolite series) whereas in Li-bearing 
quartz veins, Li is hosted by phosphates (Montebrasite, 
etc). Co-products are mainly Sn, Ta and Nb. 

Various other types of rocks and/or geological 
formations may contain local high Li content with low 
tonnage or low to very low Li content with a high tonnage 
(Gloaguen et al., 2018): Li-rich (tosudite) hydrothermal 
alteration aureole around gold quartz veins; 
Cookeite/lithiophorite in black shales (Dauphiné: av. 441 
ppm Li2O, up to 1 847 ppm) or in bauxite deposits and 
Mn-(Fe) deposits. Li-rich clays (hectorite) are presently 
unknown in EU. 

2.2 Cobalt 

Cobalt is a common minor constituent in a number of 
different ore types but world mine production is dominated 
by three main types: 1) stratiform sediment-hosted 
deposits (60%), magmatic Ni-Cu(Co-PGE) deposits 
(23%), and lateritic Ni-Co deposits (15%), where cobalt is 

recovered as a by-product (10-90 % recovery, Mudd et al., 
2013). Other types of deposits containing Co include 
IOCG, VMS (Besshi-type), 5-element vein deposits, black-
shale hosted Ni-Cu-Zn deposits, and Fe-Cu-skarn deposits 
(Slack et al., 2017). In most of these deposit types Co-
grades are between 0.01-0.1%, highest grades occur in 
sediment-hosted deposits of the Central African 
Copperbelt (0.1-1.1% Co), lateritic Ni deposits (0.1-0.22% 
Co), some VMS deposit-types (Windy Craggy 0.66% Co, 
Outokumpu-type deposits 0.1-0.25% Co), and 5-element 
vein deposits and ultramafic-hosted hydrothermal deposits 
(up to %-level, e.g. Dobsina, Bou Azzer) (Hizman et al. 
2017, Slack et al. 2017). 

In Europe, most of the known Co-bearing deposits and 
showings are clustering in the Nordic countries (Finland, 
Sweden and Norway) while throughout southern-central 
Europe deposits are more scattered (Fig. 3). In the Nordic 
countries, the deposits mostly represent magmatic Ni-Cu 
and Fe-Ti-V deposits and VMS deposits, whereas 
elsewhere in Europe genetic types are more varied from 
sediment-hosted, to lateritic and 5-element vein types, 
among others. The only active mines producing cobalt are 
located in Finland. Kevitsa mine in northern Finland is a 
large low-grade Ni-Cu-PGE deposit, which produced 591 t 
of Co in 2018. Kylylahti mine is a small-sized Outokumpu-
type Cu-Zn-Ni-Co deposit, which produced 278 t of Co in 
2018 (New Boliden 2019). Terrafame is a large, low-grade 
black-shale hosted Zn-Ni-Cu-Co mine that produces Co as 
by product to Ni and Zn, but production figures for Co are 
not published (2013 286 t). 

2.3  Graphite 

Graphite is a common mineral in rocks throughout 
Europe. However it is rare to find economically interesting 
deposits. In this study we have divided graphite 
occurrences into flake and amorphous types which make 
up the bulk of the deposits. Vein deposits are known but 
are mostly geological curiosities in the EU (Luque et al 
2014). The bulk of the graphite occurrences occur in 
Archean or Proterozoic rocks of Fennoscandia and 
Ukraine. In addition, a number of amorphous graphite 
occurrences are found in Phanerozoic rocks in Austria. 
There are also a large number of showings where the 
genetic type is unknown. Active mines are situated in 
Ukraine, Austria and Norway. The graphite bearing rocks 
are typically organic rich para-gneiss often associated 
with carbonates and iron formations. The graphite 
content varies from 2-3% up to over 40% (Gautneb & 
Tveten 2000). The Trælen deposit in Norway is the 
world’s richest graphite deposit in current production with 
an average ore grade of 31%. Graphite deposits are good 
electrical conductors and relatively easy to locate using 
geophysics. In investigated (for instance in Norway) 
areas the graphite deposits are found to be polyphasally 
deformed and most commonly associated with high 
amphibolite or granulite facies metamorphism (Gautneb 
et al. 2017). 
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 Figure 2. Genetic types of lithium. 

 Figure 3. Genetic types of cobalt. 

Fig. 4 test genetic types o 
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 Figure 4. Genetic types of graphite 
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Typology of hard-rock Li-hosted deposits in Europe 
Blandine Gourcerol, Eric Gloaguen, Johann Tuduri, Jérémie Melleton 
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Abstract. Lithium became a strategic metal in the last 
decade due to its widespread use in electromobility and 
green technologies. Consequently, demand has 
increased significantly reviving European interest in 
lithium mining and leading many countries to assess their 
own mineral resources/reserves to secure their own 
supplies.  

A compilation of European lithium hard-rock 
occurrences and a systematic assessment of 
metallogenic processes related to Li-mineralization have 
been produced. Accordingly, it appears that lithium is well 
represented through various deposit types related to 
several orogenies from Precambrian to Miocene ages. 
Thus, these deposits have been identified as mostly 
resulting from endogenous processes such as lithium-
cesium-tantalum (LCT) pegmatites (e.g. Sepeda in 
Portugal; Aclare in Ireland; Läntta in Finland), rare-metal 
granites (RMG; Beauvoir in France; Argemela in 
Portugal) and greisens (e.g. Tregonning-Godolphin, 
Meldon in UK; Cinovec in Czech). Local exogenous 
processes may be related to significant Li-endowments 
such as jadarite precipitation in the Jadar Basin (Serbia) 
but are rarely related to economic grade and tonnage of 
lithium. Moreover, common parameters are identified in 
the Li endowment processes including: 1) a pre-existing 
Li-rich source; 2) a lithospheric thickening; and 3) an 
extensional regime.  

1 Lithium: strategic and critical aspect 

In the last decade, lithium has become a strategic metal 
due to its physical and chemical properties making it an 
excellent candidate for electromobility and green 
technologies such as Li-ion batteries and other energy 
storage devices (e.g. Manthiram et al. 2017). As a result, 
metal demand has increased significantly. In this context, 
identification and assessment of lithium mineral 
resources/reserves is a crucial step and lithium 
metallogeny has been identified as representing a major 
subject for discovery of new mineral resources.  

A geographically- and geologically-based compilation 
of lithium occurrences with their corresponding features 
(deposit types, Li-bearing minerals and Li 
concentrations), has been produced. For the first time, 
this extended abstract gives a global overview of the 
identified Li deposit types and features, and their 
distribution throughout orogenies in Europe. Moreover, 
based on this compilation an effort was made to constrain 
Li endowments in terms of their metallogenesis, in order 
to present potential processes responsible for Li 

endowment and introduce potential prospective areas. 
2 An overview of the geological processes 

Several deposit types show Li-bearing minerals. Herein, 
deposits have been divided into two distinct processes: 
1) endogenous – related to magmatic process and high-
temperature hydrothermal processes; and 2) exogenous
process – related to sedimentary processes
/hydrothermal fluids.

2.1 Endogenous processes related to lithium 
mineralization 

Several Li-magmatic related events are identified through 
time (Fig. 1). 

2.1.1  LCT pegmatites 

LCT pegmatites, which may comprise spodumene, 
petalite, lepidolite and amblygonite-montebrasite 
minerals, are widely represented in Europe (Fig. 1) and 
show various ages from Paleoproterozoic to Miocene. 

In the Svecofennian Orogen, LCT pegmatite ages 
range from 1.8 to 1.79 Ga suggesting a relatively late 
emplacement in the orogenic cycle, postdating the arc 
accretion and a regional metamorphism, and might be 
related to a crustal thickening and to the late amphibolite-
facies metamorphic event (e.g. Eilu et al., 2012). 

During the Sveconorwegian Orogen, emplacement of 
mixed niobium–yttrium–fluorine (NYF)-LCT pegmatites 
(910-906 Ma) appears coeval with gravitational collapse 
and post-collisional magmatism, as well as low 
pressure/high temperature metamorphism (e.g. Bingen 
et al., 2008).  

The Ordovician Scottish and the ca. 412 Ma LCT 
pegmatites from Ireland (Barros, 2017), which are part  

of the Caledonian orogenic belt, appear coeval with a 
crustal thickening and post-subduction magmatism. In 
the Variscan belt, various LCT pegmatites are widely 
distributed. Their respective ages suggest emplacement 
during the late Carboniferous reflecting extended 
fractionated magmatic events through the European core 
related to post-collisional stage of the orogenic cycle (Fig. 
1; e.g. Melleton et al. 2012; Neace et al. 2016). 

Finally, deposits within the Western Carpathians 
(Slovakia) as well as the Austroalpine pegmatites of the 
Eastern Alps, which form the extreme margins of the belt, 
indicate Permian ages coeval with a regional partial 
melting (e.g. Ilickovic et al. 2017). 
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Figure 1. Simplified geotectonic map of Europe (modified after Charles et al., 2013) and distribution of various Li-bearing occurrences 

2.1.2  Rare-metal granites (RMG) 

RMG (Fig.1), which comprises various types of Li-bearing 
minerals including Li-rich micas (e.g. lepidolite, 
zinnwaldite) are identified and are mainly Variscan in age 
(e.g. Beauvoir, Montebras in France and Argemela in 
Portugal). They occur as very small, relatively subsurface 
granitic plugs, typically less than 1 km3 and two main 
types (e.g. Černý et al., 2005) are recognized. The first 
group is characterized by metaluminous to peraluminous, 
low to intermediate-phosphorus RMG with very high 
concentrations of Nb, Ta, Sn, which occur in both post-
orogenic and anorogenic geodynamic settings. Li 
endowment is moderate (100 to a few 1000 ppm) and is 
mostly related to zinnwaldite mineralization (e.g. Cinovec 
and Podlesi granites in Czech Republic). The second 
group corresponds to peraluminous, high-phosphorus 
RMG with strong enrichments in Ta, Sn, Li and F, which 
occur in continental-collision settings. In this RMG type, 
Li concentrations are elevated varying from 0.5 % to 
1.0 % Li2O and Li is present in lepidolite, Li-rich 
muscovites and the amblygonite-montebrasite series.  

For both groups, their emplacements during the late 
Carboniferous are related to the post-collisional stage 
ending the Variscan orogeny (Fig. 1; e.g. Cuney et al. 
2002; Melleton et al. 2012). 

2.1.3   Greisens 

Li-rich micas (Li-rich muscovite, lepidolite, zinnwaldite) 
and amblygonite-montebrasite group minerals are also 

well represented in Variscan greisen deposits (e.g. Cligga 
Head, Tregonning-Godolphin, Meldon in UK; Dlha Dolina 
in Slovakia; Montebras in France and Krasno-Konik, 
Krupka in Czech Republic).  

This deposit type corresponds to high-T hydrothermal 
transformation of fractionated granitic intrusions 
(pegmatites, granites) within its upper part into a porous 
muscovite-quartz assemblage at the granite/host-rock 
contact and/or along multi-stage crosscutting Sn-W 
quartz veins (e.g. Černý et al., 2005). Greisen may form 
up to 100 m thick units with irregular to sheet-like bodies. 
Peraluminous RMG and metaluminous intrusions 
represent favorable granitic bodies for development of 
these deposit types.  

2.1.4   Quartz-montebrasite veins 
Existence of Variscan quartz-montebrasite hydrothermal 
veins associated with leucogranitic cupolas have been 
identified in the central part of the Central Iberian Zone in 
Spain (e.g. Valdeflores, Golpejas), Portugal (e.g. 
Argemela area) (Roda Robles et al. 2016) and France 
(Montebras area). Theses veins are hosted by granitic 
bodies or metasedimentary rocks and are generally < 1m 
thick and fill out fracture sets. They show a high 
proportion of quartz and scarcity of minerals such as K- 
feldspars.  

They appear to have been formed during the late stage 
of the Variscan orogeny and are spatially associated with 
peraluminous RMG. 
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2.2 Exogenous processes related to lithium 
mineralization 

Li-occurrences in sedimentary formations are related to 
various exogenous processes such as hydrothermal 
and/or erosion/transport 

2.2.1   Jadar deposit type 

This deposit type is Neogene in age and related to 
jadarite mineralization. Occurrence of several other 
isolated intramontane lacustrine evaporate basins is 
suggested in Serbia (Fig. 1), as well as in Bosnia, such 
as the Lopare basins, where jadarite occurrence has 
been reported. Interestingly, the basement of these 
basins includes LCT pegmatite suggesting a local Li 
endowment in the basement (Stojadinovic et al. 2017). 
Formation of these basins occurred in the late stage of 
the Dinadiric orogeny (Fig. 1), coeval with the extensional 
collapse and back arc extension due to the Carpathian 
slab retreat (Simić et al. 2017).  

Precipitation of jadarite is poorly constrained and some 
authors suggested that interaction of clastic sedimentary 
rocks and surrounding brine, possibly involving 
hydrothermal devitrification and hydration of andesitic-
dacitic pyroclastic material or alteration of clay minerals, 
may contribute to its precipitation (Stanley et al. 2007; 
Stojadinovic et al. 2017). 

2.2.2   Mn-(Fe) deposits 

The Li-bearing lithiophorite mineral, which precipitates 
from secondary fluid circulation, is widely present in Mn-
(Fe) deposits. In Europe, two distinct periods show Mn-
(Fe) deposit formation.  

From Cambrian to Early Ordovician, deposits in 
Scotland, Wales (e.g. Drosgol Mine), Lake District of 
England (Clews Gill), Belgium (e.g. Ottré) and Germany 
(Harz) (Fig. 1; Romer et al. 2011) represent a notable relic 
of the Cadomian orogeny (650 to 550 Ma). They are 
exclusively located in the Avalonian plate, constrained by 
the Rheic suture, and are formed from weathering of the 
Gondwana plate.  

Mn deposits formed in Hungary (e.g. Eplény and Urkut 
deposits) are Jurassic in age (Fig. 1). These deposits are 
associated with marine sedimentary rocks composed 

mainly of bioclastic limestones and black shales. Romer 
et al. (2011) suggested that the lithium component was 
derived from chemical weathering of continental crust 
and concentrated originally in siliciclastic or carbonate 
rocks. Moreover, distribution along regional faults 
appears as an important feature to focus fluid circulation 
(e.g. Candwr Fault in Wales, Cotterell et al. 2009). 

2.2.3   Bauxite deposits 

Li-bearing minerals (mainly lithiophorite and cookeite) 
occur in bauxite deposits. In Europe, these deposits are 
Jurassic to Cretaceous (Bardossy 1982) and are located 
northern shores of the Mediterranean Sea (Fig. 1). 

These deposits are stratiform, related to non-uniform 
karst bedrock in which bauxite horizons are relatively 
large. The Halimba mining district is one of the largest 
area, thickness of the bauxite varies from 1 to 40 m. In 
these deposits, the Li-bearing mineral lithiophorite 
originated from secondary fluid circulation in the host rock 
(Bardossy 1982) forming Mn-rich crust layers in epi- and 
supergene crusts.  

3 From sink to source 

As suggested herein, several parameters may control Li 
mineralization in Europe.  

Observable clustering of endogenous Li deposits 
such as LCT pegmatites, RMG and/or greisens may 
involve a crustal anomaly or a Li « pre-concentration » 
related to paleoenvironmental sedimentation conditions 
(e.g. type of basin, host rocks, climate) and/or post-
deposition processes such as weathering, basinal fluid 
circulation in the crust, more generally preserved along 
paleo passive margins. Thus, this involves existence of a 
primary Li-source which can be of magmatic origin (e.g. 
erosional material from a continental magmatic arc and 
related Mn(-Fe) deposits and lithiophorite occurrences) or 
sedimentary origin. In that respect, a significant 
lithospheric thickening may reflect a favorable process to 
concentrate Li in a specific location.  

Secondly, timing of fluid circulation appears an 
important feature for Li-endowment, which is either 
related to a regional or local extensional regime in an 
orogenic cycle. Thus, sedimentary/hydrothermal Li-
deposits are mainly related to regional extension (e.g. 

Figure 2. Various types of deposits related to Li-mineralization and selected examples. 
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rifting or back arc extension) whereas, magmatic-related 
Li-deposits are associated with local decompression 
and/or transtension strike-slip deformation in late stages 
of the continent-continent orogenic cycle leading to 
formation of a volatile rich melt. Remarkably, sedimentary 
rocks enriched in Li during the extensional regime (e.g. 
Jadar Basin) may represent a favourable source for Li for 
a subsequent magmatic event. Unfortunately, data to 
confirm such a hypothesis are still lacking. 

Finally, distribution of Li-occurrences is strongly 
influenced by the location and geometry of fracture sets. 
Thus, high permeability fractured zones seem to act as 
favourable channel for: 1) evolved magma and allowing 
emplacement of LCT pegmatite or RMG; or 2) 
hydrothermal fluid circulation throughout sedimentary 
successions (e.g. Jadar Basin, lithiophorite occurrences, 
the Aalenian black shales) leading to secondary Li-
bearing mineral precipitation (e.g. lithiophorite, cookeite).  

 
4 Perspectives for exploration 
 
Lithium is not rare in Europe and is well distributed within 
several orogenic belts (Fig. 1). The Variscan orogeny 
(Fig. 1) shows the strongest Li-endowment through 
various Li-deposit types, whereas older orogenies mainly 
contain more localized LCT pegmatites (Fig. 1), 
potentially due to successive orogenic reworking. On the 
other hand, only very few studies report lithium 
occurrences related to the young Mediterranean orogens 
suggesting either a lack of exploration in this 
geographical area or a significant difference between the 
Variscan and the youngest orogenies.  

Meanwhile, a heterogeneity of knowledge is 
observable regarding distinct countries and provinces. 
For instance, a great part of Europe appears 
underexplored/unstudied and may contain further lithium 
occurrences either as pegmatites or RMG and greisens.  
Moreover, description of Li-bearing minerals such as 
lithiophorite and Li-chlorite in sedimentary deposits such 
as bauxite, Mn-(Fe) and MVT deposits is/was not 
systematically reported as it was not of first interest in 
these deposit types, which may show a local significant 
Li-endowment such as in China (Wang et al. 2013). 

Regarding jadarite occurrences, greenfield 
exploration in Balkan countries may identify potential 
deposits related to lacustrine evaporate basins. This area 
is relatively underexplored and several exploration and 
mining companies showed recent interest. 
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Abstract. Lithium (Li), as a strategic metal, is playing an 
important role in this century, mainly due to the growth 
prospect of Li-ion batteries for electric vehicles and for 
electricity storage (Low Carbon Technologies). Likewise, 
in this century, Portugal is considered an important and 
reliable Li source as a supplier for the European Union 
for its considerable quantity of lithium minerals and easily 
accessible location within Europe. 

Li minerals are already being exploited at Barroso-
Alvão Pegmatite Field (northern Portugal), which 
contains large amounts of spodumene, a Li-rich ore 
mineral. 

Geochemical analysis has revealed that the Grandão 
pegmatite carries a spodumene mineralization (low tin 
and higher iron content) with absence of petalite. 

Petrographic analysis highlighted different zones in the 
core section of the pegmatite: (i) shearing zones with 
microgranular spodumene, enriched in lithium content; (ii) 
non-affected zones with spodumene crystals larger than 
2 mm. 
 
Introduction 
 
Lithium (Li) is a strategic metal with increasing 
importance due to the growth prospects of Li-ion batteries 
used in electric vehicles and for electricity storage (Low 
Carbon Technologies). The quantities of Li that Europe is 
expected to consume compromise its supply chain, 
meaning that sustained Li extraction and exploitation is 
fundamental in order to prevent Europe from a 
dependency on Li importation. Potential local suppliers in 
Europe are therefore of major importance. 

Portugal is not far from becoming the major European 
source of Li, playing an important role in supporting the 
advancement of these Low Carbon Technologies 
(European Commission 2018) 

Lithium minerals have been exploited in Portugal for a 
long time, but the majority of deposits were small local 
quarries simply for the ceramics and glass industry. 
However, the Barroso-Alvão aplite-pegmatite field 
(BAPF), in northern Portugal, contains large amounts of 
spodumene (LiAlSi2O6), a Li-rich ore mineral. 

This work will present new geochemical data of the 
Grandão spodumene-bearing pegmatite, compared with 
previous data, proving that it is a spodumene-bearing 
vein similar to other bodies in the same field. 
Petrographic studies were also performed, to better 
understand its mineralogy and microstructures.  

The knowledge of these veins can provide a better 
understanding of the BAPF, which can be very useful to 
enhance the importance of these resources and 
guarantee a full exploitation, minimizing unnecessary 
losses. 

2 Geological Setting 
 
The Barroso-Alvão aplite-pegmatite field (BAPF) is 
located in the Galicia Trás-os-Montes Zone (GTMZ), an 
essentially parautochthonous geotectonic zone using the 
classification proposed by Julivert et al (1974), but very 
close to the south boundary between the GTMZ and the 
Central Iberian Zone (CIZ) (Fig. 1). This region was 
affected by the Variscan orogeny, with three main 
deformation phases (D1, D2 and D3), leading to three 
superimposed schistosities (S1, S2 and S3) (Noronha et 
al. 1981). The first phase (D1) is compressive and 
produces folds with NW-SE axis and vertical axial planes 
in the autochtonous terrains and differentiated vergence 
in parautochthonous terrains. The second phase (D2) is 
tangential and induces sub-horizontal displacement with 
thrusts formation in the parautochthonous terrains and 
the obduction of ophiolite complexes in central Trás-os-
Montes, and the third phase (D3) covers all the terrains 
developing folds with subvertical axial planes (Ribeiro 
1974; 2013).  

Several types of granitic bodies outcrop near the 
pegmatite region, differing in composition and age: two-
mica granites syn-D3 (Cabeceiras de Basto granite; 
Barroso Granite) and post-tectonic biotite granites (Vila 
Pouca de Aguiar Massif) (Ferreira et al. 1987; Dias et al. 
2010). 

The BAPF contains several dozens of aplite-pegmatite 
dykes, whose size ranges from few to hundreds of 
meters, emplaced in low- to medium-grade Silurian 
metasedimentary rocks: quartziferous schists and 
micaceous schists with minor interbedded black schists 
(Ribeiro et al, 2000; Fig.1). The study area presents a 
prograde regional metamorphism of medium to low 
pressure and high temperature generated by the intrusion 
of the syntectonic Cabeceiras de Basto granite. The 
metamorphism isograds are parallel to this granite and to 
the lithostratigraphic units. 
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3 Pegmatites from the Barroso-Alvão 
pegmatite field (BAPF) 

 
Five pegmatite types have been defined, by Martins 
(2009), according to their mineralogy, morphology, 
internal structure, relationship with hosting rock, and 
distribution: (i) intragranitic pegmatites; (ii) Li-barren 
pegmatites; (iii) Spodumene-bearing pegmatites; (iv) 
Petalite-bearing pegmatites; (v) Lepidolite-bearing 
pegmatites. 

These pegmatites (excepting the intragranitic group) 
are hosted in low to medium grade metasedimentary 
rocks, exhibiting variable field relations among them. 
They belong to the rare element class and to the LCT 
family of Cerný and Ercit (2004). 

Charoy et al. (1992) described these pegmatite 
bodies as concordant to highly discordant when 
compared to the host rocks; more or less deformed with 
variable dips, from vertical to flat-lying and with elongated 
or lenticular shape. Although the orientations vary, the 
veins are mainly controlled by S2 foliation, which has 
been locally deformed by S3 (crenulations with 
subvertical axial planes). The pegmatite emplacement 
suggests that the pegmatite-forming magma ascended 
along dilatation zones or preferential structural planes in 
the host rocks during and after the metamorphic peak 
(Charoy et al. 1992, 2001). 

