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Abstract. Serpentinized ultramafic rocks are widely 
distributed in the Bangong-Nujiang suture zone (BNSZ), 
and show close relationship with the regional 
mineralization. Here we investigate the serpentinized 
ultramafic rocks from Angwu in the central segment of the 
BNSZ, where the primary minerals include olivine, 
clinopyroxene, chromite, lizardite, magnetite, and 
chlorite. The alteration process of the ultramafic rocks, 
including serpentinization, can be divided into three 
stages: (I) formation of relatively Fe-rich serpentine (Mg#, 
0.82), with no precipitation of magnetite; (II) formation of 
relatively Mg-rich serpentine (Mg#, 0.93), with 
precipitation of magnetite in serpentine veins; and (III) 
alteration of serpentine into chlorite. We computed the 
reactions associated with alteration process for the above 
stages. In addition, thermodynamic modeling in 
multicomponent mineral equilibrium phase diagrams 
indicate that during the serpentinization process, the 
desilication of pyroxene in caused the enhancement of 
SiO2 activity and restricted the transformation from olivine 
to magnetite. The reaction temperature for the 
serpentinization of these rocks was relatively high, and 
within this temperature interval (100-300°C), lizardite was 
stable, and precipitation of magnetite was not favored. 
 
1 Geology of the study area and sampling 
 
In recent years, along with the discovery and exploitation 
of the Duolong large-scale mining area, the BNSZ has 
attained the status as one of the large polymetallic 
metallogenic belts on the Tibetan Plateau. Previous 
reports mainly focused on the nickel, pyrite (Luo et al., 
2016) and chromite (Li et al., 2014), porphyry-type copper 
(gold) ore (Zhang et al., 2017) and skarn-type iron 
(copper) ore (Song et al., 2014). However, studies on 
magnetite deposits related to ultramafic rocks are 
relatively limited. Although large magnetite deposits have 
not been found in this zone as yet, several locations of 
magnetite mineralization related to ultramafic rocks were 
reported in the central section of the BNSZ, such as the 
Cebojiyi, Beila and at Daru Co (Figure 1b). 

The serpentinized Angwu serpentinized ultramafic 
rocks (AUMRs) in the central section of the BNSZ occur 
approximately 50 km southeast of Duoma Town in 
Shuanghu County (Figure 1b), associated with magnetite 
mineralization. As shown in Figure 2a, the AUMRs 
represent a fragment at the contact of the fault with the 
Middle-Lower Jurassic Mugagangri Group (J1-2M). The 
Middle-Lower Jurassic Mugagangri Group consists of 
flysch and clastic rocks, which represent the abyssal to 
bathyal sediment of the Bangong-Nujiang Tethys Ocean 
(BNTO) (Cao et al., 2008). In the Angwu area, the Middle-

Lower Jurassic Mugagangri Group is dominated by 
greywacke and killas (metasediments). 
The weathering front of AUMRs is characterized by 
emerald or dark green color, and the fresh surface is 
dark-green or black. The rock has a medium and coarse 
granular appearance and blocky structure, with locally 
strong serpentinization, with a soapy luster (Figure 2b). 
Six serpentinized AUMRs were sampled from the fresh 
outcrop and numbered as AW-GH1, AW-GH2, AW-GH3, 
AW-GH4, AW-GH5, and AW-GH6. 

 

 
 

Figure 1. Tectonic sketch map of the Tibetan Plateau and sampling 
location of the Angwu ultramafic rocks. 
I: Songpan-Ganzi Terrane, II: North Qiangtang Terrane, III: South 
Qiangtang Terrane, IV: Lhasa Terrane, V: Hymalaya Terrane, JS: 
Jinshajiang suture zone, LSS: Longmuco-Shuanghu suture zone, 
BNS: Bangong-Nujiang suture zone, YZS: Yarlung Zangbo suture 
zone, SGT: Songpan-Ganzi Terrane, NQT: North Qiangtang 
Terrane, SQT: South Qiangtang Terrane, LT: Lhasa Terrane, Mgt: 
magnetite mineralization 

 
2 Results 
 
2.1 Petrography 
 
Based on the mineral microstructures (Figure 2), the 
altered veins in the AUMRs can be divided into three 
types: (I) fine reticular serpentine veins with widths of 
approximately 0.05-0.1 mm that are developed in the 
cracks and grain margins of  mainly olivine (Figure 2c); 
(II) coarse serpentine veins with widths of approximately 
0.1-0.2 mm that cut through reticular veins, indicating 
later formation together with magnetite; and (III) chlorite 
veins with widths of approximately 0.05 mm developed in 
the serpentine veins within olivine and clinopyroxene 
(Figure 2d). 