These bodies may be found with alternated textures 
from fine-grained (aplitic) to coarse-grained (pegmatitic) 

and, therefore, are commonly called aplite-pegmatite 
veins. Generally, these bodies do not display an internal 
or even a regional zoning when considering their link to a 
parental granite (Charoy et al., 2001). 

In the BAPF the major Li pegmatite mineralization 
corresponds to spodumene (LiAlSi2O6) and/or petalite 
(LiAlSi4O10), but there are also some outcrops with 
lepidolite (K(Li,Al)3(Si,Al)4O10(F,OH)2) in the northwest 
part of the BAPF (which will not be considered in this 
work).  

Some of these aplite-pegmatites that carry tin (Sn) 
mineralization (cassiterite) are more aplitic in texture and 
are associated with petalite minerals, belonging to group 
iv, defined by Martins (2009). However, spodumene 
quartz intergrowths (SQI) can also be found within this 
type of Sn-bearing aplite-pegmatites and are thought to 
be formed by the breakdown of petalite (Cerný and 
Ferguson, 1972). This process could, for example, be 
explained by a drop of temperature during the normal 
process of the pegmatite cooling.  

However, there is also another generation of Li aplite-
pegmatite veins, presumably older, in this pegmatite field. 
These bodies have a different geochemical signature with 
less Sn and more iron (Fe), and usually have abundant 
spodumene crystals and no petalite. They are integrated 
in the group iiii, according to Martins (2009). Moreover, 
these veins present a tendency to have more pegmatitic 
zones than the younger generation. Grandão, our case 
study, as Alijó and others falls in this last category (Fig. 
2). 

Figure 1. Geological setting of the Barroso-Alvão Aplite-pegmatite Field (Adapted from Silva 2014). 
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Figure 2. Iron (Fe) and tin (Sn) relation on a base-2 logarithmic 
scale. Elemental content from the whole-rock analysis of aplite-
pegmatite veins at BAPF. Low Fe content and high Sn content 
indicates a petalite-bearing vein; high Fe content and low Sn content 
indicates a spodumene-bearing vein. Green circle represents 
Grandão pegmatite. 

 
3.1 Spodumene pegmatites: Example of Grandão 

pegmatite 
 

Grandão aplite-pegmatite is a large spodumene-bearing 
pegmatite, from Mina do Barroso, which is now a 
concession belonging to Savannah Lithium Lda, located 
in the BAPF. This concession has countless lithium-
bearing pegmatite dykes that may contain petalite and/or 
spodumene. However, the Grandão aplite-pegmatite 
stands out because of its Li-mineralization (only 
spodumene which provides easier Li extraction when 
compared with petalite), its size and geometry. 

This aplite-pegmatite is mainly sub-horizontal and 
covers an area of 600m north-south and 700m east-west 
and with a variable thickness from 10m-60m. The fact 
that it is so close to the surface, flat-lying and outcropping, 
makes this deposit an excellent opportunity for an open 
pit mining with low stripping ratio (fig. 3). The current 
mineral resource estimated for the Grandão Deposit is of 
16.4Mt at 1.04% Li₂O for a total contained Li₂O of 
171,400t. 
 
3.1.1 Geochemistry and petrology of the 

Grandão pegmatite 
 
The Grandão pegmatite geochemistry suggests a solely 
spodumene-bearing pegmatite with no petalite involved 
since it has an average of ≈ 0.91% Fe and ≈ 51 ppm Sn 
(Savannah 2018). 

An interesting fact about these pegmatites is that 
besides the spodumene crystals observed in the 
pegmatitic facies, the thin-sections from Grandão 
pegmatite drill cores have shown spodumene 
enrichments along preferential zones (fig. 4). These  

zones are sheared, which seems to have remobilized 
and concentrated lithium along them (Li2O >> 3%). 
These shear zones contain very fine spodumene (~10 
μm) that occurs together with quartz. Although this 
particular texture could be described as Spodumene 

Quartz Intergrowth (SQI) it does not seem to have any 
relation with former petalite crystals and therefore we can 
assume that it was formed at a later stage by Li 
remobilization from former bigger spodumene crystals. 

 

 
Figure 3. Grandão pegmatite cross section (Savannah 2018). 

 
The major mineral phases observed in the thin 

sections were sodium-plagioclase (albite), quartz and 
spodumene and the accessory minerals include rare 
muscovite and potassium feldspar. 

The mineral identification was confirmed by 
Backscattered Electron Detector (BSE) and Energy 
Dispersive X-Ray Spectrometry (EDS) analysis at the 
Materials Center of the University of Porto (CEMUP). 

  

 
Figure 4. Thin-section made from chip cores of the Grandão 
pegmatite where a fine foliation marked by spodumene minerals 
(dark grey) can be observed as a result of strong deformation in a 
dextral shear zone (A) Stereo-binocular microscopy. (B) 
Backscattered electron image (BSE) focused on the fine foliation 
zone constituted by abundant spodumene (spd) together with quartz 
(qtz) in the proportion approximately 50%. 
 
4 Final Remarks 

 
The mineralogy of aplite-pegmatite veins from BAPF can 
be grouped in three different types, that carry Li 
mineralization: spodumene, petalite and lepidolite. 

Grandão aplite-pegmatite geochemistry suggests a 
single lithium mineralization, being a spodumene-bearing 
pegmatite type, averaging Fe ≈ 0.91% and Sn ≈ 51ppm. 
Fe and Sn contents have the potential to provide a tool to 
define the potential of an unknown pegmatite, indicating 
if it is originally a spodumene-pegmatite or a spodumene-
bearing vein where the spodumene formed by the 
breakdown of petalite. This small difference can be 
crucial to have an higher profit. 

Moreover, petrographic studies led us to the 
conclusion that shear zones concentrate lithium 



 

1795 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

mineralization. 
Therefore, these observations require further 

investigation to understand how, when and what type of 
pegmatite were affected by these ductile or brittle-ductile 
structures. 
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Abstract. Low-sulphidation epithermal gold-telluride 
deposits form some of the world’s largest and most 
important sources of both gold and tellurium. The 
association with a subset of these deposits with alkaline 
magmatism is well documented, but still poorly 
understood. Here we consider Fiji a type example of post-
subduction extension related alkaline-hosted epithermal 
deposits, with the aim of constructing a process-based 
model for mineralisation. Preliminary findings from 
studies into the regional and local evolution, as well as 
mineralization styles and paragenesis are presented. 
This will aid further constraining of key processes in the 
model for their formation 

 
1 Introduction 
 
Tellurium is one of the rarest elements in the Earth’s 
crust, along with the platinum-group elements (PGE) and 
Au (McDonough and Sun 1995), yet it is becoming 
increasingly significant in modern technology with uses in 
electronics, glass fibre, and perhaps most importantly, 
solar-PV panels.  

Epithermal gold-telluride deposits, whilst rare, form 
some of the largest gold deposits in the world, with some 
gold tonnages exceeding 100t, e.g. Cripple Creek, 
Porgera, Vatukoula. Their exceptionally high grades and 
tonnages also extends to Te, making up some of the 
largest and most important deposits.  

Specifically, they are found in low-sulphidation 
epithermal deposits associated with alkaline magmatism 
in post-subduction settings. This relationship has been 
studied for a century thanks to the presence of gold, 
however their endowment in critical and energy-critical 
elements including: Te, F, V, W, Bi, Sb and PGEs is 
becoming increasingly important (Pals and Spry 2003; 
Kelley and Spry 2016). 
 
2 Current model for epithermal Au-Te 

deposits 
 
Richards (2009) proposed a model for formation of these 
deposits, outlining the importance of the transition from 
subduction to post-subduction.  

Subduction-associated basalts ascend, hit the base of 
the crust and stall in the MASH (melting, assimilation, 
storage and homogenization) zone. Here amphibole 
cumulates rich in chalcophile and siderophile elements, 

are formed. Subduction may cease for a number of 
reasons; processes following cessation are determined 
by its cause. In the case of Fiji, post-subduction extension 
allows localized re-melting of asthenosphere and/or a 
shallow lithospheric root. Magmas encounter a boost of 
siderophile elements from the amphibole cumulates. 
Fluids formed in the upper crust may then form epithermal 
deposits, enriched in Te and Au. 
 
3 Fiji case study 
 
Although the model for post-subduction Au-Te 
mineralisation is theoretically robust, key causal and 
facilitating processes that define the model are poorly-
constrained. Do the potassic, post-subduction magmas 
carry enhanced gold to the crust; if so is the enrichment 
owing to the tapping of a zone of fertility, or is it mantle 
derived? 

 
Figure 1. The mineralised gold belt, the Viti Levu Lineament shown 
on Viti Levu and Vanua Levu, with large mines annotated on. Inset: 
Western-Pacific islands with their respective large mines. All are 
epithermal Au-Te, or Cu / Cu-Au porphyries. 
 

Fiji is the archetype for the post-subduction 
extensional deposits, and hence provides an exceptional 
case-study to support understanding. It is home to two 
major gold-telluride deposits (Vatukoula and Tuvatu; 
Figure 1) amongst other smaller mines and prospects 
along a >250 km mineralised belt, the Viti Levu 



 

1797 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

Lineament. Furthermore, due to its relatively young age 
and ‘simple’ oceanic-arc geology, lacking complications 
such as older interacting continental crust, or multiple 
phases of subduction, it is the perfect natural laboratory 
to study the model through petrology and mineralisation.  
 
4 Tectonic setting 
 
Fiji’s setting is along the margin between the Pacific and 
Indo-Australian Plates, which consists of multiple 
microplates which have rapidly accreted to or become 
detached from the two major plates (Taylor et al. 2000). 
It is currently considered part of the Indo-Australian Plate. 
Current geographic location can be seen in Figure 2d.  

 
Figure 2. Tectonic configuration of Fiji showing the western-pacific 
islands and Ontong-Java Plateau; a more localized view of Fiji at 
present showing more complex plate boundaries; previous 
palinspastic reconstructions at 5 Ma and 10 Ma showing breakup of 
the previous Vitiaz Arc. 
 
 

The tectonic history can be split into 3 main stages 
which are comparable to those outlined in the model for 
ore formation (Figure 2): an arc phase, a transitional 

phase and the remnant-arc phase.  
Prior to the Late Miocene the Pacific Plate underwent 

subduction beneath the Indo-Australian Plate along the 
Vitiaz Trench (Figure 2a). The oldest rocks in Fiji, the 
Yavuna Group, are of Late Eocene to Early Oligocene 
age (Hathway 1993); the lavas and intrusives record 
proto-arc activity (Wharton et al. 1995). Unconformably 
overlying this is the Wainimala Group (Hathway, 1993), 
32-13 Ma, which is dominated by volcanic rocks 
representative of mature-arc activity.  

Somewhere between 10–7.5 Ma active subduction 
beneath Fiji ceased with the oblique collision of both the 
Ontong-Java Plateau to the northwest and the 
Melanesian Border Plateau immediately north of Fiji itself 
(Hathway, 1993; Begg and Gray 2002). Subsequent 
events include: reversal of arc polarity and fragmentation 
(Gill and Whelan 1989); formation and propagation of a 
left-lateral transverse rift across the former Vitiaz Arc, 
now between Vanuatu and Tonga (Gill and Whelan 
1989); and rotation of Fiji, as can be seen from a–c in 
Figure 2 (Taylor et al. 2000), 

Extension is now found north, east and west of Fiji 
(Figure 2c), primarily in the North Fiji Basin which may 
have initiated as early as 8 Ma, and the slightly younger 
Lau Basin (Stratford and Rodda 2000). Both ended direct 
subduction of the Pacific Plate beneath Fiji (Colley and 
Hindle, 1984).  

Towards the very end of the Miocene ’post-subduction’ 
shoshonitic lavas were erupted across Fiji (Gill and 
Whelan 1989), although their geochemical 
characteristics remained similar to subduction related 
rocks (Rogers and Setterfield, 1994). These rocks are 
associated with the mineralisation across Fiji. Their 
distribution suggests a strong NE-SW control due to 
faulting (Hathway 1993); the ascent of magma and 
subsequent eruptions have been attributed to movement 
through these deep-seated faults.  
 
5 Magmatic setting  
 
A significant amount of literature was produced on Fiji 
and Vatukoula in the 1980’s in an attempt to characterize 
and understand the volcanic rocks, and their formation 
through subduction initiation, cessation and migration, as 
well as associated ore mineralogy. Whilst this produced 
some classic literature, little has been done since. 

This study investigates the magmatic evolution of the 
extrusive and intrusive rocks, including both a regional 
scale study of Fiji, and a local scale study focusing on 
Tuvatu and the Navilawa caldera, incorporating 
comparisons to Vatukoula and the Tavua caldera. This 
will aid understanding of melt sources (and thus possibly 
ore-enriched sources) for post-subduction and 
shoshonitic magmas. 

Preliminary results show distinct differences between 
subduction and post-subduction magmas. Post-
subduction magmas have a stronger ‘subduction 
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signature’ than those formed whilst active subduction was 
occurring. As well as being alkaline, they have an unusual 
potassic affinity, enrichments in LILE and low HFSE 
concentrations. These distinctions are even more 
pronounced in rocks at Tuvatu and Vatukoula, which are 
the post-subduction (associated with mine) data in Figure 
3, which illustrates these differences.  

This has previously been ascribed to enrichments from 
hydrous fluids from the subducting slab (Rogers and 
Setterfield 1994), though this was not considered with 
respect to mineralisation and potential implications for the 
economic geology of Fiji. 
 
6 Mineralisation  

 
The primary gold-telluride deposit being considered in the 
study is Tuvatu, although comparisons to the well-studied 
Vatukoula are also useful. A paragenesis for the Tuvatu 
deposit was constructed previously by Scherbarth and 
Spry (2006), and multiple iterations of a paragenesis of 
Vatukoula exist (e.g. Ahmad et al. 1987).  

A link to nearby porphyry deposits has previously been 
postulated for both, but a closer look at spatial and 
temporal variation at the Tuvatu deposit suggest lodes 
within the Tuvatu mining license area have porphyry 
affinities themselves, with some samples hosting 
exclusively copper sulphides.  

Multiple stages of mineralization within the epithermal 
deposit, identified through characterization using SEM 
and reflected light microscopy, include Pb-Zn-Cu 
sulphide mineralization, associated telluride 
mineralization, which in some places appears to overprint 
the sulphides, and later stage quartz veining which now 
hosts native gold and electrum. 

Whilst it is known that the majority of gold at both 
deposits resides in auriferous pyrites, tellurides and 
occasionally occurs as native gold, mass balances have 
not been completed. Furthermore, zonation models and 
wall-rock interactions need (and are being) refined, so 
that the near-mine environment can be better 
understood. This will feed into constraining the 
aforementioned processes.  
 
7 Summary 
 
Fiji as a whole is a classic post-subduction, alkaline, gold-
telluride district and hence provides an opportunity to 
study the key ore-forming processes so they may be 
constrained properly. Minor differences between Fiji and 
other deposits worldwide, such as Fiji’s atypical potassic 
affinity and Tuvatu’s abundance of exotic vanadium-
bearing minerals also mean that comparisons between 
local, regional and global models can be interrogated.  
 

Figure 3. Multi-element diagram, showing the differences between magmatic rocks from during subduction in Fiji, post-subduction in Fiji, 
and post-subduction but with associated mines (Vatukoula and Tuvatu). Those associated with mineralisation especially show 
enrichments in LILE, particularly high K, a trough at Nb-Ta suggesting a metasomatised source. Overall however, there is still an arc-like 
signature.  
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Abstract. Pb-Sb/As sulfosalts are commonly present in 
many hydrothermal gold deposits and can provide 
important physicochemical constraints on the 
metallogenesis. The abundant alabandite and gold-silver 
telluride veins in the Săcărâmb Au-Ag-Te deposit of the 
Metaliferi Mountains Neogene (Romania) contain an 
assemblage of sulfides, sulfosalts and tellurides. Pb-
Sb/As-sulfosalts are characterized by replacement 
textures resulting from changes of fluid composition and 
mainly include bournonite-seligmannite, geocronite-
jordanite, nagyagite, galena and tellurides. New Pb-
Sb/As sulfosalts for Săcărâmb have been discovered: 
fullopite, falkmanite, robinsonite, liveingite and zinkenite. 
Furthermore, the presence of plagionite was chemically 
confirmed. These sulfosalts have direct contact with 
tellurides and the Sb-rich sulfosalts are found as 
inclusions in the alabandite, indicating that the Săcărâmb 
metallogenesis had antimony even in the sulfide stages. 
The sulfosalt assemblages also reveal that in the late 
stage of mineralization, the activity of arsenic and 
antimony was increased and influenced the telluride 
deposition conditions. 
 
1 Introduction 
 
Located in the south-eastern part of the Apuseni 
Mountains, Săcărâmb represents the most complex ore 
deposit from the South Apuseni Mountains (Metaliferi 
Mountains). This ore deposit is known for its Au-Ag-
telluride assemblages and for the number of minerals 
identified (over 100 minerals; Udubasa et al. 2002). 
Despite having a long history of mineralogical research, 
Săcărâmb still has the potential for expanding its mineral 
catalogue.  

This paper presents the discovery of new Pb-Sb/As 
sulfosalts from Săcărâmb ore deposit and brings a better 
understanding of the relationship between the sulfosalt 
and telluride assemblages. 

 
2 Materials and Methods 
 
To perform this study, over 50 polished sections of ore 
samples, collected from the Săcărâmb ore dumps were  
 
analyzed by optical microscopy in reflected light. The 
optical microscope used was a Leitz Wetzlar reflected 
light microscope. For the determination of the chemical 

composition, a scanning electron microscope (SEM) 
Zeiss Merlin with an attached EDS detector was used at 
the Geological Institute of Romania. The parameters of 
the SEM analysis were: acceleration voltage raging 
between 15 and 20 kV, the electron beam intensity of 
1−2 nA, background time of 20 s and using the Oxford 
Instruments X-MAX 50 EDS detector. 
 
3 Results 
 
All of the described sulfosalt associations were 
discovered in rhodochrosite-quartz veins that cut massive 
alabandite or are included in the alabandite. 

The most common Pb-Sb/As sulfosalts identified at 
Săcărâmb are part of the bournonite-seligmannite series 
and geocronite-jordanite series. Both series are usually 
found together substituting galena crystals. Bournonite 
crystals can form large clusters (up to 1.5 cm), 
furthermore, the crystals show zonation, caused by Sb/As 
substitution. The chemical analyses of geocronite and 
jordanite from Săcărâmb indicate the existence of 
approximately perfect end members of the series (Table 
1).  

In bournonite and geocronite crystals, inclusions of 
tellurides and Te-sulfosalts have been identified: 
krennerite, sylvanite, nagyagite, goldfieldite and hessite. 
 
Table 1 Representative chemical composition of bournonite (bnn),  
seligmanite (sel), geocronite (geo) and jordanite (jord) from 
Săcărâmb (wt%) 

Element bnn sel geo jord 
Cu 15.70 16.79 - - 
As 3.77 13.09 2.76 8.78 
Sb 18.02 4.58 10.98 3.02 
Pb 45.56 45.9 71.08 72.15 
S 17.06 19.63 15.3 16.04 
Total 100.00 100.00 100.00 100.00 
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Figure 1. SEM-SE image of a geocronite (geo) and robinsonite (rob) 
in the rhodochrosite vein.   
 

Zinkenite was found in association with galena and 
other Pb-Sb/As sulfosalts (boulangerite, geocronite) (Fig. 
2). In one sample, zinkenite is developed on a krennerite 
crystal. Almost all of the analyzed zinkenite crystals from 
Săcărâmb contain arsenic in their chemical composition  
(Table 2). On the basis of 53 atoms, the empirical formula 
for zinkenite from Săcărâmb is Pb9Sb21.92As3.62S42.  

 

 
Figure 2. SEM-SE image of an association of galena (gal), zinkenite 
(znk) and boulangerite (boul) in alabandite (alb) 

 
Benavidesite was identified frequently in the studied 

samples. It fills vugs together with rhodochrosite in the 
alabandite ore. In some samples, acicular benavidesite 
crystals have been found as an inclusion in alabandite 
(Fig. 3). Benavidesite from Săcărâmb has almost no iron 
in its composition, indicating that the iron present in 
alabandite did not participate in the sulfosalt formation 
stage (Table 2). Iron is found in marcasite and colomorph 
pyrite that fill corroded zones of alabandite. On the basis 
of 25 atoms, the empirical formula for benavidesite from 
Săcărâmb is Pb4.1Mn1.1Sb5.68S12.6.  

 

 
Figure 3. SEM-SE image of a mass of acicular benavidesite (ben) 
crystals in alabandite (alb) 
 
Table 2 Representative EDS analyses of benavidesite (ben) and 
zinkenite (znk) from Săcărâmb (wt%) 

Element ben ben znk znk 
Mn 2.84 3.20 - - 
As - - 5.00 4.69 
Sb 34.18 34.49 36.38 42.80 
Pb 42.76 41.89 37.25 30.77 
S 20.22 20.41 21.38 21.75 

Total 100.0 100.0 100.0 100.0 
 

Boulangerite and falkmanite were observed as 
inclusions in other lead sulfosalts (Fig. 2, 4). Boulangerite 
crystals from Săcărâmb have arsenic in their chemical 
composition similar to zinkenite (Table 3). The empirical 
composition of boulangerite and falkmanite from 
Sacaramb are Pb4.83Sb3.57As0.56S9.12 and Pb5.5Sb3.93S10.57.  

 

 
Figure 4. SEM-SE image of falkmanite (falk) crystals included in 
bournonite (bnn). 
 

Robinsonite was identified in one sample as small 
crystals (under 5 μm) in association with geocronite and 
solitary in the carbonate veins (Fig. 1, 5). The calculated 
formula of robinsonite on the basis of 23 atoms is 
Pb4.26Sb5.86S12.88 (Table 3). 
Table 3 Representative EDS analyses of boulangerite (boul), 
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falkmanite (falk) and robinsonite (rob) from Săcărâmb (wt%) 
Elem boul boul falk rob rob 
As - 2.6 -   
Sb 26.8 27.3 24.3 35.1 36.4 
Pb 55.0 53.1 58.3 44.1 43.3 
S 18.2 17.1 17.4 20.8 20.2 
Total 100 100 100 100 100 
 

 
Figure 5. SEM-SE image of robinsonite (rob) in the rhodochrosite 
vein.   
 

Liveingite, a rare sulfosalt was discovered at 
Săcărâmb, substituting galena crystals in the 
rhodochrosite veins. In reflected light the most striking 
feature observed is the abundant red internal reflections 
(Fig. 6). Liveingite from Săcărâmb has in its chemical 
composition antimony (Tab 4) similar to zinkenite where 
arsenic is present in the composition. This constant 
substitution between arsenic and antimony shows a 
frequent fluctuation of the ore forming fluid. The 
calculated formula of liveingite on the basis of 50 atoms 
is Pb9.16As12.59Sb0.8S27.45. 

 

 
Figure 6. Cross-polarized photomicrograph in reflected light of 
liveingite (liv) crystals growing on galena (gal).  

 
Plagionite was mentioned to be present at Săcărâmb 

by Helke in 1934 but it was not confirmed. In this study, it 
was observed and confirmed to be present at the 
Săcărâmb ore deposit. Plagionite crystals were 
discovered together with tellurides and Te-sulfosalts. The 
most common association is with nagyagite, where it 
appears as inclusions within, or forming on the nagyagite 
crystals (Fig. 7). Arsenic has been detected in the 
analyses of plagionite from Săcărâmb, as in the other Pb-
Sb sulfosalts (Table 4). The calculated empirical formula 
on the basis of 20 atoms of plagionite from Săcărâmb is 
Pb5.25Sb7.28As0.91S16.55. 

 
Table 5 Representative EDS analyses of liveingite (liv) and 
plagionite (plg) from Săcărâmb (wt%) 

Element liv liv plg plg 
As 23.80 23.90 3.11 3.71 
Sb 3.86 3.90 33.66 33.82 
Pb 48.52 48.91 42.65 41.43 
S 23.82 23.29 20.58 21.04 
Total 100.00 100.00 100.00 100.00 

 

 
Figure 7. SEM-SE image of an association of nagyagite (ngy) and 
plagionite (plg). 
  

Other rare Pb-Sb/As sulfosalts identified at Săcărâmb 
are fullopite and heteromorphite. Fullopite was found in 
only one sample, it is associated with famatinite and 
tennantite (Fig. 8). The empirical formula 
Pb2.86Sb8.07As0.7S14.36, was calculated on the basis of 26 
atoms. Heteromorphite was observed in two samples 
from Săcărâmb. In the first sample, it is associated with 
nagyagite as inclusions in alabandite and in the second 
sample, it was found as an inclusion in bournonite. The 
empirical formula of heteromorphite on the basis of 24 
atoms is Pb7.05Sb8.51As0.59S18.26. Both sulfosalts present 
arsenic in their composition. 
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Figure 8. SEM-SE image of an association of fullopite (ngy), 
famatinite (fam), tennantite (ten) and alabandite (alb). 
 
Table 5. Representative EDS analyses of fullopite (ful) and 
heteromorphite (het) from Săcărâmb (wt%) 

Element ful ful het het 
As 0.84 2.09 - 1.41 
Sb 47.83 46.70 34.12 32.09 
Pb 30.08 29.06 47.59 47.47 
S 21.25 22.16 18.28 19.03 
Total 100.00 100.01 100.00 100.00 

 
4 Conclusion 
 
Oscillatory zoning bands in bournonite crystals and As/Sb 
presence in the chemical composition of zinkenite 
liveingite, fullopite, heteromorphite and plagionite 
indicate increased activity of Sb and As in ore fluids 
during the late stage of the mineralization.  

Lead sulfosalts that are included in the massive 
alabandite, have little to no arsenic in their composition. 
Based on these observations we can assume that in the 
early stages antimony was dominant and in the late stage 
arsenic invaded the fluid. Pb-Sb/As sulfosalts from 
Săcărâmb ore deposit is most of the time found together 
with tellurides. Tellurides can be found as inclusions in 
the sulfosalts, and vice versa.  

A new occurrence of Pb-Sb/As minerals has been 
identified, and chemically described at Săcărâmb: 
fullopite, zinkenite, heteromorphite, robinsonite and 
liveingite. Furthermore, plagionite was for the first time, 
chemically confirmed after its initial discovery at 
Săcărâmb by Helke in 1934. 
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Abstract. The phase relations in the Pt-Bi-Te and the Pd-
Bi-Te systems have been studied in the temperature 
range of 350–550°C. In the case of the Pt-Bi-Te system, 
neither the mineral maslovite (PtBiTe), nor ternary phases 
were detected. In addition, maslovite was not obtained, 
even if Pd was involved in the system. Five solid 
solutions: ss-PtTe2, ss-PtTe, ss-Pt3Te4, ss-Pt2Te3, ss-
PtBi2 forming all phase relations in the system have been 
found. The Pd-Bi-Te system has been studied in the PdBi 
– PdTe – Te – Bi region. Three solid solutions were found 
on the PdTe2-PdBi2 line: ss-PdTe2, ss-PdBiTe and ss-
PdBi2. Besides, in the Pd-Bi-Te system, ss-PdTe – ss-
PdBi equilibrium was detected; ss-PdTe has a wide range 
of homogeneity across all components. 
 
1 Introduction 
 
The tellurides of palladium, platinum and bismuth occur 
commonly in Cu-Ni-PGE mineral deposits associated 
with mafic and ultramafic igneous rocks but also can be 
found in less traditional environments e.g. porphyry 
copper deposits. 

Platinum and palladium often accompany each other. 
In particular, there are close associations between Pt- 
and Pd-bismuthotellurides in nature (e.g. Viljoen et al. 
2015). There are a number of natural phases that fall into 
the compositional fields of kotulskite (PdTe) – 
sobolevskite (PdBi), merenskyite (PdTe2) – moncheite 
(PtTe2), moncheite (PtTe2) – maslovite (PtBiTe) series. 

The kotulskite – sobolevskite series was reported by 
e.g. Evstigneeva et al. (1975), Cook et al. (2002) from 
Noril’sk; Kingston (1966) from Merensky Reef; Viljoen 
(2015) from Akanany project in northern Bushveld 
complex, among many other deposits.  

Merenskyite – moncheite series are described by Zhu 
et al. (2010) in Xinjie layered intrusion in the Pan-Xi area 
of the Sichuan Province (SW China).  

The moncheite – maslovite series was reported  
 

Viljoen et al. (2015) in Akanany project in northern 
Bushveld complex. 

The study of phase relations in the Pt-Bi-Te and Pd-Bi-
Te systems is a crucial task. Information about phase 
relations in these systems will help to understand the 
conditions of their formation, as well as to predict stable 
mineral complexes in natural conditions. 

The data on phase relations in the Pt-Bi-Te and Pd-Bi-
Te systems are not complete (Vymazalová and Chareev 
2018). The Pt-Bi-Te system has not been studied 
experimentally yet, only the phase relations in binary 
systems and a ternary mineral maslovite (PtBiTe, cubic, 
a = 6.689 Å; Kovalenker et al. 1979) are known. 

The Pd-Bi-Te system is better studied compared to the 
Pt-Bi-Te system. The system has been studied by El-
Boragy and Shubert (1970) in the Pd-rich corner at 480°C 
and by Hoffman and MacLean (1976) in the region Te-
Bi4Te3-Bi60Pd40-PdTe at 480°C. In this system is the 
ternary mineral michenerite (PdBiTe, cubic, a = 6.65 Å). 

In this study were present the phase relations in the Pt-
Bi-Te and Pd-Bi-Te systems in the temperature range of 
350–550°C at their own vapor pressure (nearly 
atmospheric pressure). 

 
2 Materials and methods 
 
The investigation of phase equilibria was carried out by 
analysis of quenched products obtained by the solid 
synthesis method. The synthesis was conducted from the 
pure elements in silica-glass evacuated ampoules (~10-4 
bar). The mass of each sample was averaged ~400 mg. 
The ampoules with charges were heated in horizontal 
tube furnaces for 30–120 days, with one re-grinding 
during the experiment. The experimental run products 
were rapidly quenched in cold water. 

Examination of run products was carried out using 
electron microscope with EDX system (TESCAN VEGA II 
XMU electron microscope) in polished sections and using 
powder X-Ray diffractometry (XRD, CuKα, Fe filter). 
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3 Results and discussion 
 
3.1 The Pt-Bi-Te system 

 
Based on the literature data on binary systems (Table 1) 
(Babanly et al. 2017; Okamoto 1991; 1994) and our 
experimental data three isothermal sections were 
assessed: at 350, 450 and 550°C. It was found that in the 
entire temperature range (and even at 200°C) there is no 
maslovite (PtBiTe) synthetic analogue or any ternary 
phases. Five solid solutions were observed: ss-PtTe2 
(with moncheite structure), ss-PtBi2 (with insizwaite 
structure), ss-Pt3Te4 (analogue of the mitrofanovite), ss-PtTe 
and ss-Pt2Te3. 
 
Table 1. Phases, their mineral analogues and temperature stability 
in the Pt-Te, Pt-Bi, Bi-Te and Pt-Bi-Te systems. 

Phase Mineral Temperature 
stability, °C Reference 

Pt-Te system 
PtTe – ˂957 

Okamoto 
1994 

PtTe2 Moncheite ˂1147 
Pt2Te3 – ˂737 
Pt3Te4 Mitrofanovite ˂1017 

 
Pt-Bi system 

PtBi – ˂765 

Okamoto 
1991 

α-PtBi2 – ˂269 
β-PtBi2 Insizwaite 269–420 
γ-PtBi2 – 420–640 
δ-PtBi2 – 640–660 
Pt2Bi3 – 570–685 

 
Bi-Te system 

Bi14Te6 
(Bi7Te3) Hedleyite ˂312 

Babanly et 
al. 2017 

Bi2Te – ˂375 
Bi4Te3 – ˂450 
BiTe Tsumoite ˂520 

Bi8Te9 –  
Bi6Te7 – ˂540 
Bi4Te5 Pilsenite ˂562 
Bi2Te3 Tellurobismuthite ˂586 

 
Pt-Bi-Te system 

PtBiTe Maslovite – Kovalenker 
et al. 1979 

 
Three phase associations, that have been 

experimentally confirmed are: ss-PtTe2 – Te(L)-BixTe1-x; 
ss-PtTe2 – BixTe1-x – Bi(L); ss-PtTe2 – Bi(L) – ss-PtBi2; ss-
PtTe2 – ss-PtBi2 – PtBi and ss-PtTe2 – PtBi – Pt. 

Three phase associations that have not been 
experimentally confirmed are ss-PtTe2 – Pt – ss-Pt2Te3 
and ss-PtTe – Pt – ss-Pt3Te4. 

It is important that the determination of phase relations 
in the Pt-rich corner was complicated by the low kinetics 
associated with the metallic platinum presence and an 

absence of the liquid phases. On the contrary, the Bi-rich 
corner is characterized by high kinetics. In a number of 
experiments Bi-Te phases released during cooling of the 
Te-rich bismuth melt (Fig. 1). 

 

 
Figure 1. Back-scattered electron image of ss-PtTe2 – Bi(L) phase 
association and Bi4Te3 released during bismuth melt cooling. 

 
The phase relations in the system do not change 

significantly with a temperature decrease. Only the 
composition of the equilibrium phases change. 
 
3.2 The Pd-Bi-Te system 

 
In the case of the Pd-Bi-Te system, the PdBi – PdTe – Te 
– Bi part of phase diagram was studied. The binary 
phases were studied prior the ternary system (Table 2) 
based on Babanly et al. (2017), Okamoto (1992; 1994) 
and on our experiments series. 

It was found that there are three solid solutions on the 
PdTe2 – PdBi2 line: ss-PdTe2 (merenskyite structure), ss-
PdBiTe (michenerite structure) and ss-PdBi2. In addition, 
the ss-PdTe – ss-PdBi (kotulskite – sobolevskite) 
association was detected; ss-PdTe has a wide 
homogeneity range across all components. 

As in the case of Pt-Bi-Te system the Bi-rich corner is 
characterized by high kinetics. However, in this case not 
just various bismuth tellurides are released during the 
cooling of the bismuth melt, but also other phases like ss-
PdBiTe and ss-PdBi2 (Fig. 2-3).
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Table 2. Phases, their mineral analogues and temperature stability 
in the Pd-Te, Pd-Bi, Bi-Te and Pd-Bi-Te systems. 

Phase Mineral Temperature 
stability, °C Reference 

Pd-Te system 
Pd13Te3 – <770 

 

Pd3Te – 727–785 
Pd20Te7 Keithconnite <750 
Pd8Te3 – 563–905 
Pd7Te3 – <495 
Pd9Te4 Telluropalladinite <472 
Pd3Te2 – <507 
PdTe Kotullskite <746 
PdTe2 Merenskyite <752 

 
Pt-Bi system 

α-BiPd3 – <800 

Okamoto 
1994 

β-BiPd3 – 800–935 
Bi12Pd31 – 550–605 
Bi2Pd5 – <550 

γ 
(Bi3Pd5) – 400–683 

α-BiPd – <210 
β-BiPd Sobolevskite 210–618 
α-Bi2Pd Froodite <380 

β-Bi2Pd – 380(?)–485 
 

Bi-Te system 
See Table 1  

Pd-Bi-Te system 

PdBiTe Michenerite <480? 

El-Boragy 
and Shubert 

1970; 
Hoffman 

and 
MacLean 

1976 
 

Three phase associations, that have been 
experimentally confirmed are: ss-PdBiTe – BixTe1-x – 
Bi(L); ss-PdTe2 – Te(L) – BixTe1-x; ss-PdTe – Bi(L) – ss-
PdBi2. 

Two phase associations, that have been 
experimentally confirmed are: ss-PdBiTe – BixTe1-x, Bi(L) 
– BixTe1-x, ss-PdTe – Bi(L), ss-PdTe – PtBi2 and ss-PtTe 
– PdBi. 

 
3.3 The Pt-Pd-Bi-Te system 
 
As noted above, in the Pt-Bi-Te system, a maslovite 
synthetic analogue was not obtained. This fact can 
probably be associated with a lower temperature of its 
formation (below 200°C) or with its stabilization by 
impurity components. 

 

 
Figure 2. Back-scattered image of Bi(L) – ss-PdTe phase 
association and ss-PdBi2 and ss-PdBiTe released during bismuth 
melt cooling. 
 

 
Figure 3. Back-scattered image of Bi(L) – ss-PdBiTe – BixTe1-x 
phase association and ss-PdBi2 and ss-PdBiTe released during 
bismuth melt cooling. 

 
Palladium-rich maslovite is common in nature. In 

connection with this fact, two experiments were carried 
out to obtain synthetic analogue of maslovite in the 
palladium bearing system, i.e. in the Pt-Pd-Bi-Te system. 

Both samples were annealed for 30 days at 450°C with 
one re-grinding. The initial charges and the results of 
EPMA and XRD are presented in Table 3. 

However, in both cases we did not obtain maslovite 
synthetic analogue (Table 3), which means an absence 
of the palladium effect on the stabilization of maslovite. 
Table 3. Information about the initial charges and EPMA and XRD 
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results of the experiments in the Pt-Pd-Bi-Te system. 
Run 
No 

Starting 
material

, at.% 
EPMA results, at.% XRD 

results 

1 

Pt 22.6 
Pd 9.0 
Bi 45.1 
Te 22.3 

 

Pt5.7±1.6Pd29.4±1.7Bi62.9±1.1Te2.0±0.3 
Pt34.0±1.2Pd0.7±1.0Bi35.3±1.3Te30.0±0.9 

Pt9.6Pd0.6Bi82.6Te7.3 

α-PdBi2 
PtTe2 

Bi 

2 
Pt 17.6 
Pd 16.3 
Bi 39.6 
Te 26.6 

Pt32.5±0.2Pd2.3±0.2Bi29.3±1.4Te35.9±1.3 
Pt3.0±1.5Pd42.4±0.6Bi38.2±1.3Te16.4±0.7 
Pt12.6±1.6Pd20.0±2.5Bi40.2±3.4Te27.2±2.3 
Pt2.7±1.6Pd31.8±0.5Bi61.8±1.7Te3.7±0.5 

α-PdBi2 
PtTe2 

PdBiTe 

 
4 Conclusions 
 
Based on experimental data, phase relations in the Pt-Bi-
Te and Pd-Bi-Te systems were established in the 
temperature range of 350–550°C. 

The synthetic analogue of maslovite (PtBiTe) is 
unstable in the studied temperature range. In addition, 
Palladium admixture does not affect stability of the 
maslovite. There are five solid solutions in the system: ss-
PtTe2, ss-PtBi2, ss-Pt3Te4, ss-PtTe and ss-Pt2Te3. The 
solid solution PtTe2 has the widest homogeneity range. 

In the Pd-Bi-Te system there are three solid solutions 
on the PdTe2 – PdBi2 line: ss-PdTe2, ss-PdBiTe and ss-
PdBi2. In addition, the ss-PdTe – ss-PdBi association was 
detected. The solid solution PdTe has a wide 
homogeneity range across all components. 

We have proved a range of solid solutions in the 
systems Pd/Pt-Bi-Te, that have been often misinterpreted 
in natural samples and in some cases interpreted as a new 
unnamed phase. The associations observed are widely 
spread in Cu-Ni-PGE mineral deposits associated with 
mafic and ultramafic igneous rocks. 
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Abstract. The mapping of selenium and tellurium in 
altered pyrite in an Ordovician shale shows that the two 
elements exhibit different mobility during alteration. 
Tellurium is enriched and Se is depleted in the in situ iron 
oxyhydroxide alteration product, relative to the unaltered 
sulphide. The data imply adsorption of additional Te from 
pore waters. More acidic conditions in adjacent 
environments would allow uptake of the Se into 
transported iron oxides. The different behaviour of Se and 
Te show how these two elements become separated 
during diagenesis, and results in a greater range of Se/Te 
ratios in continental deposits compared to marine shales. 
 
1 Introduction 
 
Selenium (Se) and tellurium (Te) are trace elements for 
which there is an increasing demand, because of their 
potential use in advanced technologies such as 
photovoltaic cells and thermoelectric devices. Both 
elements are currently obtained as by-products of the 
processing of copper. However, enhanced demand is 
driving a need for a better understanding of the geological 
cycling and distribution of these elements. 

Some of the highest Se and Te contents in 
sedimentary rocks are in pyrite-bearing black shales 
(Parnell et al. 2016). Both elements occur at trace levels 
in pyrite, and in the case of early diagenetic pyrite 
precipitated from seawater sulphate, this represents their 
point of entry into the sedimentary system. Thereafter, 
they may be recycled during burial diagenesis, exposure 
to weathering, and eventually metamorphism. It is clear 
from sedimentary rocks that are relatively enriched in Se 
over Te, or vice versa (Bullock and Parnell 2017; Bullock 
et al. 2017), that there are circumstances where the two 
elements experience differential behaviour. A change of 
redox conditions, from a sedimentary environment in 
which Se and Te are resident in sulphide, to an oxidizing 
environment where they are likely to be adsorbed onto 
iron oxides (Harada and Takahashi 2009; Qin et al. 
2017), is an opportunity for separation. Here we test this 
by detailed study of the distribution of Se and Te during 
the weathering of pyrite to iron oxide in black shale.  

Pyrite in sedimentary rocks is readily oxidized 
(Rimstidt and Vaughan 2003). Since the evolution of an 
oxygenated atmosphere, the weathering of pyrite has 
played a critical role in the cycling of trace elements at the 
Earth’s surface, by the liberation from pyrite into solution 
and transfer back into the oceans (Reinhard et al. 2009). 
However, some elements are liberated less readily than 
others, and may become adsorbed onto the iron 
oxyhydroxide weathering products, causing fractionation 
of element suites (Lu et al. 2005; Moncur et al. 2009).  

Experimental studies of the weathering of pyrite 
similarly show that element differentiation occurs, 
whereby some are enriched within iron oxides while 
others are lost to solution (Parbhakar-Fox et al. 2013). 
Studies of the fate of trace elements during pyrite 
alteration have been undertaken using scanning electron 
microscopy (Moncur et al. 2009), electron microprobe 
analysis (Lu et al. 2005; Jeong and Lee 2003), micro-X-
ray fluorescence (Carbone et al. 2012) and laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-
MS; Parbhakar-Fox et al. 2013). LA-ICP-MS has the 
sensitivity to map fine-scale variations in Se and Te in 
sulphide minerals, including pyrite, (Gregory et al. 2015) 
and is the basis of this study. 

 
Figure 1. Location of Tramore in Ordovician outcrop, SE Ireland. 
Concentrations of Te in pyrite (ppm) recorded for 10 Ordovician 
shales, showing maximum at Tramore. 
 
2 Methodology 
 
Pyrite was studied in Ordovician black shale (Tramore 
Formation) from a coastal section at Tramore, Co. 
Waterford, Ireland (Fig. 1). The section of mixed shales 
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and limestones is described by Carlisle (1979). The site 
was selected because the pyrite exhibits alteration in an 
undisturbed section, and the rock is competent enough to 
allow polishing of the altered pyrite intact. The black 
shales at Tramore contain irregular crystals of pyrite, 
which are variably altered, from fresh sulphide to 
complete conversion to iron oxide.  

LA-ICP-MS analyses were made of unaltered 
sulphide, pure oxide, and crystals showing partial 
alteration. The Te content of pyrite was measured using 
a New Wave laser ablation system UP213nm (New Wave 
Research, Fremont, CA) coupled to a inductive coupled 
plasma-mass spectrometer (ICP-MS) Agilent 7900 
(Agilent Technologies, Tokyo). The laser beam had a 
round spot size of 100 µm moving in a straight line, 10 Hz 
repetition rate and 50 µm s-1 ablation speed with 1 J cm-2 
energy. Before ablation, a warm-up of 15 s was applied 
with 15 s delay between each ablation. Tellurium and 
selenium were measured (dwell time) using 78Se (0.1 s), 
82Se (0.1 s), 125Te (0.1 s), and 126Te (0.1 s). Settings 
parameters were optimized daily by using NIST Glass 
612, to obtain the maximum sensitivity and to ensure low 
oxide formation. In order to remove possible 
interferences, a reaction cell was used with hydrogen 
gas. The MASS-1 Synthetic Polymetal Sulfide standard 
(USGS, Reston, VA) was used to provide semi-
quantification by calculating the ratio of concentration (µg 
g-1)/counts per seconds, and multiplying this ratio by the 
sample counts. 
 

 
 
Figure 2. LA-ICP-MS maps for Fe, Se, Pb, Te and Bi in altered 
pyrite, Tramore. Note relative enrichments of Se in sulphide core, 
and Te in oxide halo. 
 

 
 
Figure 3. Te/Se ratios along a cross-sectional profile through altered 
pyrite, Tramore, showing increase in Te in iron oxide alteration halo, 
determined by LA-ICP-MS. [Profile superimposed on backscattered 
electron image]. 
 

 
 
Figure 4. Profile of responses (CPS, counts per second) for 126Te 
and 209Bi across altered pyrite crystal, Tramore, showing close 
coincidence of Te and Bi (R2 = 0.93). Two maxima for both elements 
occur at altered oxide margins, separated by lower responses from 
unaltered sulphide core. 
 
 

 
Figure 5. Cross-plot of Se and Te contents in unaltered sulphide 
and iron oxide alteration halo, Tramore pyrite, showing relative 
enrichment of Se in the sulphide and Te in the oxide, determined by 
LA-ICP-MS.
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3 Results 
 
Pyrite showing partial alteration consists of a core of 
unaltered sulphide, and a coating of iron oxide of variable 
thickness. The host shale has a calcareous matrix. LA-
ICPMS maps of partially altered pyrite show a different 
concentration of trace elements in the oxide compared to 
the sulphide. The sulphide shows relative enrichment in 
Se and Pb, while the oxide shows relative enrichment in 
Te and Bi (Fig. 2). The pattern shown by the maps is 
further emphasized by cross-sectional profiles through 
the pyrite, which show decline in Se and increase in Te 
within the oxide relative to the sulphide (Fig. 3), and 
correspondence of Te with Bi (Fig. 4). Spot analyses from 
the laser maps quantify the Se and Te contents (Fig.  5), 
and yield mean compositions of 7.84 ppm Se and 1.26 
ppm Te in the sulphide, and 4.36 ppm Se and 2.46 ppm 
Te in the oxide. These data equate to Se/Te ratios of 6.23 
and 1.77 respectively. The shale has a mean 
concentration of 0.05 ppm Te (n=2). 
 
4 Discussion 
 
The data show that Se and Te behave differently during 
the weathering of pyrite, and consequently become 
differentially distributed. The pattern of Se and Te relative 
enrichment in sulphide and oxide respectively could be 
attributed, alternatively, as due to: 

(i) Depletion of Se from the oxide, with/without 
enrichment in the sulphide. 