The results of X-ray diffraction (XRD) analyses for 
AUMRs indicate that the minerals mainly include 
forsterite, diopside, lizardite, magnetite, and clinochlore 
Furthermore, XRD data identified subgroups, although 
some of these were not identified due to poor spectral 
peaks or due to abundance lower than the detection limit. 

The backscattered electron (BSE) imaging and in situ 
component analysis for AUMRs were conducted with 
SEM-EDS. The results indicate mainly olivine, 
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clinopyroxene, serpentine, magnetite, and a mixture of 
serpentine and chlorite. In addition, chromite and ilmenite 
were also detected. The serpentine veins within altered 
olivine can be divided into two types: reticular serpentine 
veins with relatively low brightness correspond to the 
aforementioned type (I) veins, and the serpentine veins 
with the lowest brightness correspond to type (II) veins. 
Tiny magnetite crystals occur in the type (II) veins. 
Chlorite is mainly associated with the alteration of 
clinopyroxene corresponding to type (III) veins, although 
both serpentine and chlorite are developed on the grain 
margins of clinopyroxene.  
 

 
Figure 2. Photomicrographs of Angwu ultramafic rocks (sample: 
AW-GH1 and AW-GH6) 
a: AW-GH1 (cross-polarized light), b: AW-GH6 (plane-polarized 
light), c: serpentinized olivine in AW-GH1 (cross-polarized light), d: 
serpentinized clinopyroxene in AW-GH1 (cross-polarized light), Ol: 
olivine, Cpx: clinopyroxene, Ilm: ilmenite, Srp: serpentine, Chl: 
chlorite, Phl: phlogopite, Mgt: magnetite, Chr: chromite, I: Type (I) 
serpentine veins, II: Type (II) serpentine veins. 
 
2.2 Mineral chemistry 
 
The olivine was normalized with 4 oxygen atoms, and all 
Fe was treated as Fe2+ while calculating mineral 
formulae. The olivine corresponds to that of low-Mg, Fe-
rich type peridotite (Fo, 81-85), which is different from 
mantle peridotite, with a relative abundance of forsterite 
(Fo, >90) (Frost et al., 2013). The clinopyroxene was 
normalized with 4 cations. To balance the electrovalence 
of six oxygen ions in the molecular formula, Fe3+ is used 
to substitute for part of Fe2+. Based on En-Wo-Fs 
classification diagram, the pyroxene in AUMRs is mainly 
clinopyroxene. Since there is strong alteration, the Mg# 
of clinopyroxene varies significantly (60-87).The results 
of the EPMA analysis of the spinel group minerals (mainly 
chromite and magnetite) and ilmenite are listed. The data 
were normalized with 3 cations, and ilmenite with 2 
cations. To balance the electrovalence of cations, Fe3+ 
was used to substitute for some of the Fe2+. The Cr# of 
chromite is 59-71, which is similar to that of spinel found 
in the Barru block of Sulawesi Island in Indonesia 
(Maulana et al., 2015). Magnetite is Fe-rich (in the unit 
molecule, Fe3+>Mg). Ilmenite shows high Mg and low Mn 
(MgO>2wt.%, MnO<0.5wt.%) and occurs only in the 

alteration zones of clinopyroxene. 
 