(ii) Depletion of Te from the sulphide, with/without 
enrichment in the oxide. 

(iii) Enrichment of Te in the oxide from a source 
outside of the original sulphide. 

The Se in the sulphide is evenly distributed, rather than 
concentrated at the margin, which makes enrichment of 
the sulphide from the surrounding oxide unlikely. Also, 
pyrite crystals showing no alteration rims have 
comparable Se contents. The reduced level of Se in the 
oxide suggests, therefore, that it was liberated into 
solution. Unaltered pyrite consistently contains less than 
2 ppm Te. However, the mean content of 1.26 ppm Te in 
Tramore pyrite is high for pyrite in Ordovician shales 
elsewhere in Britain and Ireland (Fig. 1), suggesting that 
the unaltered Tramore pyrite has not been depleted in Te. 
This implies that the relatively high Te content in the oxide 
is due to addition of Te (over and above the total sum) 
from beyond the original sulphide crystal. Other studies 
have similarly shown that iron oxyhydroxide alteration 
products can adsorb higher concentrations of some trace 
elements than in the original sulphide and must do so 
from the pore waters rather than by inheritance from the 
replaced sulphide (Jeong and Lee 2003; Lu et al. 2005; 
Moncur et al. 2009). These data equate to about 3.5 times 
the Te/Se ratio in the iron oxyhydroxide compared to the 
sulphide, i.e. relative enrichment of Te in the in situ 
alteration products. The source of the additional Te is 
likely to be redistributed from within the shale, as whole 
rock analyses do not show any extra enrichment in Te, 
when compared to other Ordovician shales. 

The distributions of Pb similar to that of Se, and of Bi 

similar to that of Te (Figs. 2, 4), are typical of relationships 
found in pyrite elsewhere (Parnell et al. 2017). This 
probably reflects the common occurrence of Se and Te 
as lead selenide (clausthalite) and bismuth telluride 
minerals. If Se and Te occur in pyrite as micro-inclusions 
of minerals, they will most likely be as lead selenide and 
bismuth telluride.  

The separation of Te and Se is a consequence of the 
relatively high solubility of Se (VI), while both Te (IV) and 
Te (VI) have a high affinity for Fe (III) hydroxides (Harada 
and Takahashi 2009; Qin et al. 2017). This differential 
behaviour may also explain the abundance of Te over Se 
in seafloor ferromanganese oxyhydroxide crusts (Harada 
and Takahashi 2009; Kashiwabara et al. 2014). 
Preferential precipitation of Te leaves pore waters 
relatively enriched in Se. However, Se does adsorb onto 
iron oxide, including iron oxides derived from the 
weathering of pyritic shale (Parnell et al. 2018). Indeed, 
iron oxides are deployed to extract Se out of 
groundwaters where there is a danger of environmental 
damage from toxic levels of dissolved Se (Rovira et al. 
2008; Donovan and Ziemkiewicz 2013). The adsorption 
of Se onto iron oxyhydroxide increases at lower pH 
(Balistrieri and Chao 1990; Lee and Kim 2016). Selenium 
originally mobile in the fluid draining from shale could 
thereby become subsequently precipitated in more 
acidic, oxidizing groundwaters. Pyrite oxidation can occur 
in neutral and alkaline waters (Caldeira et al. 2003), and 
as the Tramore succession includes limestone beds, the 
pH within the shale may have been buffered, limiting Se 
adsorption. In contrast, Te adsorption is not so pH-
dependent (Qin et al. 2017), allowing ready enrichment 
of Te in the iron oxyhydroxide alteration products. 

The weathering of shale and coal, involving the 
breakdown of pyrite, yields iron oxide on a huge scale, as 
evident today in the need to filter out large quantities of it 
from old coal mines (Donovan and Ziemkiewicz 2013). 
This similarly occurred in the geological record when 
shale and coal were altered during periods of deep 
oxidation, such as in the Permian of Europe. Iron oxides 
generated by palaeo-weathering could have been 
recycled into the sedimentary record. Thus, any 
separation of Se and Te engendered by pyrite weathering 
would be conferred to younger sediments. 

Previous studies of element distribution during pyrite 
alteration (Jeong and Lee 2003; Lu et al. 2005; Moncur 
et al. 2009; Carbone et al. 2012) were based on sulphide-
bearing mine waste. Such artificial settings are 
characterized by high fluid content, high fluid drainage 
and throughput, high surface area, and access to oxygen-
rich atmosphere. By contrast, the shale at Tramore is 
tightly compact (no visible porosity), with no fractures or 
veins within the volume of rock studied. This natural 
setting admits much less access to water and oxygen 
than in waste heaps, and the alteration of sulphides must 
occur at a slower rate. Given the limitation on fluid flow 
and oxidation, the separation of elements is especially 
notable. The timescale over which alteration occurs was 
likely to be many orders of magnitude greater in the shale 
than in a waste heap. This study clearly shows that 
element separation can occur on a geological timescale. 

Recent research on the crustal cycling of Se and Te 
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(Bullock and Parnell 2017; Parnell et al. 2017; 2018) 
gives us a database to assess the evidence for their 
separation during diagenesis (Fig. 6). Data from black 
shales represent the Se/Te ratios incorporated into pyrite 
from sea water, while data from continental deposits (red 
sandstones/siltstones, and iron-rich precipitates) 
represent ratios evolved during diagenesis. The two sets 
of Se/Te data yield coefficients of variability (standard 
deviation/mean) of 1.7 for black shales and 4.9 for 
continental deposits, indicating greater decoupling of Se 
and Te in continental samples. 
 

 
Figure 6. Cross-plot of Se and Te contents in black shales and 
continental deposits, based on database at University of Aberdeen. 
Data show greater coefficient of variability for continental deposits. 
 
5 Conclusions 
 
The LA-ICP-MS study of altered pyrite in the Tramore 
Shale shows that Se and Te become separated during 
alteration. In particular: 

(i) The Te/Se ratio is several times greater in the 
iron oxyhydroxide alteration product. 

(ii) The Te level in the oxyhydroxide is greater than 
in the sulphide, implying more uptake from pore waters. 

(iii) The Se level in the in the oxyhydroxide is less 
than in the sulphide, implying release into pore waters. 
This evidence of separation of Se and Te during 
diagenesis is reflected in a greater diversity of Se/Te 
ratios in continental deposits rich in iron oxides, 
compared to black shales that record a signature of 
relatively homogenous sea water. 
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Iron-Oxide-Copper-Gold deposits as sources of tellurium, 
selenium, and other critical metals 
David Holwell, Sally Worbey, Daryl Blanks, Kate Canham 
University of Leicester, UK 
 
Richard Lilly 
University of Adelaide, Australia 
 
Abstract. Tellurium and selenium are essential elements 
in third generation photovoltaic cells for solar power. 
Production is currently almost entirely as by-products 
from copper refining. Therefore, these elements are 
defined as ‘critical’ in terms of their projected increasing 
demand for future energy technologies, and their supply 
being determined by the economics of a separate 
commodity. Iron Oxide Copper Gold (IOCG) deposits are 
complex hydrothermal systems and whilst all deposits, by 
definition, contain economic Cu and Au, many deposits 
also have significant by-products, including U, REE, Co, 
Ag and As and a host of other potential by-products, 
including Te and Se. Thus, IOCGs represent vast 
potential resources for a number of critical elements. We 
show that resources of these elements can be effectively 
estimated using reliable ratios to the major, reported 
commodities. For example, Cu/Se and Au/Te ratios are 
consistent enough to be able to determine potential 
resources in the ores, but also an indication of 
recoverability by considering the respective ratios in the 
concentrates and tailings. 
 
1 Introduction 
 
Iron Oxide Copper Gold (IOCG) deposits are complex 
systems that exhibit a great deal of variation in their 
geochemistry, mineralogy and structural setting. Whilst 
all deposits, by definition, contain economic Cu and Au, 
many deposits also have significant by-products, 
including U, REE, Co, Ag and As. Indeed, some IOCG 
deposits, like Ernest Henry, Monakoff, E1 and others in 
the Cloncurry district, Queensland, contain elevated 
concentrations of a whole range of base, precious and 
semi metals. The latter include elements that are 
essential in new and environmental technologies, such as 
Te and Se (used in photovoltaic cells for solar power) and 
other elements such as Sb, Bi and Co. Although these 
elements are present, they are rarely included in routine 
analyses; are currently not recovered; and have no viable 
resource estimates available. Here we present a 
technique that provides an indication of the size and 
nature of potential resources of these by-product 
elements from IOCGs. 

At present, all Te and Se production is as a by-product 
from porphyry Cu mining. Thus, IOCGs, which also 
contain large volumes of Cu sulfides, represent vast, 
undeveloped potential resources for these, and other, 
speciality elements. Here we use examples from the 
Cloncurry IOCG district (Ernest Henry and  
 

Monakoff) and the Mumbwa region, Zambia (Kitumba) to 
illustrate the enrichment of a variety of speciality 
elements, and produce an estimate of the resources of 
Te and Se held within these deposits relative to its Cu and 
Au 

 
2 IOCGs in the Cloncurry region, Australia 

 
The Cloncurry district in Queensland, Australia, is one of 
the world’s classic IOCG provinces. The world class 
Ernest Henry deposit (90 Mt @ 1.17% Cu and 1.6 g/t Au) 
is the largest known deposit in the region and has been 
mined by open pit, and now underground methods. At 
least one of the fluids responsible for the mineralization 
at Ernest Henry is thought to have been sourced from the 
nearby ~1505 Ma Malakoff granite (Kendrick et al. 2007); 
one of a number of granite bodies that make up the 
Williams-Naraku batholith that was emplaced towards the 
end of the ~1600–1500 Ma Isan orogen. Fifteen 
kilometers to the south of Ernest Henry lies the smaller, 
Monakoff deposit (52 Mt @ 0.77% Cu and 0.23 g/t Au), 
which was mined in 2013, and which also shows 
evidence of fluids derived from the Malakoff granite 
(Williams et al. 2015). 

Both Ernest Henry and Monakoff are enriched in a host 
of elements in addition to the Cu and Au they are, or have 
been, mined for. These include Ag, REE, U, Ba, F, Sr, Te, 
Se, As, Bi, Co, Sb and Mo. Monakoff, in particular, has 
highly enriched concentrations of Te (up to 3.8 ppm), 
present as Te-bearing sulfosalts, and in solid solution in 
sulfides, including pyrite, and over 350 ppm in solid 
solution in galena (Williams et al. 2015). 

 
3 IOCGs in the Mumbwa region, Zambia 
 
The Mumbwa region of central Zambia is one of the most 
significant IOCG provinces in southern Africa. A number 
of deposits are associated with late stage syenite 
intrusions related to the ~540 Ma emplacement of the 
giant Hook Granite. One of the most significant of these 
is the Kitumba deposit, which is made up of a syenite and 
granite-hosted breccia with iron oxides, pyrite and 
chalcopyrite with carbonate and apatite. The highest 
grades are hosted within a zone of supergene 
enrichment, with stockworks of chalcocite, malachite, 
cuprite and native copper. 

Concentrations of associated elements are less well 
defined that the Cloncurry deposits. Here we present 
initial results on the by-product potential of both the 
hypogene and supergene ores at Kitumba. 
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4 Estimating resources of potential by-
product elements 

 
By using a suite of samples with full bulk rock 
geochemistry, we are able to determine consistent Au/Te 
and Cu/Se ratios (but no reliable Cu/Te and Au/Se ratios) 
that can be used to back calculate the potential Te and 
Se resource at Monakoff from the measured Cu resource. 
Furthermore, we show that a similar approach can be 
undertaken at Ernest Henry, with the ratios comparable 
between the deposits, but not identical. 

Further estimates of the ‘recoverability’ of these and 
other elements, at Ernest Henry were made possible by 
consideration of the same ratios of elements within 
samples of concentrates and tailings. Both Te and Se 
report to the concentrate, although they are not 
concentrated relative to the original ore in proportional 
amounts. 

We therefore show that it is possible to make an 
estimate of the in situ resources of potential by-product 
elements like Te and Se, and their recoverability from 
concentrates and/or tailings from small, but 
representative datasets. 
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The critical elements (V, Co, Ga, Sc, REE) enrichment of Fe-
Ti-V oxide deposits related to Mesoproterozoic AMCG 
complex in Poland 
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Abstract. Fe-Ti-V ores in the Krzemianka and Udryn 
deposits associated with Suwałki Anorthosite Massif 
(SAM) located in NE Poland were investigated for their 
critical element content. Complex geochemical and 
mineralogical investigation revealed significant 
concentrations, including V, Co, Ga, Sc, Hf and REE. 
Particularly a high concentration of vanadium (geometric 
mean = 861.6 ppm, for n = 39) cobalt (geom. mean = 
111.8 ppm) and scandium (geom. mean = 21.6 ppm). 
Roughly estimated resources of critical elements in Fe-
Ti-V ores are significant and reach about 1 million tons of 
vanadium, 150 thousand tons of cobalt, 56 thousand tons 
of gallium and 29 thousand tons of scandium. Moreover, 
other elements associated with sulphide ores were also 
documented (Zn, Ni, Cu and Cr), for which, estimated 
resources reach several hundred thousand tons, and 
their presence significantly increases the potential value 
of Fe-Ti-V ores, which are considered as subeconomic. 
 
1 Introduction 
 
Accumulations of critical elements in the magmatic Fe-Ti-
V deposits from NE Poland were poorly covered by 
during exploration and their resource potential rarely 
evaluated. In the Krzemianka and Udryn deposits (Fig. 1), 
documented inferred resources (according to the Polish 
regulation of C1 and C2 category) of 1.34 billion tons of 
Fe-Ti-V ores, contain around 388,2 million tons of metallic 
iron, 98 million tons of TiO2 and 4.1 million tons of V2O5. 
The average grade of ores are as follows: 27% Fe (range 
20-50%), 7% TiO2 and 0.3% V2O5 (Malon et al. 2018). 
Magnetite-ilmenite ores also contain Fe, Cu, Ni and Co 
sulphides from 1 to 3% of ore by volume and small 
amounts of REE in carbonatites (Ryka and 
Szczepanowski 1998). Inferred resources of Fe-Ti-V ore  
are considered as subeconomic despite a great amount 
of resources documented in the Fe-Ti-V oxide deposits 
from the Suwalki region. The current results from modern 
geochemical prospecting revealed that some of the 
critical and associated elements occur in quite high 
concentration (Mikulski et al. 2018).  
 
2 Geological background of Fe-Ti-V deposits 
 
The Krzemianka and Udryn Fe-Ti-V ore deposits are 
located in the Mesoproterozoic Suwalki anorthosite 

 
Figure 1 Geological map of the Suwalki Anortosite massif (SAM) 
(Kubicki & Ryka 1982) with location of the Krzemianka and Udryn 
deposits in NE Poland 
 

Massif (SAM) in NE Poland (Fig. 1; Ryka et al.). The 
SAM constitutes the eastern part of the Mazury Complex 
(Kubicki and Ryka 1982) and is covered by Mesozoic-
Cenozoic sedimentary rocks of thickness from 500 m on 
the east to 1000 m on the north-west (Ryka 1998). 
Anorthosites and norites compose the core part of 
intrusion, which represents the AMCG association 
(Anotrhosite-Mangerite-Charnockite-Granite) and are 
surrounded with diorites and gabronorites (Juskowiak 
1998). Two N-S faults direction divide massif into three 
tectonic blocks. The western one, with the Krzemianka 
and Udryn Fe-Ti-V deposits, is uplifted.  

The Krzemianka deposit has an arcuate shape (1.5 km 
wide and 4 km long) and is located in the western part of 
the Suwalki Massif close to its contact with metamorphic 
cover (Parecki 1998). The Udryn deposit is located in the 
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central part of the Suwałki intrusion, approximately 4 km 
east of the Krzemianka deposit. These deposits are in the 
form of lenses, schlires, pseudo-seams and veins 
elongated medially and dipping generally at an angle of 
about 45° towards the SE (Kubicki and Siemiątkowski 
1979). The ore bodies are variable in size with lengths up 
to 3 km and widths up to 0.6 km. Thicknesses vary from 
a few centimetres to 145 m. The majority of the 
Krzemianka deposit lies at a depth of 1100-1700 m. In the 
NE part of the anorthosite is the largest ore body. The 
deposit is made of titanium- and vanadium-bearing 
magnetite containing ilmenite and hemato-ilmenite 
occurring in various proportions from 1: 1 to 5: 1 and even 
10: 1. The obtained Re-Os model age for pyrite, pyrrhotite 
and magnetite showed an age of 1536 ± 67 million years 
(Morgan et al. 2002; Wiszniewska et al. 2002). The 
Krzemianka and Udryn deposits belong genetically to the 
iron deposits of the Allard Lake type. 

 
3 Analytical methods 
 
In total 39 samples with economic ore mineralization 
representing a variety of Fe-Ti-V ore types were subject 
to a range of geochemical (ICP-QMS, ICP-OES, WD-
XRF and GF AAS) and mineralogical (EPMA, CAMECA-
SX100) techniques. 23 samples were collected from the 
Krzemianka deposit and 16 samples came from the 
Udryn deposit. Samples were collected mostly from the 
archive core material of boreholes drilled during the 
1970s and 1980s. The analyses were performed at the 
Polish Geological Institute-National Research Institute 
using international and internal standards and included 
duplicate analyses (Mikulski et al. 2018). 
 
4 Results and discussion 

 
4.1 Geochemical investigation of a critical 

elements 
 
Vanadium occurs in magnetite-ilmenite ores (e.g. Kubicki 
and Siemiątkowski 1979; Nieć 2003) and in the studied 
samples V concentrations range from 104 to 2208 ppm, 
and in approximately 38% of the population above 0.1% 
V. The population distribution is asymmetrical unimodal. 
The geometric mean for vanadium = 861.6 ppm (n = 39). 
Vanadium shows a good correlation with cobalt 
(correlation coefficient - r = 0.70, Fig. 2a) and very weak 
correlation with Fe2O3 (r = 0.42, Fig. 2b), and Ga (Fig. 2c) 
as well as with TiO2, Cd, Ni and Cr. 

Cobalt is present in sulphides, mainly in pyrrhotite that 
accompany magnetite-ilmenite ores. The cobalt 
concentration ranges from 15 to 205 ppm. Samples with 
cobalt contents from 120 ppm to 180 (n = 23) are the most 
abundant. The average geometric content of cobalt is 
111.8 ppm (n = 39). Cobalt shows a good correlation with 
vanadium, Fe2O3 and nickel (r = 0.70) and a weaker 
correlation with TiO2, chromium and gallium (r = 0.6). 
 

 
Figure 2  Bivariate diagrams of trace elements with trend lines in 
magnetite-ilmenite ores from the Krzemianka and Udryn deposits on 
the Suwałki Massif. (a)− V vs. Co; (b) Fe2O3 vs. V; (c) Ga vs. Fe2O3; 
(d) Sc vs. Zr 
 

Gallium, determined using WD-XRF was also found in 
elevated concentrations in Fe-Ti-V ores, with contents 
ranging from 21 to 84 ppm. Most samples have gallium 
contents in the range from 30 to 60 ppm (n = 26). 
Geometric mean for gallium is 42 ppm (n = 39) and it 
shows a shows a strong correlation with Fe2O3 (r = 0.87, 
Fig. 2c), nickel (r = 0.82), zinc (r = 0.79), TiO2 (r = 0.75), 
and weaker one with cobalt and cadmium (r = 0.57). 

Scandium is another important critical element 
occurring in elevated concentrations in the Fe-Ti-V 
deposits in Poland. Its contents in the ores range from 
about 17 to about 75 ppm. Geometric mean for 
occurrences of scandium is 21.6 ppm and it has a strong 
correlation with REE, P2O5, thallium and zirconium (r = 
0.9-08, Fig. 2d), MgO (r = 0.74), indium (r = 0.73) and 
MnO (r = 0.72), and a weaker correlation with the 
germanium (r = 0.69), tantalum (r = 0.68) and hafnium (r 
= 0.57).  

In the Fe-Ti-V ores, there were also concentrations of 
hafnium, which range of 0.38 to 2.09 ppm, with the 
majority of data located from 0.4 to 1.2 ppm (about 74% 
of the population). The geometric mean for Hf is 0.87 ppm 
(n = 39). Hafnium shows a weak correlation with Ta, Th 
and Sc (r = about 0.56), Ge and In (r = 0.55) and Nb and 
Zr (r = 0.54). 

In the graph depicting REE concentrations normalized 
to chondrite there is a clear negative Eu anomaly (Fig. 3). 
In addition there is a significant (>400 x) enrichment in 
REE (especially in Ce, La and Nd) in 3 ore samples from 
the Udryn deposit. In total, the REE concentrations in the 
analysed samples are elevated (ΣREE approx. 0.1%). 
These associated with the enrichments in CaO and MgO 
and the presence of carbonatites related with Variscan-
alkaline magmatism. 
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Figure 3  REE diagram normalized to chondrite (after McDonough, 
Sun1995) for the Fe-Ti-V ore samples from the Krzemianka and 
Udryn deposits in NE Poland  

4.2 Ore mineralization in the light of the 
microscopic studies 

Figure 4  Typical Fe-Ti-V ores with sulphides from the SAM. BSE 
images; (a) Exsolutions of ulvöspinel, ilmenite (ilm) and Al-Mg 
spinels (spinel) in magnetite (mg), sp – sphalerite; (b) Typical 
sulphide (pyrrhotite – po, pentlandite – pn) aggregates in magnetite-
ilmenite ore; (c) Intergrowths of sulphides (po – pyrrhotite, cp – 
chalcopyrite, py – pyrite) and siegenite (sie); (d) Fe-Ti-V ore 
enriched with REE due to presence of monazite grain genetically 
related to F-apatite. pl – plagioclase, px – pyroxene, amp – 
amphibole, ap – apatite, mnz – monazite;  

Microscopic studies of Fe-Ti-V ores confirm earlier 
research, which shows that main ore minerals are 
magnetite and ilmenite (e.g. Kubicki and Siemiątkowski 
1979; Speczik et al. 1988; Kozłowska and Wiszniewska 
1991; Wiszniewska 2002; Marcinkowski 2006).  

Magnetite contains several generations of exsolutions 
of ulvöspinel, ilmenite and Al-Mg spinels (Fig. 4a). 
Sulphides occur with Fe-Ti-V oxide ores and these 
comprise mainly pyrrhotite, chalcopyrite, pentlandite, 

pyrite (Fig. 4B) with minor bravoite, violarite, siegenite 
(Fig. 4c), cubanite, galena, sphalerite, millerite and 
greenockite.  

EPMA analyses reveal that Magnetite is the major V 
mineral Here, V substitutes for Fe3+in the magnetite 
crystal lattice. V content in magnetite is in the range 0.0X-
0.59 wt. %, avg. 0.42 wt. % (Fig. 5a,b). 

Ilmenite contains from 0.05 to 0,27 wt. % (avg. 0.14 
wt. %) V (Fig. 6). Hemo-ilmenite enriched in V up to 
several wt. % occurs in barren rocks (Kubicki and 
Siemiątkowski 1979; Kozłowska and Wiszniewska 1991). 
Redistribution of V and Fe3+ ions substitution occurred 
under variable PT conditions during evolution of 
anorthosite massif (Speczik 1991). 

Figure 5 (a) Vanadium to iron ratio in magnetite; (b) Vanadium to 
titanium ratio in magnetite, showing Fe3+ ions substitution by V and 
positive correlation with Ti 

The most abundant critical element in sulphide ore 
minerals is Co. Admixtures of Co in pentlandite which is 
the main phase bearing cobalt, may reach 15.3 wt.%. 
Siegenite contains up to 23.61 wt. % Co, but it occurs less 
frequently. Co admixtures in other sulphides such as 
pyrrhotite, chalcopyrite and pyrite are present and reach 
up to several wt. %. Other significant admixtures in Fe-Ti-
V ores are Ni in pyrrhotite, chalcopyrite and 
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pyrite, moreover inclusions of native Bi in magnetite and 
pyrrhotite and inclusions of hessite and greenockite in 
chalcopyrite were identified. Samples less abundant in 
ore minerals (up to 40 %) are enriched in REE up to 0.1 
wt. % due to presence of monazite genetically related to 
F-apatite (fig. 4D).

5 Conclusions 

On the basis of geochemical (ICP-QMS, ICP-OES) and 
mineralogical (EPMA, CAMECA-SX100) investigation, 
elevated concentrations of critical elements such as V, 
Co, Ga, Sc, Hf and REE in magnetite-ilmenite ores from 
the Krzemianka and Udryn deposits in the Suwałki 
anorthosite massif in NE Poland have been found. The 
main minerals as carriers of critical elements identified 
and the estimated resources of these critical elements 
were also determined (Mikulski et al. 2018). Vanadium 
resources were estimated at ca. 1 million tons, cobalt on 
150 thousand tons, gallium on 56 thousand tons and 
scandium on 29 thousand tons. Besides, associated 
elements such as Zn, Ni, Cu and Cr, have estimated 
resources up to several hundred thousand tons (Mikulski 
et al. 2018). The identification of critical and associated 
elements greatly increases the attractiveness of the 
considering deposits, which were documented in the 60-
80. of the 20th century. They are considered so far
subeconomic due to the low content of metals (Nieć
2003), depth of ore deposition and environmental
protection aspects.
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Indium and other critical elements enrichment in 
cassiterite-sulphide mineralization from the stratiform tin 
deposits in the West Sudetes (SW Poland) 
MIKULSKI Stanisław Z., MAŁEK Rafał 
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Abstract. A geochemical investigation (ICP-QMS, ICP-
OES, WD-XRF and GFAAS) of 42 samples with 
cassiterite-sulphide mineralization taken from an 
abandoned tin mine and deposits in the Stara Kamienica 
Schist Belt in Poland was undertaken. This indicates 
elevated concentrations of critical elements (In, Bi, Ga, 
Co, Nb, Pt, Pd and Re) as well as some associated 
elements (Cu, Zn and Pb). In addition, EMPA studies 
(Cameca SX-100) enabled quantitative and qualitative 
identification of trace elements deportment in ore 
minerals (mostly sulphides). A  number of rare ore 
minerals, which also contain interesting amounts of trace 
elements, have been identified. Some of these are the 
first recorded occurrence in tin deposits the Sudetes (e.g. 
In-bearing mineral - sakuraiite [(Cu,Zn,Fe)3(In,Sn)S4]). 
Identification of critical and associated elements may be 
considered as an added value to cassiterite ores. 

 
1 Geological setting of Sn deposits 
 
The stratiform tin deposits of the western Sudetes are 
located in the Lower Palaeozoic Stara Kamienica Schist 
Belt on the northern part of the Variscan Karkonosze 
Granite Massif, which is a part of the Karkonosze-Izera-
Lausitz Block (Fig. 1; Michniewicz et al. 2006, and 
references therein). Cassiterite ores occur along a 15 km 
schist belt in two main zones, northern and southern, in 
which there are also several smaller mineralized zones. 
Ores associated with Co-Ni-As-Bi sulphide mineralization 
are hosted by quartz-mica schists, which are fine-grained 
rocks, light grey (often with a greenish shade), with 
clearly visible foliation and lamination (Szałamacha, 
Szałamacha 1974). The tin mineralized zones run 
latitudinally and strike from 37.5 to 57.5 degrees towards 
N. The thickness and grade of the main ore zones are 
highly variable. They occur in widths from 0.04 to 8.07 m 
and contain between 0.0001 % and 16.78% Sn 
(Michniewicz et al. 2006). These tin resources were 
classified as anticipated sub-economic and were 
estimated at 5.5 million tons of ore with an average 
content of about 0.5% Sn (Malon et al. 2018). Within the 
area the perspective resources of tin ore are estimated 
that it contains, approximately 20 million tons of ore with 
approximately 100,000 tons of metallic tin (Michniewicz 
et al. 2006). The genesis of tin (cassiterite-sulphide) 
mineralization is related to the activity of hydrothermal 
solutions, which are spatially, temporally and genetically 
linked to the intrusion of the Variscan Karkonosze 
Granitoid Massif (Wiszniewska 1984) or to  

 
Figure 1 Location of the stratiform tin deposits in the Stara 
Kamienica Schist belt in the Sudetes (NE margin of the Bohemian 
Massif, SW Poland) on the geological background of the 
surrounding areas 
 
the earlier development of magmatic-metamorphic 
processes (Michniewicz et al. 2006) as well as to the pre-, 
and Variscan multiple mineralization events (Cook and 
Dudek 1993, Mikulski et al. 2007). 

 
2 Geochemical investigation of cassiterite-

sulphide mineralization 
 
42 samples with cassiterite-sulphide mineralization from 
the area of the Krobica and Gierczyn tin deposits were 
subject to geochemical investigation (ICP-QMS, ICP-
OES, WD-XRF and GFAAS) (Mikulski et al. 2018). Tin 
concentrations range from 0.005 to 1.5%. The arithmetic 
mean of tin determined by WD-XRF is 806 ppm (n = 42). 
Tin shows a weak correlation with critical elements - 
bismuth and gallium (correlation coefficient - r = 0.5). and 
the investigated samples show an enrichment in In, La, 
Bi, Nb, Re, Co and W. In addition, the concentration of 
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other metals such as Zn (up to 0.7%), Pb (up to 0.7%) 
and Cu (up to 0.5%) are also of interest. 

An important critical element occurring in elevated 
concentrations is indium, whose contents in some 
samples are up to 7.4 ppm. Arithmetic mean for indium 
concentration was 0.92 ppm and it shows strong 
correlation with copper (r = 0.79; Fig. 2a), and weak 
correlation with gold (r = 0.50), zinc (r = 0.46), uranium, 
bismuth, chromium and cobalt (r = from 0.42-0.40). The 
main carriers of indium are sphalerite and chalcopyrite, 
which according to EMPA studies may have up to a 
several hundreds of ppm indium (in sphalerite up to 0.13 
wt. %, and in chalcopyrite up to 0.16 wt. %). In addition, 
the indium mineral sakuraiite (Cu, Zn, Fe)3(In, Sn)S4 has 
been identified. This can contain indium up to approx. 19 
wt. %. 

Gallium concentrations are up to 84 ppm (Fig. 2b), with 
the majority of samples having  gallium contents in the 
range of 20-25 ppm (about 35% of the whole sample 
population). The population distribution is unimodal 
symmetrical. Arithmetic mean for gallium is 20.2 ppm and 
it shows a weak correlation with Sn, W (r = c.a. 0.5) and 
with REE, Zr, Rb and Th. 

Cobalt is present in increased quantities in sulphides, 
mainly in cobaltite, pyrrhotite and pyrite, which 
accompany cassiterite ores. The cobalt concentration 
ranges from 6 to 168 ppm (Fig. 2c) and its arithmetic 
mean is 37.8 ppm. Cobalt shows a high correlation with 
As, Br and Sb (r = 0.84-0.82), and much weaker 
correlation with Au (r = 0.53) and Ag (r = 0.48). 

Another critical element that occurs in samples is 
bismuth. WD-XRF and ICP-MS analyses show that 
bismuth contents are up to 1740 ppm and it Bismuth 
strongly correlates with U (r = 0.74), and much more 
weakly with Au (r = 0.57), Sn (r =0.54), Cu, In and Ag (r = 
about 0.4). 

Niobium concentrations (WD-XRF) of compressed 
powder samples are up to 32 ppm (Fig. 2d). The 
arithmetic mean for Nb is 12.8 pp and it is correlated with 
m some elements, including from Ba, Ce, La, Rb, Sr, Th, 
V, Y, Zr, Hf, Ta, and W. 

Platinum has interesting values up to 116 ppb (Fig. 
2e). The arithmetic mean is about 56 ppb and it has a 
very weak correlation with Pd, U and Fe2O3 (r = approx. 
0.5). 

Rhenium determinations using the ICP-MS 
methodology show that it is present in the range from 0.21 
to 1.03 ppm with an arithmetic mean of 0.48 ppm. 
Rhenium shows a weak correlation with vanadium (Fig. 
2f), zirconium, and yttrium distribution (r = 0.54). 

In cassiterite-sulphide bearing samples, zinc contents 
range from 37 ppm to 0.56% and copper from 8 ppm to 
0.33%. Arithmetic mean for zinc contents is 506 ppm. 
Zinc has a strong positive correlation with cadmium (r = 
0.87), and weak correlation with indium (r = 0.46) and 
platinum (r = 0.40).  

The arithmetic mean for copper concentration is 348 
ppm. Copper has a strong correlation with indium and 
gold (r = 0.78; Fig. 2g), and much weak correlation with 
uranium, silver, cobalt, chromium and bismuth (r = from 
0.53-0.42). 

 

 
Figure 2. Bivariate and logarithmic diagrams of trace elements with 
trend lines in samples from Sn deposits in the Stara Kamienica 
Schist Belt (Sudetes, SW Poland) 
(a) Cu vs. In; (b) In vs. Ga; (c) Co vs. As; (d) V vs. Nb; (e) Pt vs. Pd; 
(f) Re vs. V; (g) Cu vs. Au; (h) Pb vs. Hf 
 
3 Ore mineralization 
 
Ore mineralization in quartz-mica schists has a vein-
impregnation character and it is represented mainly by 
cassiterite, pyrrhotite, chalcopyrite, sphalerite, 
arsenopyrite, ilmenite and rutile (Michniewicz et al. 2006; 
Wiszniewska, 1984). Also, a number of less frequently 
occurring ore minerals were identified and include 
pyrargyrite (Ag3SbS3), stannoidite Cu8(Fe, Zn)3 Sn2S12 
(Piestrzyński and Mochnacka, 2003), and Ag-Sb-Bi 
minerals (Piestrzyński et al. 1990; 1992; Cook and Dudek 
1993) as well as In-bearing mineral - sakuraiite (Małek 
and Mikulski 2019). 

 
3.1 Cassiterite mineralization 
 
In the studied samples, cassiterite is not visible 
macroscopically. It occurs as a small (max. 300 µm, 
usually up to 100 µm diameter) hypautomorphic or rarely 
automorphic grains forming grape-like clusters (Fig. 3a; 
or “spongy” ac. to Jaskólski and Mochnacka 1959; 
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Mochnacka 1985), that follow the main schistosity. 
Cassiterite mostly occurs in association with quartz, and 
chlorite and garnet, less often with sulphides, muscovite, 
chloritoide and biotite (Michniewicz et al. 2006). In 
addition, it is observed as intergrowths almost in every 
rock-forming mineral. Less often it forms aggregates with 
sulphides such as chalcopyrite, arsenopyrite or 
pyrrhotite. Occasionally cassiterite occurs as 
intergrowths in other ore minerals and sometimes 
contains wolframite inclusions. 
 
3.2 Sulphide mineralization 
 
Pyrrhotite and chalcopyrite are the main sulphides. Their 
xenomorphic crystals are forming big aggregates (up to 4 
mm diameter) also with other sulphides (mostly pyrite, 
sphalerite and arsenopyrite). Pyrrhotite contains 
intergrowths of other minerals (mostly sulphides). 
Chalcopyrite definitely less often than pyrrhotite contain 
intergrowths, but most commonly occurs as an 
intergrowths itself (mainly in garnets). Sometimes it is 
replaced by covellite and bornite. Pyrite occurs less often 
than pyrrhotite or chalcopyrite and it co-creates sulphide 
aggregates with them, also makes growths with 
pyrrhotite. It shows a xenomorphic and occasionally 

hypautomorphic form. Ilmenite is the most commonly 
occurring ore mineral in studied samples. It occurs both 
as a rock impregnation (grains up to 300-400 µm) and as 
a mineral aggregates with sulphides. It takes on a 
xeromorphic form (occasionally hypauto-morphic) - 
elongated crystals are oriented according to the direction 
of the shale foliation. 

Arsenopyrite and sphalerite occur occasionally and 
they are forming aggregates with other sulphides (max. 
up to 100 µm diameter). Native bismuth and bismuthinite 
in the vast majority of observed cases occurs as 
intergrowths in sulphides (Fig. 3d). Sometimes they are 
also forming separate clusters overgrowing each other 
(up to 200 µm diameter). Magnetite and rutile like ilmenite 
occurs as a small rock impregnation but definitely less 
often. Qualitative and quantitative analyzes of ore 
minerals showed the content of interesting admixtures of 
the trace elements, such as cobalt, nickel, selenium, 
arsenic, zinc and silver. Chalcopyrite showed content of 
admixtures of Zn (max. 0.111 wt.%), sphalerite contained 
interesting admixtures of Ag (max. 0.289 wt.%) and Co 
(max. 0.137 wt.%), pyrite showed content of Ni (max. 
0.661 wt.%). In turn, in arsenopyrite were found 
admixtures of Ni (max. 0.809 wt.%) and Co (max. 0.210 
wt.%) and in bismuthinite: Te (max. 0.39 wt.%), Ni (max. 

Figure 3  Cassiterite-sulfide mineralization from the Krobica tin deposit (a) cassiterite (cas) within chlorite laminae in association with 
sulphides, KII/3 borehole, depth 250,6 m, optical microscope, transmitted light, 1N; (b)chalcopyrite (cp) and sakuraiite (sak) in form 
of intergrowths and separate grains, C-X/46 borehole, depth 223,5 m, BSE; (c) overgrowths of  native bismuth (Bi), bismuthinite (biz) 
and ullmannite [NiSbS] (ulm), C-X/46 borehole, depth 223,5 m, BSE; (d) characteristic sulfide aggregate with native bismuth (Bi) and 
hessite (hes), G-1/13 borehole, depth 154,25 m, BSE 
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0.83 wt.%), Co (max. 0.63 wt.%) and also Au (max. 8.23 
wt.%). 

 
3.3 Rare ore minerals 
 
They were identified in form of small intergrowths in 
sulphides or mutual mineral overgrowths with them (Figs. 
3b-d). They occur definitely less often in the form of 
separate grains (the biggest grains – cobaltite and 
sakuraiite – up to 50 µm diameter; Fig. 3b). In general, 
these minerals occur sporadically and in small amounts. 
Among them, the most interesting metal contents in the 
chemical composition show: cobaltite (Co max. 34.7 
wt.%, Ni max. 5.47 wt.%), costibite (Co max. 24.5 wt.%, 
Sb max. 57.03 wt.%, Ni max. 4.22 wt.%), gersdorffite (As 
max. 43.38 wt.%, Ni max. 26.63 wt.%, Co max. 11.22 
wt.%), hedleyite (Te max. 32.92 wt.%, Ag max. 1.16 wt.%, 
Se max. 4.47 wt.%), hessite (Te max. 41.3 wt.%, Ag max. 
61.3 wt.%), mimetite (Pb max. 70.56 wt.%, As max. 15.3 
wt.%, Ni max. 0.14 wt.%, Co max. 0.29 wt.%, Hg max. 
0.16 wt.%), safflorite (As max. 68.49 wt.%, Sb max. 0.27 
wt.%, Ni max. 0.7 wt.%, Co max. 11.82 wt.%), sakuraiite 
(In max. 19.1 wt.%, Cd max. 0.65 wt.%, Ag max. 0.16 
wt.%, Zn max. 36.86 wt.%), ullmannite (Sb max. 53.0 
wt.%, Bi max. 23.38 wt.%, Se max. 0.33 wt.%, Cu max. 
0.45 wt.%, Ni max. 26.46 wt.%) and wolframite (Ce max. 
1.50 wt.%, W max. 60.39 wt.%). 
 
4 Conclusions 
 
• The modern geochemical investigation with 

application of ICP-QMS, ICP-OES WD-XRF and 
GFAAS methods to cassiterite-sulphide samples 
from the tin deposits in the Stara Kamienica schist 
belt in the Sudetes Mountains, revealed that they 
contain elevated concentrations of critical elements 
(In, Bi, Ga, Co, Nb, Pt, Pd and Re) as well as 
associated elements (Cu, Zn and Pb). Some of these 
critical elements show a strong positive correlation 
with tin or base metals distribution (e.g. In, Bi or Ga) 
what may increase an economic value of the 
considering Sn ores. 

• Moreover, on the basis of detailed microscopic and 
microprobe (EMPA) studies, carriers of trace 
elements in sulphides associated with cassiterite 
ores were identified and, what is important, minerals 
so far unknown from the Krobica tin deposits were 
also found. As an example the main carrier of indium 
- sakuraiite [Cu, Zn, Fe)3(In, Sn) S4] and other 
tellurium (e.g. hessite – Ag2Te) and bismuth minerals 
were recognized. 
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Abstract. Cobalt is a technology metal used in 
rechargeable batteries, where the growing market for 
electric vehicles (EVs) is likely to significantly increase 
demand in the future. However, there are significant 
supply risks associated with this critical raw material. In 
Europe, only three mines in Finland currently produce 
cobalt, meaning that the EU is highly reliant on imports to 
meet current demand. However, a review of known cobalt 
deposits and occurrences has revealed that there are 
many other areas in Europe where cobalt could be 
produced as a by-product, including: (1) Sediment-hosted 
Cu deposits in Poland; (2) Ni-laterite deposits in south-
eastern Europe; and (3) magmatic Ni-Cu-sulfide deposits 
in Scandinavia. Moreover, secondary resources with high 
cobalt contents, such as mine tailings and smelter slags, 
may also have potential to supply additional cobalt. 

All this information will be used to produce a material 
flow analysis to gain a better understanding of the cobalt 
supply chain in Europe, which will cover future 
supply/demand scenarios that focus on electric vehicles. 

 
1 Introduction 
 
Transport is the second largest contributor of greenhouse 
gas emissions in the European Union (EEA 2018). 
Electric vehicles will play a major role in decarbonising 
the transport sector and their deployment has increased 
rapidly over the past few years. More than 3 million 
electric cars are currently in stock globally and an EV 
year-on-year sale increase of 56% was recorded in 2017 
(IEA 2018). Consequently, there is increasing demand for 
raw materials used in EV batteries. For example, cobalt 
is widely used in Li-ion batteries (LIB) to provide the 
required high energy density. Depending on the chosen 
LIB chemistry, the cathode commonly requires several 
kilograms of cobalt. For example, the battery used in a 
Chevrolet Bolt contains 26 kg of cobalt (UBS 2017). 
Cobalt is classified as a critical metal (EC 2017), with 59% 
of world mine production coming from the Democratic 
Republic of Congo (DRC), some of which is linked to 
human rights abuses (Brown et al. 2019; Amnesty 
International 2016). Furthermore, the majority of cobalt 
ores and concentrates are exported to China, which now 
dominates global production of refined cobalt. Europe 
accounts for less than 2% of global mine production of 
cobalt and is thus highly dependent on imports (Brown et 
al. 2019). In view of the size of Europe’s car 
manufacturing industry there is considerable interest in 
the development of indigenous resources for battery raw 
materials. The European Battery Alliance, launched in 
2017 by the European Commission, aims to make the EU 

a global leader in the complete value chain of EV battery 
production (EC 2018). 

In order to help secure adequate and timely cobalt 
supply for the battery sector and support responsible 
sourcing, new research by the British Geological Survey 
(BGS) aims to analyse the cobalt supply chain in Europe 
and to quantify the future global demand for cobalt with a 
focus on the EV battery sector. 

 
2 Primary cobalt deposits in Europe 
 
Globally, most cobalt is produced from three deposit 
types: (1) stratiform sediment-hosted Cu-Co deposits; (2) 
magmatic Ni-Cu (-Co-PGE) sulfide deposits; and (3) Ni-
Co laterite deposits. Furthermore, cobalt can also be  

Figure 1. Preliminary map of potential cobalt resources in Europe 
classified by deposit type, status and cobalt content (Data from 
FODD 2011; Berger et al. 2011; Slack et al. 2017; Pazik et al. 2016 
and company reports). 
 
enriched in a variety of other deposit types, including: 
polymetallic Co-rich vein deposits; black shale-hosted 
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deposits; iron oxide-Cu-Au deposits; metasedimentary 
Co-Cu-Au deposits; volcanic-hosted massive sulphides 
(VHMS); Mississippi Valley type deposits; and Fe-Cu 
skarn and replacement deposits (Slack et al. 2017). In 
Europe, cobalt resources are associated with several of 
these deposit types, although production is limited to 
three mines in Finland, which together accounted for 
mine production of 2700 t cobalt in 2017 (Brown et al. 
2019) (Fig. 1). At Sotkamo (also known as Talvivaara) a 
metamorphosed black-shale-hosted deposit contains an 
estimated 411 000 t cobalt metal (Slack et al 2017; FODD 
2011). The ore is located in an organic and sulfur-rich 
black shale, which likely precipitated in an anoxic-euxinic 
environment. Subsequent metamorphism and 
deformation are considered to have contributed to further 
concentration of the metals in the deposit. (Luokola-
Ruskeeniemi & Lahtinen 2013). Kevitsa is a magmatic 
sulfide deposit hosted in an ultramafic intrusion in the 
Lapland Greenstone Belt with an average Co grade of 
0.01% (Santaguida et al. 2015; New Boliden 2017). The 
third mine, at Kylylahti, is located in the Outukumpu 
district, which is generally classified as a VHMS deposit 
(Slack et al. 2017). However, Peltonen et al. (2008) and 
references therein suggest a more complex polygenetic 
origin, including secondary Ni-enrichment, which is 
unusual for VHMS deposits, and late tectonic 
remobilisation. New Boliden (2017) reported an average 
grade of 0.12% Co in the Kylylahti deposit.  

Figure 1 shows that Scandinavia is well endowed with 
deposits that have potential for cobalt extraction, 
especially magmatic sulfide ores. In Poland and 
Germany, stratiform sediment-hosted deposits comprise 
Europe’s largest copper resources with reported average 
Co grades of between 50-80 ppm in the Polish deposits 
(Pazik et al. 2016). The so-called Kupferschiefer have 
been exploited for many centuries for chiefly Cu, Ag, Pb, 
Zn and even Co for a short time period, but the latter is 
not currently extracted (Borg et al. 2012). Co-rich Ni-Co-
laterite deposits are abundant in Albania, Bosnia, 
Greece, Kosovo, Macedonia, Serbia and Turkey, with Co 
grades of up to 0.08% (Berger et al. 2011; Herrington et 
al. 2016). The laterites evolved on ophiolite complexes, 
which were obducted during the closure of the Tethyan 
Ocean during Late Jurassic to Early Cretaceous. Among 
various lateritic deposit subtypes which occur in the area 
oxide-dominated deposits are of special interest for 
cobalt recovery, due to late mobilisation and enrichment 
(Herrington et al. 2016). In these countries, ferronickel is 
produced by smelting these ores. Cobalt is typically 
enriched in the ferronickel and is, therefore, effectively 
lost for use in other applications (Berger et al. 2011; 
Crundwell et al. 2011). 