3 Discussion 
 
3.1 Factors influencing serpentinization 
 
The serpentinization of AUMRs can be divided into three 
stages: (I) the alteration of olivine and clinopyroxene into 
serpentine; (II) the precipitation of magnetite from 
serpentine; and (III) the alteration of serpentine into 
chlorite. Mineral equilibrium modeling was based on 
phase diagrams (Holland and Powell, 2011) and mass 
balance. We computed the chemical reactions for the 
three stages of alteration of AUMRs. In this case, the 
ideal molecular formula was adopted for the major 
minerals. The results are as follows:  

Stage (I): Serpentinization of olivine and pyroxene 
2Mg2SiO4+3H2O=Mg3Si2O5(OH)4+Mg(OH)2 [1] 
2CaMgSi2O6+6MgSiO3+3H2O=Ca2Mg5Si8O22(OH)2+Mg3

Si2O5(OH)4     [2] 
3MgSiO3+2H2O=Mg3Si2O5(OH)4+SiO2  [3] 
Ca2Mg5Si8O22(OH)2+Ca2Mg3Al4Si6O22(OH)2+34H2O=14
Mg3Si2O5(OH)4+12Ca2Al2Si3O10(OH)2+2SiO2 [4] 
Mg48Si34O85(OH)62+3Mg(OH)2=17Mg3Si2O5(OH)4+34H2O 
[5] 
3Mg(OH)2+2SiO2=Mg3Si2O5(OH)4+H2O  [6] 
 
Stage (II): Precipitation of magnetite 
3Mg(2-x)FexSiO4+4H2O+SiO2=2Mg(3-1.5x)Fe1.5xSi2O5(OH)4, 
0≤x≤2      [7] 
Fe3Si2O5(OH)4+O2=Fe3O4+H2O+2SiO2  [8] 
 
Stage (III): Chloritization of serpentine 
Mg3Si2O5(OH)4+2SiO2=Mg3Si4O10(OH)2+H2O [9] 
6CaAl2Si2O8+5Mg3Si4O10(OH)2+10H2O=3Ca2Al2Si3O10(O
H)2+3Mg5Al2Si3O10(OH)8+14SiO2   [10] 
3Ca2Al2Si3O10(OH)2+5Mg3Si4O10(OH)2+4H2O= 
6Ca2++3Mg5Al2Si3O10(OH)8+20SiO2+6O2-  [11] 
 
3.2 Potential for magnetite mineralization 
 
The Mg# of serpentinite is positively related to the volume 
of magnetite precipitation. The range of Mg# of 
serpentine in the AUMRs is 77-95, suggesting the 
potential for small amount of magnetite precipitation 
(shaded area in Figure 3a). Experimental studies indicate 
that the release of Al and Si from pyroxene restrict the 
formation of iron oxide (Nozaka et al., 2017). Meanwhile, 
pyroxene would also cause the reduction of magnetite 
precipitation by gaining Fe from olivine during the 
serpentinization process. As discussed above, the 
desilication of pyroxene during serpentinization of the 
AUMRs enhanced the SiO2 activity in the system 
(equations [3] and [4]), which reduced the amount of 
magnetite precipitation (Figure 3a). In addition, the 
mineral phase equilibrium (Figure 3b) indicates that 
higher temperatures are not favorable for the precipitation 
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of magnetite. Meanwhile, the lack of brucite indicates that 
the reaction temperature (200-300°C) in this case might 
be relatively high during serpentinization, which possibly 
hindered the large precipitation of magnetite. Thus, the 
possible reasons for the relatively low degree of 
magnetite mineralization in AUMRs are: (1) the significant 
increase of SiO2 activity caused by desilication of 
pyroxene in the serpentinization process; and (2) the 
relatively high temperature in the system.  

 

 
Figure 3. Phase diagrams of SiO2 vs O2 chemical potentials for 
serpentinization in Angwu Ultramafic Rocks 
Ol: olivine, Hm: hematite, Brc: brucite, Mgt: magnetite, Liz: Lizardite, 
Tlc: talc, Frb: ferro-brucite, Glt: glaucophane, Minn: minnesotaite, 
An: anorthite, Chl: chlorite, Prh: prehnite 

 
In summary, based on mineral phase equilibrium 

diagrams (Figure 3 and Figure 4), we predict two 
favorable conditions for magnetite precipitation during the 
serpentinization of ultramafic rocks: (1) lower SiO2 
activity under constant temperature and pressure, for 
example, less desilication of the primary minerals (e.g., 
pyroxene, amphibole); and (2) lower temperature within 
the temperature range (100-300°C) in the stability of 
lizardite. 