 
3 Size and grade of primary deposits 
 
Figure 2 illustrates the relation of Co grade and ore 
tonnage for Co-bearing deposits in Europe compared to 
major global cobalt producers. Globally magmatic sulfide 
deposits vary considerably in size, but most have a grade 

between 0.01 – 0.1% Co. The Kevitsa mine, the Sakatti 
exploration project in Finland and the currently closed 
mine at Aguablanca in Spain each contain more than 10 
000 t cobalt but are slightly smaller than Voisey’s Bay in 
Canada (Slack et al. 2017; Anglo American 2018). 
Deposits in the Central African Copperbelt commonly 
have higher grades and contain more cobalt than the 
magmatic deposits. For example, the Kisanfu deposit has 
a grade of 1.08 % Co and 1.16 million tonnes of contained 
cobalt (Slack et al. 2017). In Europe there are significant 
resources of cobalt in the Kupferschiefer deposits in 
Poland, which are estimated to contain 122 360 t of cobalt 
metal (Szamalek et al. 2017). This highlights the 
significance of the resources in these deposits in Europe. 
Lateritic deposits which are currently major sources of 
cobalt production include Murrin Murrin in Australia and 
Moa in Cuba with a contained cobalt tonnage of 351 000t 
and 522 000t, respectively (Crundwell et al. 2011; Slack 
et al. 2017). The Mokra Gora laterite deposit in Serbia, 
and other deposits located in the Balkans, plot in the 
vicinity of these world class examples. The black shale 
deposit at Sotkamo is conspicuous on account of its low 
Co grade but very large size. These characteristics, 
together with the deportment of cobalt in the ore, make 
bioheap leaching the preferred method for metal recovery 
at the mine site (Brierley & Brierley 2001; Riekkola-
Vanhanen 2013). In addition to the deposits highlighted 
above, potential cobalt resources are also known in other 
deposit types distributed widely in Europe. 

Recent improvements in extraction and recovery 
technologies mean that secondary materials, such as 
copper slags and mine tailings, have the potential to be 
important sources of cobalt in Europe (Lutandula et al. 
2013; Falagan et al. 2017). Therefore, it is important to 
understand the concentration and distribution of cobalt in 
these secondary materials, especially in wastes from 
processing ores known to be enriched in cobalt. 

 
4 The cobalt supply chain 
 
As a by-product of copper or nickel mining, information 
about flows and stocks of cobalt in the different stages of 
production is scarce. There are many uncertainties along 
the whole supply chain, including incomplete data, hidden 
flows (e.g. artisanal mining) and a lack of understanding 
of the processes, material transformations and material 
quantities involved (Fig. 3). A detailed analysis of the 
cobalt supply chain will enable the development of better 
models for future supply and demand requirements. This 
will help to develop improved standards and guidelines 
for responsible sourcing and cobalt traceability. 
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Figure 2. The relationship between ore tonnage and grade in Co-bearing deposits in Europe. Major cobalt producing mines are included for 
comparison (star-shape). Some large European deposits described in the text are highlighted as large dots and labelled. The total ore tonnage 
includes the mined ore, reserve and resources where known. Dashed lines represent isolines for contained Co. The quality of the grade and 
tonnage data are variable: Some data are taken from CRIRSCO-compliant resource estimates, while others are historic estimates or from 
codes not compliant with current reporting standards. AB = Aguablanca, Spain; BA = Bou Azzer, Morrocco; KF = Kisanfu, DRC; KS = 
Kupferschiefer district, Poland; KV = Kevitsa, Finland; KY = Kylyahti, Finland; MA = Moa, Cuba; MG = Mokra Gora, Serbia; MM = Murrin 
Murrin, Australia; SK = Sakatti, Finland; TF = Tenke Fungurume; SO = Sotkamo (Talvivaara), Finland; VB = Voisey’s Bay, Canada (Data from 
FODD 2011; Berger et al. 2011; Slack et al. 2017; Pazik et al. 2016 and references therein as well as company reports). 
 
 

Figure 3. Simplified cobalt supply chain.  
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Abstract. The potential metal resources in undiscovered 
Kuusamo-type cobalt-gold deposits in the Finnish 
bedrock were estimated down to one km depth using the 
three-part quantitative assessment method. A grade-
tonnage model was constructed based on data from 
known deposits in the Kuusamo area in Finland. Eight 
permissive tracts were delineated, based on geological 
criteria. Most of the tracts are located in northern Finland. 
The number of undiscovered deposits was estimated for 
each tract by a group of experts at several levels of 
confidence. The mean estimate of the number of 
undiscovered Kuusamo-type cobalt-gold deposits in 
Finland is 58. The cobalt and gold resources in the 
undiscovered deposits was estimated using Monte Carlo 
simulation. The median estimate of undiscovered 
Kuusamo-type resources in Finland is 100,000 t of cobalt 
and 85 t of gold. 
 
1 Introduction 
 
Cobalt is known to occur as a minor or major commodity 
in several different types of mineral deposits in Finland, 
but the majority of the known cobalt endowment in the 
Finnish bedrock is in synorogenic intrusion-related Cu-Ni 
deposits, komatiite-related Ni-Cu-PGE deposits, 
Outokumpu-type Cu-Co-Zn deposits, Talvivaara-type Ni-
Zn-Cu-Co deposits and Kuusamo-type Co-Au deposits. 
Undiscovered resources of cobalt in the three first 
mentioned deposit types in Finland have previously been 
estimated (Rasilainen et al. 2012, 2014). The 
undiscovered endowment of cobalt in Talvivaara-type 
deposits could not be assessed due to the lack of grade-
tonnage information required for the construction of a 
deposit model (Rasilainen et al. 2010). Large mafic-
ultramafic layered intrusions in northern Finland might 
contain significant cobalt resources, but the lack of cobalt 
grade information in layered intrusion-hosted Ni-Cu-PGE 
deposits has prevented the estimation of these 
resources. 

We describe here the results of an assessment of 
cobalt and gold resources in Kuusamo-type Co-Au 
deposits in Finland. The assessment is part of an ongoing 
series of assessments started by the Geological Survey 
of Finland (GTK) in 2008 to estimate the undiscovered 
resources of several metals in the Finnish bedrock. 

 
2 Kuusamo-type cobalt-gold deposits 
 
The metal association Au-Co±Cu±U±LREE is 

characteristic for numerous mineral deposits within the 
Kuusamo schist belt in eastern Finland (Fig. 1; Pankka 
1992; Pankka and Vanhanen 1992; Vanhanen 2001). 
The reported ore tonnage and gold and cobalt grade 
values of the deposits show considerable variation (Table 
1). Copper, uranium and rare earth elements (REE) are 
common minor components in the Kuusamo area 
deposits and occurrences (Vanhanen 2001; Dragon 
Mining 2013), but only in a few cases are there published 
resource estimates. The main economic interest in the 
Kuusamo deposits is in gold and cobalt, whereas copper 
and the REE have been regarded as potential by-
products and uranium as a problematic waste (Dragon 
Mining 2013). None of the Kuusamo schist belt deposits 
has so far proven economic. 

The Kuusamo deposits are hosted by a clastic 
sedimentary-dominated sequence deposited between 
2.35 and 2.21 Ga, which also contains basaltic lavas and 
indications of evaporates (Vanhanen 2001). The 
sequence was intruded by basaltic dikes and sills prior to 
regional deformation. All deposits have a distinct 
structural control, and most of them are located at the 
intersection of a regional northeast-trending anticline with 
northwest-trending faults. The largest deposit, 
Juomasuo, is located in a doubly-plunging part of the 
northeast-trending anticline. 

The rocks in the Kuusamo schist belt were affected by 
three regional and at least one localised alteration event 
(Pankka 1992; Pankka and Vanhanen 1992; Vanhanen 
2001). The regional events were characterised by partial 
to total albitisation, sericitisation, spilitisation, 
scapolitisation and carbonatisation. The Au-
Co±Cu±U±LREE mineralisation is related to the localised 
stage 4 alteration, which consists of weak to intense 
sulphidation with K±Fe, Mg alteration (Vanhanen 2001). 

The main ore minerals in the Kuusamo-type deposits 
are pyrite, pyrrhotite, cobaltite, cobaltian pentlandite and 
chalcopyrite. Native gold occurs in free form within 
gangue and also associated with bismuth and tellurium 
minerals that are present as inclusions and in fractures in 
pyrite, pyrrhotite, cobaltite, and uraninite (Pankka 1992; 
Vanhanen 2001). 

The metallic deposits in the Kuusamo schist belt have 
historically been classified into various types, including 
orogenic gold with atypical metal association, iron oxide–
copper–gold (IOCG), Blackbird type, and syngenetic 
(e.g., Pankka 1992; Pankka and Vanhanen 1992; 
Vanhanen 2001; D.I. Groves personal communication 
2006; Slack et al. 2010; Slack 2013). No exactly similar 
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deposits have yet been discovered elsewhere in Finland; 
therefore, they are classified as “Kuusamo-type”.  
However, there are similarities with some of the gold 
deposits in the Peräpohja belt, 200 km to the west of 
Kuusamo (Ranta et al. 2018). 

Most of the available evidence suggest that the 
Kuusamo schist belt deposits are epigenetic. Early, 
premetamorphic, connate and possibly evaporite-derived 
brine circulation within the rifted basin caused alteration 
and rendered parts of the sequence competent. Such 
brines may survive into an orogeny and be able to 
transport metals also during orogenic processes (e.g., 
Yardley & Graham 2002). Premetamorphic alteration 
hardened the rocks and rendered them competent, and 
provided brines to transport the metals. Overall, the 
deposit characteristics are most consistent with the 
orogenic gold model with an atypical metal tenor. The 
main reasons for not including the Kuusamo deposits into 
sensu lato orogenic gold class include the multiple stages 
of alteration, the extensive mobility of most metals in the 
mineralising system, and the metal zoning within the 
deposits. 

 
3 Data used and the assessment process 
 
3.1 Data 
 
Primary sources of information used in the assessment 
include geological maps in digital and paper format, 
databases of mineral deposits and occurrences, technical 
reports on deposits and occurrences, exploration and 
mining company websites, and published geological 
literature. The personal experience and knowledge of the 
assessment team members concerning many of the 
areas assessed was a valuable addition to the publicly 
available information.  

Data for the deposit model was gathered from the GTK 
mineral deposit database and the Fennoscandian Ore 
Deposit Database (FODD 2018). Company web pages 
were accessed for updated grade and tonnage data. 

 
3.2 Assessment process 
 
The GTK assessments estimate the total amount of 
metals in undiscovered deposits down to a selected 
depth (usually one kilometre) using the three-part 
quantitative assessment method of the USGS (Singer 
1993; Singer and Menzie 2010). The process consists of 
(1) evaluation and selection or construction of a 
descriptive model and a grade-tonnage model for each 
deposit type being assessed, (2) delineation of areas 
permitted by the geology for the deposit types 
(permissive tracts), and (3) estimation of the number of 
undiscovered deposits of each deposit type within the 
permissive tracts. The estimated numbers of deposits 
and the grade and tonnage distributions are used in 
Monte Carlo simulation to model the total undiscovered 
metal endowment. 

The assessment process begun with the selection of 
the team of experts. The roles and responsibilities of the 
experts were agreed in the start-up workshop and the 

characteristic features of Kuusamo-type deposits and 
their geological environments were discussed.  

Preliminary permissive tracts were defined by the 
assessment team members who had personal working 
experience in the areas under study. The tracts were 
finalised after a review by other team members. For each 
permissive tract, a preliminary report was prepared. The 
report contained the delineation criteria for the tract, 
information on all existing mineral deposits and 
occurrences within the tract, information on the extent 
and intensity of exploration within the tract, and 
references to the sources of such information. The main 
criteria for delineating the Kuusamo-type tracts include: 
1) a tectonic setting of an intracratonic rifted basin, 2) 
local indications of pre-existing evaporites, 3) extensive 
and intense sodic ± CO2 (albite ± carbonate) and Na-Cl 
(scapolite) alteration predating the orogeny and 
mineralisation, 4) localised multi-stage, syn to late 
orogenic, structurally-controlled alteration proximal to Au-
Co±Cu mineralisation. 

The grade-tonnage model for Kuusamo-type Co-Au 
deposits was constructed using data from the above-
mentioned databases. 

The information gathered for the tracts was applied in 
two assessment workshops, where the experts estimated 
the numbers of undiscovered deposits possibly existing 
within each tract. 

After the workshops, Monte Carlo simulations were run 
to estimate the probability distributions of the 
undiscovered cobalt and gold endowments in the 
permissive tracts. Detailed results of the assessment will 
be published in the report series of GTK. 

 
4 Results and discussion 
 
4.1 Grade and tonnage model 
 
Kuusamo-type deposits are not with certainty known 
outside of Finland, and the number of deposits with a 
published resource estimate is small. Because of this, the 
grade-tonnage model is only based on 10 deposits, all 
within the Kuusamo area. Statistical tests indicate that the 
distributions of ore tonnage, gold grade and cobalt grade 
for the 10 deposits do not significantly differ from log 
normality (Table 1). There are weak correlations between 
logarithmic ore tonnage and metal grade values, but 
Bonferroni adjusted probabilities for the correlation 
coefficients indicate that the correlations are not 
significant.  

Because of the small number of deposits used to 
construct the grade-tonnage model, and the uncertainties 
concerning the completeness of the reported resources, 
it is probable that the model gives a downward biased 
representation of the true resources of the Kuusamo-type 
cobalt-gold deposits. 

 
 

Table 1. Summary statistics for the Kuusamo Co-Au deposits used 
for the grade-tonnage model. 
  Tonnage (Mt) Co 

(%) 
Au 
(g/t) 

Number of deposits 10 10 10 
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Minimum 0.050 0.014 0.040 
Maximum 7.429 0.23 7.2 
Arithmetic Mean 1.624 0.11 2.4 
Standard Deviation 2.463 0.072 2.2 
10th percentile 0.090 0.022 0.20 
50th percentile 0.503 0.089 2.0 
90th percentile 6.054 0.22 5.6 
Shapiro-Wilk p-value* 0.892 0.473 0.169 
Mt: Million metric tons. Tonnages are rounded to full 
thousands and grades to two significant digits. 
* Shapiro-Wilk normality test p-value was calculated for 
logarithmic tonnage and grade values.  

 
4.2 Permissive tracts and number of deposits 

 
In total, eight permissive tracts were delineated for 
Kuusamo-type Co-Au deposits (Table 2, Fig. 1). These 
tracts contain all the known Kuusamo-type deposits and 
occurrences in Finland. In total, the tracts cover an area 
of 21,082 km2, which is approximately six per cent of the 
land area of Finland. The size of the permissive tracts 
varies from 780 km2 to 5611 km2 and the median area is 
2254 km2. Most of the tracts are located in Northern 
Finland.  

The expected (mean) number of undiscovered 
deposits for a permissive tract, rounded to whole 
numbers, varies between two and 14, and the sum of the 
mean estimates across all tracts is 58 deposits (Table 2). 
Over 60 % of the undiscovered deposits are estimated to 
be located within three permissive tracts: Kuusamo 
(24 %), Peräpohja (21 %) and Pelkosenniemi (16 %). 

 
Table 2. Permissive tracts for Kuusamo-type Co-Au deposits in 
Finland. 
Tract name Tract 

area 
(km2) 

Number 
of known 
deposits 

Expected 
number of 
undiscovered 
deposits 

Enontekiö 780 0 4.8 
Kainuu 1075 0 6.7 
Kittilä-Kolari 1279 0 4 
Kuusamo 3684 10 14 
Pelkosenniemi 5611 0 9.1 
Peräpohja 4634 0 12 
Pulju 790 0 2.3 
Sodankylä 3228 0 5.5 

 
4.3. Undiscovered endowment of cobalt and gold 

in Kuusamo-type deposits 
 
The median estimate of the total in situ cobalt and gold 
content in undiscovered Kuusamo-type Co-Au deposits 
in Finland is at least 100,000 t of cobalt and 85 t of gold 
(Table 3). Approximately 50 % of this endowment is 
estimated to be located in undiscovered deposits in the 
Kuusamo and Peräpohja permissive tracts (Fig. 1). The 
assessment results indicate that at least 80 % of the 
remaining Kuusamo-type cobalt and gold endowment 
within the uppermost one kilometre of the Finnish 
bedrock is in poorly explored or entirely unknown 

deposits. 
 

Table 3. Identified and estimated undiscovered resources in 
Kuusamo-type Co-Au deposits in Finland. 
  Identified 

resource 
Median 
estimate 

Mean 
estimate 

Probability 
of mean of 

more 

Co (t) 22,000 100,000 140,000 0.40 
Au (t) 19 85 110 0.41 
Ore (Mt) 16 83 100 0.42 
Ore: Mineralised rock containing the metals. Identified 
resources as of 29th May 2017. All resources are rounded 
to two significant digits. 

 

 
 
Figure 1. Permissive tracts for Kuusamo-type cobalt-gold deposits 
in Finland. Known and estimated undiscovered resources plotted on 
each tract do not indicate exact location of the resources. 
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Abstract. The expansion in renewable energy 
technologies is increasing demand for numerous 
elements, known as E-tech elements, such as cobalt (Co) 
and tellurium (Te). This is driving research into alternative 
sources of metal supply. Ferromanganese (FeMn) crusts 
present a potentially important future source of E-tech 
elements. Until now, most studies have used dispersed 
sample sets collected across ocean basins using spatially 
imprecise dredging techniques. Yet crust formation and 
composition depend upon a large range of local 
conditions, such as sediment supply, water depth and 
other oceanographic conditions. Here, we focus on the 
seamount-scale processes controlling FeMn crust 
formation and composition at Tropic Seamount, in the NE 
Atlantic. Outcrop mapping based on high-definition 
videos show that FeMn crust morphologies on the 
seamount can be related to a series of “type” 
environments. These have been combined with maps 
showing the presence or absence of FeMn crust within a 
distribution model to assess trends in crust growth. 
Building predictive models using empirical data allow for 
assumptions on the controls of crust formation to be 
tested at the scale of the individual seamount. 
Understanding the controls on both FeMn crust 
abundance and the distribution of economically important 
metals is key to developing mining strategies that 
maximise output and metal grade and minimise negative 
environmental impacts that may pose a potential barrier 
to future exploitation.  
 
1 Introduction 
 
Hydrogenetic ferromanganese (FeMn) crusts form from 
the precipitation of Fe-oxyhydroxides and Mn-oxides 
directly from seawater onto hard rock substrates, to form 
pavements and encrustations. Very slow formation rates, 
between 1–10 mm/Myr, combined with high specific 
surface areas of 325 m2g-1 support the enrichment of 
many elements above continental crustal mean 
concentrations (Hein et al., 2000).  

These high element concentrations mean that FeMn 
crusts are considered a potential resource of 
economically important metals, such as cobalt (Co) and 
platinum (Pt). Particular focus in recent years has been 
on the growing demand for these and other metals for use 
in green energy technologies, such as photo-voltaic cells 
and electric cars, and the security of their supply. The 
growth in this industry has led to shifts in demand patterns 
for raw materials and many of the elements vital to the 
production of these technologies are highly  

 
concentrated in FeMn crusts (Hein et al. 2010; Hein et al. 
2013). One such element is tellurium (Te), which is 
enriched in FeMn crusts by a factor of 104 relative to 
continental crustal concentrations (Hein et al. 2003; Hein 
et al. 2010).  

Ferromanganese crust formation is suggested to have 
four pre-requisites. Firstly, the precipitation of crusts 
requires a supply of the main constituent elements, Mn 
and Fe (Halbach et al., 1982). In the marine environment, 
the main sources of Mn are terrestrial inputs, seafloor 
hydrothermal fluids and diagenetic pore fluids from ocean 
basin and continental shelf sediments (Elderfield 1976; 
Bender et al. 1997). Iron fluxes to oceans are dominated 
by atmospheric dust inputs but also include rivers 
carrying continental runoff and groundwaters, 
hydrothermal fluids and diagenetic sediment pore fluids 
(e.g. Archer and Johnson 2000; Elrod et al. 2004). 
Secondly, crust formation requires oxidised waters to 
trigger the oxidation of aqueous Fe(OH)3 and Mn2+ to 
form Fe-oxyhydroxide and Mn-oxide species (Koschinsky 
and Halbach 1995). Thirdly, crusts require a sediment-
free hard substrate on which to form (Halbach et al. 
1982). Hence areas with elevated current flow speeds, 
such as the turbulent flows generated around seafloor 
obstructions, promote crust precipitation. Finally, this 
substrate needs to be a stable surface to allow for the 
accretion of slow growing Mn-oxides and Fe-
oxyhydroxides (Hein et al. 1988). Many of these pre-
requisites are fulfilled by seamount and guyot 
environments, where FeMn crusts have been widely 
observed and studies have used models of global 
seamount coverage to estimate FeMn crust reserves 
(Manheim 1986; Yamazaki 1993; Hein et al. 2009; Hein 
et al. 2013). 

Preferential formation on seamounts, in conjunction 
with leaching experiments, have supported the 
development of the widely applied colloid-chemistry 
model for the formation of hydrogenetic FeMn crusts that 
has been used to explain basin scale trends in FeMn 
crust composition (Halbach 1986; Koschinsky and 
Halbach 1995). Their formation has been linked to the 
concentration of reduced manganese, Mn2+, at the 
oxygen minimum zone (Johnson et al. 1996). Seafloor 
protrusions allow for upwelling and turbulent mixing of 
more oxygenated bottom waters, allowing Mn2+ to be 
oxidised and form oxide- and hydroxide- colloids.  The 
mixed colloid species form due to the interaction of 
opposing surface charges between a central Mn- or Fe- 
core and other oxide and hydroxide elements 
(Koschinsky and Halbach 1995). Trace metals can then 



 

1831 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

be scavenged from the water column and adsorbed onto 
colloid surfaces of opposite charge (Fig. 1). Sequential 
leaching experiments show distinct elemental 
associations between Mn- and Fe-species (Koschinsky 
and Halbach 1995). Metal cations such as Co2+ and Ni2+ 
form colloid complexes with MnO2-colloids and anions 
such as MoO42- are associated with Fe-oxyhydroxide 
colloid complexes. 

 

 
Figure 1 Schematic showing the proposed mechanism of formation 
for FeMn crusts on seamounts (adapted from Koschinsky and 
Halbach, 1995). 
 
2 Geological setting 
 
Tropic Seamount is an isolated submarine volcano in the 
NE Atlantic, ~470km off the West African coastline, at 
23°N 21°W, south of the Canary Island Seamount 
Province (CISP) and Saharan Seamount chains. The 
structure is that of a flat-topped guyot that extends from 
4000 m water depths up to 1000 m at its summit. 
Petrographic studies suggest the seamount is based 
upon alkaline ocean island basalts and petrogenically has 
been grouped with the CISP, although this petrogenesis 
remains debated (e.g. Van Den Bogaard 2013; Patriat 
and Labails 2006). 40Ar/39Ar dating of feldspars indicates 
potential initial eruption ages from ~119–114 Ma, with 
late-stage eruptions until ~60 Ma (Van Den Bogaard 
2013). A high-resolution age model for Tropic Seamount 
based on an FeMn core dates the earliest FeMn crust 
precipitation between 77–73 Ma (Josso et al. 2019).  
 
3 Estimating FeMn crust resources 
 
The resource potential of FeMn crusts has been widely 
discussed since the 1980s, following initial interest in the 
economic potential of FeMn nodules (e.g. Mero 1962; 
Halbach et al. 1982; Aplin and Cronan 1985; Manheim 
1986). Estimates of global resources have developed 
through time with improvements in the understanding of 
the controls on FeMn crust formation and mapping 
techniques, alongside changes in technological mining 
constraints and metals of interest. A number of 
assumptions are commonly applied in resources estimate 
studies. Firstly, studies base FeMn site prospectivity on 

economic element grade (for example for Co, Ni and Cu 
content) and estimated crust tonnages. Metal grades are 
generally estimated using regional-scale studies, as 
overall the global distribution in FeMn crust sampling is 
relatively sparse and the focus of the majority of studies 
is on samples from the Pacific Ocean (Hein and 
Koschinsky 2013). For example, the highest Co 
concentrations measured to date are for samples from 
the Prime Crust Zone of the Pacific Ocean (0.67 wt%, 362 
crust samples) whereas Atlantic crusts have lower 
average Co concentrations (0.36 wt%, 43 crust samples) 
(Hein and Koschinsky 2013). These concentrations are 
also reported to vary with age and water depth (e.g. 
Hodkinson and Cronan 1990; Hein et al. 2000). These 
patterns have been applied to some mine site models in 
order to target the most promising crust horizons (Hein et 
al. 2009). Estimating crust tonnages remains a major 
challenge in FeMn resource assessment. Most models 
rely on the use of bathymetric maps to calculate the 
approximate number and surface area of seamounts and 
guyots to give a maximum surface area for crust 
coverage. This area is then refined using assumptions of 
optimum depths for crust formation and composition and 
technological constraints for mining, generally for water 
depths shallower than 2500 m (Hein et al. 2009; Muiños 
et al. 2013). However, few studies have had access to 
high-resolution maps of in-situ FeMn crust distribution.  

The most significant unknowns in tonnage estimates 
are crust distribution and thickness variation. Crust 
distribution is proposed to depend on a number of 
environmental variables, such as water depth and 
sediment cover. Factors such as seamount age have 
been used to estimate crust formation and preservation 
potential (Hein et al. 1988). Modelling crust distribution 
based on the theoretical conditions of formation is limited 
by the low spatial resolution of samples collected by 
dredging, which has been the dominant method of FeMn 
crust sampling.  Detailed investigation of crust thickness 
distribution on seamounts has as of yet only been 
described in two studies, with Usui et al. (2017) noting 
significant variation in crust thickness even down to the 
local, metre-scale and Yeo et al. (2018) discussing the 
optimal considerations for resource potential at Tropic 
Seamount. 

Currently, the magnitude of deep-sea resources is 
highly uncertain. A key reason for this is the paucity of 
data on proven FeMn crust coverage and geochemical 
data with high spatial resolution. In particular, global 
estimates on FeMn crust resources have been hindered 
by an insufficient understanding of the controls on crust 
distribution and geochemistry at the regional- to local-
scale of an individual prospective mine-site. The 
development of remotely operated underwater vehicle 
(ROV) and autonomous underwater vehicle (AUV) 
technologies have facilitated high resolution studies of in-
situ FeMn crust distribution and well spatially constrained 
sampling campaigns (e.g. Usui et al. 2017; Teague et al. 
2018; Yeo et al. 2018).  
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4 FeMn crust mapping for distribution 
modelling 

 

 
Figure 2 High-resolution lithological and environmental mapping 
from direct observation during remotely operated vehicle (ROV) 
dives. Systematic changes in crust are noted within distinct spatial 
environments on the seamount. Point data generated from these 
observations are used within the distribution model. 
 
In this study, the FeMn crusts of Tropic Seamount display 
high heterogeneity at all scales. Crust growth is observed 
on all exposed surfaces as well as the lower substrate 
surfaces that are buried in sediment. Crust thickness 
varies from mm-thick FeMn coatings on rocks and coral 
debris, up to 20 cm thick crust on slabs and pavements. 
In general, the exposed upper surfaces display the 
thickest crust growth. Macro-textures vary over short 
distances from smooth to rough, with internal roughness 
commonly corresponding to high detrital grain content. 
Botryoidal textures exist on mm- to cm- scales, including 
in places where apparent individual nodules on the 
seabed are fused together to form irregular, sheet-like 
surfaces in outcrop. FeMn nodules take a range of forms, 
including micronodule and nodule fields. Internally the 
crusts alternate from layered to homogenous, with planar 
and botryoidal layering (Yeo et al 2018). Many crusts 
show a conglomeratic texture with internal clasts that 
display earlier FeMn crust growth included within younger 
crust matrices. Widespread observation of multiple crust 
growth events and growth hiatuses support a complex 
growth history (Josso et al. 2019).  

Geological outcrop mapping was undertaken from 
ROV footage in order to investigate spatial trends in 
FeMn crust features. To facilitate mapping, different 
categories are delineated and these categories 

compared to in-situ rock samples. The defining 
characteristics of these categories are the slope 
(flat/shallow/steep) and the overall outcrop texture. 
“Type” environments include sand plains (planar or 
rippled), crust slab fields, encrusted lobate fields, nodule 
fields, crust pavements, encrusted carbonate steps, 
encrusted debris slopes, and micronodule fields (Fig. 2). 
Flat summit regions are dominated by homogenous and 
rippled sand plains, crust pavements, and nodule fields. 
The crust pavement and nodule coverage vary widely, 
from full coverage with little underlying substrate visible 
to patches with <10% crust/nodule cover. Encrusted 
carbonate steps are focused around the edges of the 
summit. The transition to sloped environments leads to 
highly variable outcrops dominated by debris fields and 
cliffs. These include loose debris, such as coral debris 
with thin FeMn coatings, or encrusted debris in which 
underlying clastic rocks have been fused and covered in 
FeMn crust. Cliff environments display greater evidence 
of underlying substrate texture, including lava cooling 
joints, while intermittent shallow slopes show slumped 
slabs and lobate field interspersed with rippled sands. 
Where sampling was possible, example lithological 
samples from each environment were analysed.  

In order to understand potential factors controlling the 
occurrence of FeMn crusts at the scale of an individual 
seamount a distribution model was built. Input data into 
this model include presence/absence data for FeMn crust 
outcrop, “Type” environment, FeMn crust thickness and 
substrate type. Given the four pre-requisites outlined in 
the current conceptual model of FeMn crust formation (a 
supply of Fe and Mn, oxidized waters, a hard, sediment-
free substrate, and a stable long-lived surface), the 
interaction and spatial variation of two key features are 
considered within the FeMn crust distribution model. 
These are the bathymetric features of the seamount and 
the characteristics of the overlying water masses. Raster 
grids of features that capture bathymetric variance were 
generated, including slope, roughness and aspect. Key 
hydrographic inputs included dissolved oxygen from CTD 
casts and a current velocity model developed by HR 
Wallingford from in-situ current data. These grids are 
input as layers into an R-based generalized additive 
model (GAM) to build an FeMn crust distribution model 
that utilises the in-situ outcrop observations with 
environmental predictor variables that are thought to 
have direct or indirect effects on FeMn crust formation. A 
comparison between models with an empirical basis and 
theoretical focus is made in order to optimise FeMn 
distribution modelling. The model is then evaluated using 
a resampling method of Tropic Seamount to assess the 
accuracy of the model in predicting FeMn crust 
occurrence, by comparing model outputs with ground-
truthed observations. 

 
5 Outlook 

 
Overall there is evidence for active crust growth at a 
range of depths and positions on Tropic Seamount. 
Established theories for crust growth suggest that active 
growth varies in relation to the position of the oxygen 
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minimum zone (e.g. Koschinsky and Halbach 1995). The 
observation of extensive crust development at all depths 
on the seamount and evidence for recent growth is 
contradictory to this view. High density, highly 
positionally-constrained sampling along depth profiles 
has allowed for further characterisation of the processes 
that were initially conceived based on dredge sampling, 
which is unlikely to fully capture spatially controlled 
geochemical trends at the of the mine-site scale. Mapping 
in-situ outcrop variation from ROV footage and 
assessments of resource viability using distribution 
modelling enables an integrated examination of the 
trends between crust abundance, texture and 
geochemistry and how the environmental conditions such 
as seamount morphology and water mass characteristics 
may influence these. Improved understanding is 
necessary of the sampling resolution required to fully 
encapsulate the variance of FeMn crust deposits and how 
sparse data points or localized datasets can be optimally 
interpreted and interpolated to predict deposit potential in 
unexplored regions. 
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Abstract. In this work the geochemistry of REE-rich karst 
bauxite ore from several deposits of the Sierra de 
Bahoruco (Dominican Republic) has been investigated. 
The bauxite ores are geochemically heterogenous and 
show differences with respect to major, minor and trace 
elements. According to their major element 
geochemistry, the studied ores classify mostly as Fe-rich 
bauxites. The minor elements Cr and Ni are in general 
relatively high (up to 1250 and 2370 ppm, respectively), 
hence pointing towards a (ultra-)mafic source for the 
bauxite formation. The sum of REE contents range from 
~400 to ~5400 ppm (average ~1200 ppm) at varying 
LREE/HREE between ~1 and ~25 (average ~8). In 
general, REE chondrite-normalized patterns for studied 
bauxites show negative Ce and Eu anomalies with rather 
flat segments for HREE. However, three samples from 
different bauxite ore deposits with the highest REE 
contents show significant enrichment trends for heavier 
REE, particularly for Pr, Nd, Sm, Gd as well as for Tb and 
Dy (one sample). Mineralogical studies reveal that 
formation of secondary REE-bearing minerals (i.e. 
phosphates, carbonates and oxides) occurred. Karst 
bauxite ores hosted in the Sierra de Bahoruco represent 
an excellent natural laboratory to study the geochemical 
behaviour of REE in weathering systems. 
 
1 Introduction  
 
Bauxite ores are the main source for Al in the world and 
two types can be distinguished: (1) lateritic bauxites, 
formed due to intense weathering of the source rock (e.g. 
granites, basalts, shales); and (2) karst bauxites, 
characterized by a strong association with carbonates 
hosting the bauxite ores. In addition to high Al contents, 
bauxite ores have recently also attracted economic 
geologists because of their capacity to accumulate rare 
earth elements (REE) (Torró et al. 2017 and references 
therein). Of special interest in this context are heavy rare 
earth elements (HREE, Eu to Lu) because of their greater 
economic value compared with light rare earth elements 
(LREE, La to Sm). However, the deportment  

 
of different REE with respect to the evolution of bauxite 
profiles is still little studied. Hence, the aim of this work is 
to increase the whole-rock geochemistry database of 
bauxite ores by presenting geochemical data for major, 
minor and trace elements with special focus on REE 
enrichment trends from heterogenous karst bauxite ore 
deposits from the Dominican Republic. 
 
2 Geological overview 
 
2.1 Geology of the study area  
 
The study area lies in the so-called Sierra de Bahoruco, 
which is located in the south-western part of the 
Dominican Republic, next to the border with Haiti (Fig. 1).  
 

 
Figure 1. Map showing the Hispaniola island in the Caribbean; the 
study area, located in the province of Pedernales, is highlighted.  
 

Its crystalline basement is formed by the basaltic 
Dumisseau Formation (Campanian to lower Eocene) 
which is overlain by a thick sequence of carbonates 
(Eocene to Quaternary), representing the major 
components of the Sierra de Bahoruco. The collision of 
the Greater Antilles belt with the Bahamas Platform 
caused a progressive uplift of the Sierra de Bahoruco 
which has been constrained from latest Middle Miocene 
to the present (Pérez-Valera 2010). Intense weathering 
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under tropical conditions resulted in the development of 
locally well-developed karst systems and bauxite 
formation (de León 1989; Pérez-Valera 2010; Pérez-
Valera and Abad 2010). Numerous bauxite ore deposits 
of various sizes occur at different altitudes in the study 
area. For this study, only bauxite deposits that are 
located between 400 and 1600 m.a.s.l. were investigated 
(Fig. 2). 
 
2.2 Bauxite mining in the study area  
 
Mining activities in the province of Pedernales began in 
1959 by the Alcoa exploration company which produced 
a total of ~23 million DMTU (dry metric ton unit) in 26 
deposits until 1982 (Ramírez 2015). From 2006 until 
2016 the only remaining, active mining operation in the 
study area was the Las Mercedes ore deposit. A detailed 
description on the geochemistry and mineralogy of the 
Las Mercedes ore deposit can be found in Torró et al. 
(2017). 
 

 
Figure 2. Google Earth aerophotograph showing the study area and 
the Sierra de Bahoruco together with sample points of this study.  
 
3 Sample selection and methods 
 
A total of 100 samples (1 kg each) of bauxite ore (incl. 
associated carbonates) from inactive mining sites was 
collected throughout the study area. 28 samples were 
selected (Fig. 2), homogenized and sent for geochemical 
analysis to Actlabs Laboratories (Ontario, Canada). 
Major, minor and trace elements of samples were 
determined using fusion inductively coupled plasma 
emission (FUS-ICP) and inductively coupled plasma 
emission mass spectrometry (ICP-MS).  
 
4 Results 
 
4.1 Major and minor element geochemistry and 

geochemical bauxite classification 
 
The major elements Al2O3, Fe2O3 and SiO2 vary 
throughout the study area for different bauxite ore 
deposits: Al2O3 contents range from 43.5 to 50.5 wt.%, 
Fe2O3 contents from 16.5 to 22.5 wt.% and SiO2 contents 
from 0.4 to 12.8 wt.%. According to the geochemical 
classification diagram for bauxitic ores by Bárdossy et al. 
(1982), samples studied in this work correspond mainly 
to iron-rich bauxites (Fig. 3). However, the majority of 

samples plot close to, and a few samples also within the 
bauxite (sensu stricto) field. TiO2 contents are rather 
constant for all analysed bauxite samples (avg. 2.4 wt.%).  
 

 
 
Figure 3. Whole rock SiO2-Fe2O3-Al2O3 ternary plot of the studied 
bauxitic samples; bauxite classification fields are after Bárdossy et 
al. (1982) showing that most bauxites from the study area plot at the 
border between bauxite (sensu stricto) and iron-rich bauxite.  
 

Minor elements such as Cr, Ni, V, Co and Zr show 
significant variations: Cr contents vary from 340 to 1250 
ppm, Ni from 60 to 2370 ppm, V from 233 to 561 ppm, Co 
from 7 to 584 ppm and Zr from 81 to 618 ppm.  
 
4.2 REE geochemistry 
 
The bauxite ores reveal relatively high total REE (La-Lu) 
contents in the range from ~400 to ~5400 ppm (average 
~1200 ppm) with varying LREE/HREE ratios from ~1 to 
~25 (average ~8). On the other hand, the associated 
carbonates all have low total REE contents (~10 ppm on 
average) and reveal homogeneous LREE/HREE ratios 
around 5. In general, REE contents show a positive 
correlation with Al, Fe, Mn and P in studied bauxite ores. 
Similar as previously observed by Torró et al. (2017) in 
their survey on bauxite ores from the Las Mercedes ore 
deposit, the general REE chondrite-normalized patterns 
for bauxites from the study area reveal negative Ce and 
Eu anomalies with rather flat segments for HREE (Fig. 4).  

However, three samples with the highest REE 
contents show also the lowest LREE/HREE ratios. As a 
consequence, their chondrite-normalized patterns are 
significantly different and are characterized by (i) a more 
pronounced negative Ce anomaly with strong relative 
enrichment trends for Pr-Sm and Gd; or (ii) relatively 
lower contents for La-Nd compared to heavier REE with 
positive Sm and Gd anomalies; or (iii) a slightly positive 
slope from Eu-Dy (Fig. 4). 
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Figure 4. Chondrite-normalized REE patterns for studied 
bauxite ores from the Sierra de Bahoruco. Normalization 
values were taken from Anders and Grevesse (1989).  
 
5 Discussion 
 
The investigated bauxite ores in the study area are 
geochemically heterogeneous. For example, Al2O3 and 
SiO2 contents significally differ with respect to changing 
altitudes of the ore deposits. In general, higher Al2O3 with 
lower SiO2 contents are observed at higher altitudes. This 
observation is probably linked to an in-situ bauxitization 
process at higher altitudes due to weathering of impure 
carbonates and subsequent transportation of bauxite 
ores to lower altitudes where they are deposited in 
depressions and voids within the karst system. The Las 
Mercedes ore deposit (Fig. 2) most likely represents an 
allochtonous bauxite ore deposit. However, the source of 
Al-bearing minerals within the impure carbonates that 
lead to bauxite formation under tropical weathering, is still 
an unresolved issue. The relatively high Cr and Ni 
contents of bauxite ores from the Sierra de Bahoruco 
point towards a (ultra-)mafic source that Torró et al. 
(2017) identify as either the underlying basaltic 
Dumisseau Formation or Quaternary volcanic ashfall 
from major eruptions during carbonate sedimentation.      

Karst Fe-rich bauxite ores from the Sierra de Bahoruco 
are characterized by relatively high REE contents and 
reach values up to 0.5 wt% total REE, suggesting 
potential as an unconventional source for REE. 
Variations in the chondrite-normalized REE patterns with 
local enrichment trends for specific REE (e.g. Nd, Sm and 
Gd) clearly show that geochemical conditions differ at the 
study area scale. Mineralogical results from heavy 
mineral separations reveal that presence of either 
primary phosphates (i.e. monazites) or secondary 
phosphates, carbonates and oxides can explain some of 
the observed differences with respect to the changing 
REE geochemistry between the bauxite ore deposits from 
the Siera de Bahoruco.  

Ongoing geochemical and mineralogical studies 
including REE-bearing clay minerals, the quantification of 
target minerals via automated mineralogy as well as 
sequential extraction experiments will help to better 
understand the REE geochemistry of the different bauxite 
ore deposits from the Sierra de Bahoruco and to get a 
more accurate idea on their economic potential as an 
alternative source for REE. 

6 Concluding remarks 
 
Karst bauxite ores hosted in the Sierra de Bahoruco 
represent an excellent natural laboratory to study the 
geochemical behaviour of  REE in weathering systems. 

The observed REE contents are economically 
significant, in case of favourable mineralogy for 
extraction, and when seen as cost-inexpensive by-
products during the production of Al. 

Results of this investigation contribute to a better 
understanding of REE cycling in the supergene 
environment. 
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Abstract. Post-magmatic processes on Li-Sn-W deposit 
Cínovec/Zinnwald were studied in order to assess Sc 
behaviour during alteration of Sc-enriched phases and 
other mineralogical changes. Focussing on the main rock 
types of the deposit, we describe several different 
alteration mechanisms that affect the most important 
carriers of scandium – zircon, columbite, wolframite, 
ixiolite, scheelite, zinnwaldite, and muscovite. The 
alterations include: 1) replacement of zinnwaldite (avg 63 
ppm Sc) by muscovite (avg. 25 ppm Sc) 2) sheelitization 
of Sc-rich wolframite (0.58 wt% Sc2O3). The scheelite 
contains low Sc and is spatially associated with Sc-rich 
(up to 4.87 wt% Sc2O3) ixiolite. 3) Alteration of zircon 
possibly leading to Sc-enrichment 4) Replacement of 
wolframite I by Mn-dominant Sc-poor wolframite II. From 
above listed minerals, only wolframite and its Sc-bearing 
breakdown products are the most likely to have possible 
economic significance for Sc extraction.  

 
1 Introduction 
 
Cínovec-Zinnwald deposit is a world-class Li-Sn-W 
greisen deposit, located in the northern part of Krušné 
hory/Erzgebirge (Fig. 1), near the Czech-German border. 
It formed in a granite cupola of the post-collisional A-type 
Cínovec granite, which penetrates the Teplice rhyolite. 
The Cínovec granite cupola forms a N-S elongated 
elliptical body with surface dimensions 1.4 x 0.3 km. From 
geochemical point of view, the Cínovec granite is strongly 
fractionated, slightly peraluminous (Breiter and Škoda 
2012), enriched in F, Li, Rb, Sn, W, Nb and Ta (Breiter et 
al. 2017a). Typical accessory minerals include fluorite, 
topaz, cassiterite, wolframite, columbite, Nb-rutile, zircon, 
monazite, xenotime and REE fluorocarbonates (Rub et 
al. 1998; Breiter and Škoda 2012; Johan and Johan 1994, 
2005; Breiter et al. 2017b). 

The Cínovec/Zinnwald deposit is located in the upper-
most part of the granitic cupola, down to approximately 
200 m below the current surface (Breiter et al. 2017a) and 
is composed of four distinct types of ore bodies (Nessler 
and Seifert 2015; Breiter et al. 2017a): 

1) Flat, banded quartz-zinnwaldite veins, parallel to the 
granite-rhyolite contact. Associated minerals include 
topaz, K-feldspar, and wolframite > cassiterite; 

2) Steep quartz-zinnwaldite veins striking from SW to 
NE, texturally similar to flat veins but locally enriched in 
base metals sulfides; 

3) So called “massive greisens” that represent steep 
or flat zones of intensive metasomatic greisenization; 

 
4) Flat-dipping bodies of “mineralized granites” with  
fine-grained cassiterite, known from the southern part of 
the deposit.  

Exploitation of the deposit started in medieval times 
mainly for tin from cassiterite. In 19th century, production 
of tungsten as a main ore commenced. During a short 
episode in 1950’s, Sc was extracted from wolframite 
(Petrů et al. 1956). In 1992, the mines were eventually 
closed. Nowadays, extensive exploration for Li, Sn, W 
and other elements is in progress on both sides of the 
border.  

 
Figure 1. Geological Map of Krušné hory/Erzgebirge. European 
Metals, 2019, adjusted. 

 
2 Methods 
 
All the main Sc-bearing minerals from the main rock types 
of the Cínovec-Zinnwald deposit were studied in detail, 
which comprised granites, greisenized granites, greisens 
and hydrothermal veins. In total, 23 samples were 
examined and kindly provided by the company Geomet 
s.r.o.).  

All essential minerals were investigated for main and 
minor elements content by CAMECA SX 100 electron 
microprobe at the Joint Laboratory of Electron 
Microscopy and Microanalysis of the Department of 
Geological Sciences, Masaryk University and Czech 
Geological Survey in Brno.  

Micas were analyzed further for their trace element 
content using LA-ICP-MS (LSX-213 G2+ and Agilent 
7900) at the Fun glass – Centre for Functional and 
Surface Functionalized Glass at Alexander Dubček 
University of Trenčín. 

TIMA (Tescan Integrated Mineral Analyzer) was 
employed to characterize mineralogy of the thin sections, 
obtain modal composition of the rocks, grain size 
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distribution, associations of the relevant minerals and to 
improve understanding of their textural relationships.  
 
3 Sc-bearing minerals at the deposit 
 
According to Kempe and Wolf 2006, post-magmatic 
alterations of zircon on Cínovec/Zinnwald deposit affect 
its Sc content; altered zircons have generally higher Sc 
concentrations. However, plotting the Sc content against 
typical alteration indicators in zircons (analytical total, and 
Ca, Al, F, Fe) does not show any clear relationship 
between degree of alteration and Sc content (Fig.2). The 
situation is further complicated by near absence of 
unaltered zircons in our studied samples. Therefore, an 
unambiguous conclusion about influence of hydrothermal 
alteration on Sc content in zircons cannot be drawn at this 
point.  

Sc

0,00 0,02 0,04 0,06 0,08 0,10

to
ta

l

80

85

90

95

100

105

Figure 2. Total of measured elements and Sc content in zircon. 
Green symbols – granite, yellow – greisen, blue – hydrothermal 
veins. 
 
3.1 Wolframite  
 
Wolframite from greisen is characterized by two different 
alteration associations: 

1) wolframite from “common” greisen forms two 
textural and chemical types with an unclear temporal 
relationship. Both form large crystals up to several mm in 
size. The first type occurs as solid, homogenous crystals 
which are relatively depleted in Nb and Sc (avg. 0.17 
wt. % Sc2O3; 0.007 apfu), whereas the second type forms 
porous, oscillatory zoned crystals (Fig. 2), with 
preferential replacement of some zones and parts by Sc-
ixiolite (W,Nb,W,Ta,Mn,Fe,Sc)4O8, scheelite and 
columbite. The second type of wolframite is enriched in 
Nb and Sc (avg. 0.55 wt. % Sc2O3; 0.025 apfu).  