 

 
Figure 4. Phase diagrams for the serpentinization of olivine 
a: SiO2 chemical potential vs temperature, b: SiO2 vs H2O chemical 
potentials, Fo: forsterite, Brc: brucite, Liz: Lizardite, Tlc: talc, An: 
anorthite, Chl: chlorite, Prh: prehnite 
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Abstract. Lamproites and lamprophyres from 
Ryabinovoye gold deposit (Aldan Shield, Siberia) were 
studied. We demonstrate that these rocks, varying from 
Ol-Di-Phl-lamproites to syenite-porphyries, form a 
continuous series of lamproite magma differentiation. At 
the stage of phlogopite and clinopyroxene crystallization, 
silicate-carbonate and then carbonate-salt immiscibilities 
occur. A suggestion is that during these processes LREE, 
Y, U, Sr and Ba distribute to a phosphate-fluoride fraction 
and probably accumulate in apatite-fluorite gangues. 
Based on our results and considering existing data onore-
bearing massifs within Central Aldan (Inagli, Ryabinoviy) 
and also of the Nam-Xe ore-bearing province (Vietnam), 
we concluded that Au, PGE and Th-U-Ba-REE deposits 
can be genetically connected with low-titanium lamproite 
magmas. 
 
1 Introduction 
 
The petrology and ore potential of lamproites, kimberlites 
and other high-potassic igneous rocks is a widely 
discussed topic. Lamproite magmatism is expressed in 
different tectonic settings from active-margin and collision 
to intraplate magmatic settings and, as well as kimberlite 
magmatism, provides information about deep mantle 
processes. On the other hand, lamproite rocks in 
numerous cases are spatially connected with trace-
element deposits and some lamproites are diamond-
bearing (Hoa et al. 2016; Vladykin 2008). 

In the Central Aldan high-potassic province (Aldan 
shield, Russia) there are many synchronous mesozoic 
(125-134 Ma) (Shatov, et al. 2012; Mues-Schumacher et 
al. 1995) subvolcanic bodies of lamproites and lamproite-
like rocks, spatially and temporally connected with Au-
bearing (Ryabinoviy, Yukhtinskiy), PGE-bearing (Inagli) 
massifs and carbonatites (Murun massif). These 
occurrences were previously studied by a number of 
authors (Bilibin 1952; Vladykin 2008; Rokosova and 
Panina 2013; Mues-Schumacher et al. 1995). Although 
lamproites and lamprophyres are found all around 
Central Aldan and are united by some researchers into 
the Tobuk complex (Shatov et al. 2012), within the 
Ryabinovoye gold deposit (Ryabinoviy massif) a wide 
range of high-potassic dyke rocks outcrops on a very 
small area, being a unique case of differentiation of 
lamproite magma (from Ol-Di-Phl-lamproites to syenite-
porphyry). Moreover, the rocks are well-preserved and 
are not weathered much. Hence, this complex can be 
considered as a “model example” for Aldan shield 
Mesozoic lamproites. 

We studied in detail the mineralogical and chemical 
evolution of these lamproite-series rocks and compared 
some of their features with ones of Inagli dunites (Chayka 
and Izokh 2018) and with potassic rocks responsible for 
Ryabinovoye Au-porphyry deposit. Apatite-carbonate-
fluorite assemblages, occurring as gangues and 
segregations within the lamprophyre dykes were studied 
in detail as well. In this paper we summarize all these 
results and briefly discuss ore potential of such lamproite 
magmas. 

 
2 Geological setting 
 
The Ryabinoviy massif is located in the central part of the 
Central Aldan high-potassic province in the Northern-
Western part of Elkon horst.  It is emplaced on the 
intersection of the Yakokutskiy and Yukhukhtinskiy faults, 
having an area (with apophysis) of about 50 km2. Host 
rocks are granites and gneisses of the Aldan shield and 
Vend-Cambrian sedimentary layers (Maksimov et al. 
2010). Lamproite-series rocks occur there within a small 
area of the Muskovitoviy location of the Ryabinovoye gold 
deposit. The complex includes a diatreme-like body, 
comprised of Ol-Di-Phl- and Di-Phl- lamproites and a 
sequence of dykes having composition from Ol-Di-
lamproites to minettes and syenite-porphyry. It is 
noteworthy that the dykes cross-cut diatremes and each 
other in a homodrome sequence. Emplacement of these 
dykes is controlled by NE-striking faults. 
 