2) Late hydrothermal sufidic mineralization locally 
breaks down thick-tabular wolframite I from greisens to 
aggregates and thin plates of wolframite II; the secondary 

wolframite shows significantly higher Mn/(Mn+Fe) ratios 
and lower Sc content than wolframite I, and Sc was most 
likely released to fluid phase as there are no observed 
Sc-bearing alteration products. Sc content in the 
wolframite II is generally low (between 0 and 0.005 apfu, 
0-0.11 wt. % Sc2O3, compared to other samples. 

Wolframite also occurs in hydrothermal veins it is 
characterized by very high Sc contents. Amounts of. 
scandium range between 0.015-0.037 apfu (0.35-0.9 
wt. % Sc2O3); similar to Sc-rich wolframites from greisens. 
These wolframites are partly replaced by Sc-poor 
scheelite and Sc-rich ixiolite. Sc enrichment of wolframite 
in hydrothermal veins as well as in greisens shows 
positive correlation with Nb (Fig. 3) indicating, that Sc 
enters the structure of wolframite via coupled substitution 
Fe2+ + W6+ = Sc3+ + Nb5+.  

 
3.2 Ixiolite  
 
Ixiolite after wolframite from greisens as well as from 
hydrothermal veins generally has a significantly high Sc 
content (up to 4.87 wt % Sc2O3 (0.19 apfu), whereas, 
scheelite and columbite contain relatively low Sc 
amounts (0.033-0.034 apfu, 0.643-0.644 wt. % Sc2O3 for 
columbite after wolframite; 0-0.012 apfu, 0-0,323 wt. % 
Sc2O3 for scheelite). The lower content of Sc in scheelite 
may be explained by its incompatibility in the scheelite 
lattice, due to large difference in ionic radii of Sc and Ca, 
which contrasts with the similar ionic radius of Fe2+ and 
Sc in wolframite and ixiolite (see ionic radii in Shannon, 
1976).  
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Figure 3. Plot of Nb vs. Sc contents in wolframite. Yellow symbols 
– greisen, blue – hydrothermal veins. 
3.3 Zinnwaldite 
 
 Zinnwaldite (up to 87.6 ppm Sc, with average 63 ppm) is 
often altered to younger muscovite (fig. 4), with lower Sc 
content (up to 37.1 ppm, with average 25.3 ppm). Lower 
Sc contents in muscovite, compared to zinnwaldite, is in 
agreement with reported studies from Erzgebirge. 
However, the measured Sc-content in muscovite from 
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Cínovec is significantly higher than data from exocontact 
cassiterite–quartz veins in Ehrenfriedersdorf, Germany 
(2.2 vs. 18.9 ppm) and from hydrothermal muscovite from 
a wolframite-bearing quartz vein at Ulaan uul, Mongolia 
(13 ppm) (Kempe and Wolf, 2006). As it is one of the main 
rock-forming minerals, especially in greisens, zinnwaldite 
is an important Sc carrier.   

Other important Sc-bearing minerals in the Cínovec-
Zinnwald deposit include (from most common to rarest): 
columbite (up to 0.165 apfu; 3.04 wt. % Sc2O3), cassiterite 
(up to 0.007 apfu; 0.317 wt. % Sc2O3), Nb-rutile (up to 
0.004 apfu; 0.16 wt. % Sc2O3) and xenotime (up to 0.014 
apfu; 0.314 wt. % Sc2O3).  

 
Figure 4. Muscovitization of zinnwaldite in hydrothermally altered 
greisen (sample P1/250) with TIMA mineral map. Original size of 
map 0.9x0.6 cm. 

 
4 Conclusions 
 
Several processes cause post-magmatic alteration of Sc-
bearing minerals in Cínovec/Zinnwald Li-Sn-W deposit. 
Most of investigated zircons are significantly altered, but 
no clear connection between Sc content and degree of 
alteration was observed. Scheelitization of wolframite 
results in redistribution of Sc to secondary ixiolite due to 
Sc incompatibility in the scheelite structure. Zinnwaldite 
alteration results in lower Sc concentrations in secondary 
muscovite; the released Sc is stored in some of the ore 
minerals whose (re)-crystallization is related to 
muscovitization, most likely cassiterite. 

In conclusion, Sc shows different behavior and degree 
of mobility during post-magmatic processes in distinct 
types of rocks and minerals. The most promising Sc-
bearing minerals in the deposit are wolframite + ixiolite, 
cassiterite, and columbite. Due to the relatively high Sc 
concentrations in ore minerals, Sc in the 
Cínovec/Zinnwald deposit might potentially be a by-
product of tungsten ore extraction. 
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Abstract. Alkali metasomatism associated with 
carbonatitic-alkaline magmatism (or fenitisation) is of 
interest for our understanding of chemical behaviour of 
economically important high-field-strength (HFSE) and 
rare-earth (REE) elements during late-stage magmatic-
hydrothermal activity.  

In this project, we explore the expression of alteration 
and the physico-chemical factors controlling fenitisation 
across the Proterozoic Gardar Province of Southern 
Greenland. We present our findings of bulk-rock 
(XRF/ICP-AES) and microbeam (BSE-SEM-
EDAX/EPMA) analyses.  

Our main case study, the Illerfissalik centre, comprises 
a series of nested syenitic intrusions. Fenites are 
exposed at its western margin, where a feldspar-poor 
Eriksfjord Formation quartz arenite protolith experienced 
intense metasomatism and deformation. 

Detailed petrography demonstrates interstitial K-
feldspar (commonly perthitic), mafic minerals including 
pyroxene or Na-amphibole, and titanite (often LREE-
bearing) in the proximal high-grade fenite zone. The 
absence of feldspar in unaltered arenite (<5% mode 
further than 1.5 km distance from the contact zone) 
suggests that K-feldspar  was introduced by early-stage 
fenitisation, along with the relatively Na-poor pyroxene. 
The presence of HFSE-rich phases i.e. Sr-chevkinite also 
attests to variable mobility of numerous alkali, alkali-earth 
metals and HFSE in fenitising fluids. Bulk-rock 
geochemical trends away from the contact are also 
presented. Further work including isotope systematics 
will constrain the geochemistry of fenitising fluids. 

 
1 Introduction 
 
The margins of alkaline magmatic complexes are often 
associated with forms of alteration characterised by the 
influx of alkalis and the loss of silica. The significance of 
fenitising fluids has long been debated with respect to 
HFSE-REE ore deposit genesis during late-stage activity 
and critical element prospectivity. Fenite is usually 
described around carbonatite (Elliott et al. 2018) and 
fenite around nepheline syenite is less well constrained. 

This work focusses on the fenitised margins of 
alkaline-silicate centres within the Mid-Proterozoic 

Gardar Province of SW Greenland (Figure 1). For the 
present contribution, we focus predominantly on the 
Illerfissalik and Ilímaussaq centres. We study the 
geological and mineralogical expression of fenitisation on 
a macro- and micro- scale in order to fingerprint the 
chemistry of the metasomatic fluid. To achieve our goals 
we analyse major and trace element chemistry of rocks 
in fenite aureoles.  

 
Figure 1. Location map & a broad overview of Gardar geology 
(modified after Garde et al. 2002; Ladenburger et al. 2016) 
 
2 Illerfissalik centre, Gardar Province 

 
The primary case study in our work is the Illerfissalik 
centre. It is part of a larger Igaliko Nepheline Syenite 
Complex, which comprises at least four distinct intrusive 
centres (Emeleus & Harry 1970) and consists of seven 
related subordinate syenitic bodies intruding during two 
major phases of activity (Figure 2). At its western margin, 
it abuts Ketilidian granitoid basement as well as 
supracrustal Eriksfjord Formation quartz arenite. The 
sediments show intense chemical alteration (Figure 3), 
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indicating where metasomatic fluid penetrated the 
country rocks pervasively through intergranular space 
and via pre-existing planar macroporosity (i.e. 
sedimentary cross-bedding and tectonic joint-fracture 
networks). Mylonitisation and evidence of rheomorphism 
can also be observed in a contact zone ~200m wide, in 
which the fenite grade is highest.  

 
Figure 2. Simplified map of the Illerfissalik centre and the 
surrounding igneous bodies of ‘Igaliko Nepheline Syenite Complex’ 
(as in Emeleus & Harry 1970; map modified after Upton 2013) 
 

We report the presence of metasomatic K-feldspar (up 
to 50% modal), pyroxene (augite, diopside, aegirine-
augite) and Na-amphibole (richterite/arfvedsonite), and 
titanite (often LREE-bearing) - all restricted to interstitial 
domains in high-grade fenites. As low-grade fenites and 
unaltered sediments lack feldspar (<5% mode beyond 
~1.5 km distance from the contact), we conclude that the 
K-feldspar was introduced to the country rocks by 
magmatic-hydrothermal fluids during an early-stage of 
fenite formation. Feldspar is often anhedral and 
intergrown with, or epitactically overgrown by latter Na-
Ca-Ti phases and occasionally forms flame-perthite. 
EDAX analyses of the other main metasomatic phases 
introduced to Eriksfjord Fm. arenites reveal that prevalent 
Di75-90Hd1-20Aeg3-11 pyroxene lacks Na (generally <2 
wt%). 

 

 
Figure 3. High-grade quartz fenite. Abundant richterite/ arfvedsonite 
with recrystallisation and sintering of original quartz. 

 
Metasomatic Sr-chevkinite, columbite and 

zirconosilicates with HFSE as major components are also 
present in the contact mixed zone attesting to mobility of 
Na, K, Ca, Ti, Zr, Sr, Ba, Nb, Ta and LREE in multiphase 
fenitising fluids. Based on epitaxy of HFSE-rich 
precipitates upon earlier metasomatic phases introduced 
to Eriksfjord Fm., we infer at least two episodes of 
expulsion of such fluids into the envelope of Illerfissalik 
centre. 

  

3 Other centres and future work 
 
The Ilímaussaq Complex, also part of Gardar Province, 
provides a direct comparison due to the variety of 
hydrothermal veins (Figure 4), while the metasomatism of 
the granitoid envelope is reported to occur to at least 
~120m distance (Ferguson 1964; Derrey 2012). Through 
this study we will gain further insight into chemical 
behaviour of HFSE in late-stage fluids associated with 
numerous alkaline igneous systems within Gardar such 
as Ilímaussaq, and magmatic-hydrothermal regimes in 
other crustal environments.   
 

    
Figure 4. Late-stage vein networks resulting in autometasomatism 
of the marginal igneous units. Green alteration of the protolith is 
commonly associated with Na-rich fluid activity 
 

Radiogenic (U-Pb, Sr-Nd) and stable (O-H-S) isotope 
systematics will be considered in this project in attempt to 
unravel geochronological relationships between 
magmatism and late-stage alteration episodes, and to 
constrain the geochemistry of fenitising fluids (i.e. 
temperature, fluid pH, redox state).  
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Abstract: One of the world’s richest Rare Earth Elements 
(REE) deposits, Gakara, is in Burundi, near Lake 
Tanganyika, along the western branch of the East African 
Rift. It is enclosed in Mesoproterozoic rocks mainly 
composed of metasedimentary rocks and granitoids 
formed during the Kibaran orogeny. These rocks are 
intruded by a network of granite pegmatites and aplites 
clusters. Previous structures inherited from the Kibaran 
orogeny may have been reused during the REE 
mineralizing event. Hydrothermal fluids circulated along 
fractures and led to the formation of economic REE 
concentrations. Primary REE mineralization consists of 
bastnaesite (LREE-CO3F), however, economically 
exploitable mineralization contains secondary monazite 
(LREE-PO4) that formed by late hydrothermal processes. 
Evidence includes silicification of secondary 
mineralization which is associated with idiomorphic 
quartz crystals. Gakara REE mineralization share 
characteristics with other hydrothermal deposits from 
carbonatites such as Mountain Pass (California), Bayan 
Obo (China) and others. These observations are 
combined to better define the geodynamic and the 
magmatic context of the alkaline magmatism in the 
Gakara region, and to prospect for the presence of 
carbonatite in this region. The U-Th-Pb ages of 
bastnaesite and monazite (around 600 Ma), belong to the 
Pan-African cycle. 
 
1 Introduction 
 
During the recent years, the scientific community has 
made an important effort to better understand the 
metallogenic conditions for the emplacement of REE 
mineralization. Carbonatites and the associated 
hydrothermal activities are known to host the largest REE 
deposits (Goodenough et al. 2017; Jones et al. 1995; 
Verplanck et al. 2016). Carbonatites contain the greatest 
REE contents of any rock type and have the largest Light 
REE/Heavy REE ratio (Verplanck et al. 2016; Williams-
Jones et al. 2012). The Gakara deposit in Burundi is 
described as a typical example of hydrothermal REE 
deposits likely linked to a carbonatitic magmatic-
hydrothermal activity. Nevertheless, little is known or has 
been published (Lehmann et al. 1994; Van Wambeke et 
al. 1977) about this deposit, including the recent 
publication of our group (Ntiharirizwa et al. 2018). The 
Rainbow Mining Burundi (RMB) Company is exploiting 
REE mineralization in the Gakara region and many REE 
occurrences have been already identified (Figure 1B). 

The Gakara deposit is the only deposit presently worked 
in Africa. With in-situ grades in the range of 47-67% Total 
Rare Earth Oxide (rainbowrareearths.com), Gakara is 
one of the world’s richest rare earth deposits. The only 
geochronological data available so far for the Gakara 
area was obtained on bastnaesite (Nakai et al. 1988), 
using the 138La-138Ba isochron method, yielding a Pan-
African age of 586.8 ± 3.7 Ma. In this paper, we use the 
U-Th-Pb in-situ LA-ICP-MS dating technique for 
bastnaesite and monazite. These new ages allow us to 
discuss the evolution of mineralization in the regional 
geodynamical context. 
 
2 Regional geology 
 
The geology of Burundi is dominated by the north-eastern 
trending Kibaran Fold Belt (Figure 1A) commonly named 
the Karagwe-Ankolean Belt (KAB) or Burundian 
Supergroup (Tack et al. 2010). The Burundian 
Supergroup consists of a highly deformed sequence of 
Mesoproterozoic granites, granitoids, metasedimentary 
and metavolcanic rocks (Tack et al. 2010; Deblond et al. 
1999). The geology and tectonic framework of Burundi 
and adjacent countries have been strongly influenced by 
repeated episodes of rifting along existing structural 
discontinuities (Lehmann et al. 1994). This has resulted 
in numerous alkaline complexes and carbonatites 
(Lehmann et al. 1994) including the Upper Ruvubu 
Alkaline Plutonic Complex (URAPC) and the Matongo 
carbonatite in Burundi (Decrée et al. 2015) (Figure 1A). 
These alkaline rocks and carbonatites span a wide range 
in age from Late Proterozoic to Cenozoic (Lehmann et al. 
1994). The late-Proterozoic events such as the URAPC, 
the Matongo carbonatite and the Gakara REE 
mineralization, have been related to Pan-African far-field 
tectono-thermal processes in the Western Rift area 
(Decrée et al. 2015; Midende et al. 2014; Tack et al. 
1984). The Mozambique belt (Figure 1A) is the youngest 
of the Pan-African mobile belts (Kröner et al. 2014). 
 
3 Local geology 
 
The REE mineralization of Gakara is enclosed within 
Mesoproterozoic gneisses which are very heterogeneous 
in their lithologies and structures. The most widespread 
gneiss corresponds to an orthogneiss with K-feldspar 
phenocrysts, biotite, quartz, and less abundant 
muscovite. The deformation of these gneisses is 
significant. The foliation is affected by a system of ductile 
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shear bands at small scale and kilometric scale. This 
partly explains the high variation of foliation orientations 
and dips at the regional scale. The gneisses are intruded 
by many pegmatitic bodies (Figure 3) composed of 
coarse-grained quartz, K-feldspar, Biotite and muscovite. 
When the outcrop is parallel to the main foliation, some 
pegmatites appear as classical dykes and sills 
crosscutting the foliation. However, most of them are 
intrafolial (i.e. within the foliation) and are strongly 
deformed (Ntiharirizwa et al. 2018). The granite 
pegmatites of Gakara have an age of 969 + 17 Ma 
(Lehmann et al. 1994). 

4 Mineralization 

The REE mineralization is hosted within a network of 
bastnaesite/monazite-bearing veins and veinlets which 
range in thickness from a few centimeters to tens 
centimeters. The REE veins exhibit variable orientations 
and attitudes, although there appears to be a broad 
correlation with regional structures, which are 
predominantly in NE-SW and NW-SE directions (Figure 
2). The emplacement of those veins is therefore 
structurally controlled (Van Wambeke et al. 1977), and 
their occurrence is independent of the various host 
lithologies formed between 1375 Ma to 986 Ma (Tack et 
al. 2010). The REE veins are younger [around 600 Ma, 
(Ntiharirizwa et al. 2018; Nakai et al. 1988)] and crosscut 
the main foliation of the host lithologies (Figure 2). There 
is evidence of post-REE mineralization deformation. 
Cenozoic rifting (Figure 1A) affected the whole area with 
a general uplift. Therefore, continuity of REE-veins is not 
ensured, and ore bodies correspond to discontinuous 
lensoid clasts within a cataclasite matrix with various 
amount of offset between them (Ntiharirizwa et al. 2018). 

5 Petrography and mineralogy 

Samples were collected during the RMB exploration 
campaigns (2011–2014), and during our field work (2017-
2018). The mineralogical assemblage was made by 
Aderca and Van Wambeke (Van Wambeke et al. 1977, 
Aderca et al. 1971). Depending on the degree of 
alteration, different types of ore can be found: from 
massive pure bastnaesite ore to an almost pure monazite 
ore, and in-between, ores with various proportions of 
bastnaesite and monazite (Figure 3 A, B). Bastnaesite is 
invaded by monazite, mainly through the cleavages and 
by filling the fractures. In addition to bastnaesite and 
monazite, other less common REE minerals such as 
rhabdophane (Ce,La)PO4.H2O, cerianite (CeO2) and 
fluocerite (Ce,La)F3 have been discovered in the Gakara 
ore (Van Wambeke et al. 1977). The most common 
gangue minerals are quartz, barite, biotite, galena, 
goethite and vermiculite. In comparison with other REE 
deposits associated with carbonatite, the Gakara deposit 
is characterized by the absence of simple carbonates 
especially calcite and dolomite. 

As a summary, the mineralogical observations above 

Figure 1. (A) Geological map of Central Africa showing 
Precambrian structures and locations of carbonatites complexes 
in the western branch of the East African Rift. The map is 
modified from Ntiharirizwa et al. 2018. (B) Geological map of 
the study area showing the occurrences of REE mineralization 
(RMB data) and their host rocks. 

are presented in a paragenetic sequence (Figure 4). The 
REE mineralization consists of three successive stages 
(Ntiharirizwa et al. 2018). The first stage consists of the 
deposition of primary ore comprising bastnaesite, biotite, 
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galena, barite and quartz (1st generation). The second 
stage begins with the formation of monazite-Ce and 
quartz (2nd generation). The third stage corresponds to 
the formation of cerianite, a second type of La-rich 
monazite and rhabdophane; this last stage is indicative of 
a very oxidative, surficial, possibly lateritic environment. 

Figure 2. REE vein crosscuts the foliated gneiss at Masenga 
hill. The pegmatite vein is affected by the regional foliation. The 
rose diagram made by 581 structural measurements, 
highlights the variability of the REE vein’s orientations. 

Figure 3. Microphotographs of samples from Gakara displaying 
the mineralogical assemblage: Bst=bastnaesite, 
Mnz=monazite, Qz=quartz, Gn=galena, Cnt=cerianite. 

Figure 4. Synthetic paragenetic sequence for the Gakara REE 
mineralization (Nakai et al. 1988). 

6 U-Th-Pb geochronology 

U-Th-Pb geochronology of bastnaesite and monazite 
grains from the Gakara deposit was conducted by in-situ 
laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) at Geosciences Rennes using 
an ESI NWR193UC Excimer laser coupled to a 
quadrupole Agilent 7700x ICP-MS.

6.1 Bastnaesite dating 

Twenty-six (26) grains of bastnaesite have been dated 

following a double-standardization protocol (Ntiharirizwa 
et al. 2018). They have been first standardized with 
monazite. All the 26 analyses define a lower intercept 
date of 602.6 ± 9.5 Ma. When plotted in a 206Pb/238U 
versus 208Pb/232Th Concordia diagram, data are slightly 
discordant to discordant and define a lower intercept date 
of 597 ± 9 Ma (MSWD = 1.4). A second set of 
measurements has been done using a calcite standard. 
All the 26 analyses define a lower intercept date of 579 ± 
27 Ma (MSWD = 0.27). If all the data acquired on 
bastnaesite (i.e., standardized with monazite and calcite) 
are plotted in a Concordia diagram (Figure 5A), they 
define a lower intercept date of 602.1 ± 7.2 Ma (MSWD = 
1.5), a date interpreted as the age of the crystallization of 
bastnaesite.  

6.2 Monazite dating 

The monazite dating has been realized using the Moacir 
monazite standard (Ntiharirizwa et al. 2018). Fourteen 
(14) monazite grains analyzed are characterized by 
rather homogeneous, although low, Pb, U and Th 
contents (1.8–3.5 ppm, 14–30 ppm and 17–48 ppm 
respectively) and very consistent Th/U ratios (1.0 to 2.1). 
The data have been reported in a 207Pb/206Pb versus 
238U/206Pb Tera–Wasserburg diagram and in a 206Pb/238U 
versus 208Pb/232Th Concordia diagram. The data are 
concordant to discordant, demonstrating the presence of 
common Pb in some of the analyzed grains. The 
concordant data define a Concordia age of 588.7 ± 7.5 
Ma (Figure 5B). Therefore, all the chronometers (U/Pb
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and Th/Pb) return dates that are comparable within error 
at ca. 588 Ma, a date that we interpret as the age of the 
crystallization of these monazite grains. 

Figure 5. Tera–Wasserburg (A) and 206Pb/238U versus 208Pb/232Th 
Concordia (B) diagrams for Bastnaesite and monazite from Gakara.  

7 Conclusion 

The Gakara REE deposit, Burundi, formed by 
precipitation of bastnaesite and monazite veins from 
hydrothermal fluids. The hydrothermal origin is argued 
from the presence of fluid inclusions in bastnaesite and 
quartz crystals (Ntiharirizwa et al., in prep). Fluids were 
focused in pre-existing structural discontinuities. 
Although carbonatite is not yet found in the Gakara area, 
a carbonatitic body is suspected in depth (Lehmann et al. 
1994; Van Wambeke et al. 1977; Ntiharirizwa et al. 2018). 
This suspicion is based on the strongly alkaline character 
of the ore system [4], and the REE differentiation similar 
to other carbonatite deposits (Verplanck et al. 2016; Tack 
et al. 1984). Geochronological data are compatible with 
the paragenesis sequence where monazite crystallization 
(near 588 Ma) followed the bastnaesite crystallization 
(near 600 Ma), likely in a continuum of hydrothermal 
activity. The varied types of ore bodies observed in the 
field must be reconciled into a unique mineralizing event 
(Ntiharirizwa et al. 2018), likely linked to the post-
collisional tectonic context that prevailed at that time in 
the external zones of the Pan-African system.  
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