3 Results 
 
3.1 Mineralogical and chemical evolution of 

studied rocks 
 
Petrographical study shows that rocks of these dykes 
form a continuous series from Ol-Di-Phl-lamproites via 
Di-Phl-lamproites and minettes to syenite-porphyries. Ol-
Di-Phl-lamproites consist of major olivine (in 
phenocrysts), diopside, phlogopite, K-feldspar (in 
groundmass); minor minerals are Cr-spinel (from Mg-
chromite to Cr-magnetite), apatite, and pseudo-leucite. 
Di-Phl lamproites contain euhedral phenocrysts of 
diopside, zoned phlogopite, rare olivine replaced by 
carbonate and talc, and groundmass K-feldspar; minor 
minerals are magnetite and apatite. Minettes consist of 
euhedral zoned biotite and groundmass subhedral K-
feldspar with minor magnetite, aegirine-augite, apatite 
and carbonate. Syenite-porphyries are similar to 
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minettes, but contain less biotite, while K-feldspar is 
generally euhedral. Minettes and syenite-porphyries also 
contain carbonate globules (see Chapter 3.2).  The 
generalized sequence of crystallization is: (Cr-
spinel+olivine+leucite) – (diopside+apatite) – 
(diopside+phlogopite (#Mg>70) +magnetite) – (aegirine-
augite+biotite (#Mg<70)) – K-feldspar – carbonate.  

The chemistry of major minerals was studied in detail 
and here we show only the essential chemical features of 
minerals: 
1. Olivine cores have an extremely high #Mg up to 95 

and high NiO content (up to 0,45 wt.%), rims’ #Mg is 
about 75-88 (Chayka et al, 2018).  

2. Cr-spinel composition varies from Mg-chromite (big 
euhedtal grains, inclusions in olivine cores) to Cr-
magnetite (groundmass grains);  

3. Mica (annite-phlogopite series) phenocrysts are 
distinctly zoned: cores (#Mg=80-85) contain higher 
amounts of F (0,7-1,2 wt.%), than rims (#Mg=55-70, 
F – 0,5-0,9 wt.%), although other incompatible 
elements (Ba, Ti) are regularly higher in rims. 

4. Apatite grains are inversely zoned in F content, as 
well as micas. Apatites from lamproites (less 
fractionated  rocks) are about 5 to 15 times enriched 
in LREE, Y, U and Th in comparison with those from 
minettes and syenite-porphyries (Fig.2a). 

Major element composition was determined using 
XRF-analysis, alongside data published by Sharygin 
(1993). The geochemistry of major elements shows 
regular trends for MgO, SiO2 and alkali content in the 
studied rocks. The studied series is subalkaline to 
alkaline, and high-potassic. A significant feature is 
dispersion of CaO content in minettes: CaO content 
varies in them from 4 to 12 wt.%, strongly deviating from 
the main CaO-MgO trend (Fig.1).  
 

 
Figure 1. Binary diagrams for bulk compositions of the studied 
lamproite-series rocks (1), intrusive rocks of Aldanskiy complex (2), 
Northern Vietnam lamproite-series rocks (3) 
 
3.2 Apatite-fluorite-carbonate mineralization 
 
During field-works and further studies four different 
spatially-divided non-silicate associations were 
distinguished: 
1. Silicate-carbonate and carbonate micro-globules in 

silicate matrix in minettes and syenite-porphyries. 
They are round and oval-shaped, 0,05 to 2 mm in 
diameter and surrounded by laths of mica (Fig.3d). 
Their composition varies from 
dolomite+calcite+phlogopite to calcite+K-feldspar. 

2. Big carbonate globules are found in some minette 
dykes. They are 1-3 cm in diameter and have a zoned 
structure (Fig.3a,c).  

3. Calcite-apatite-fluorite gangue was found in dykes of 
syenite-porphyry. It consists of major deep-purple 
fluorite, apatite and minor calcite, barite, celestine and 
various REE-minerals (bastnäsite, burbankite and 
others) (Fig.3d).  

4. Carbonate in melt inclusions in olivine phenocrysts 
from Ol-Di-Phl-lamproites. According to Raman-
spectroscopy, these inclusions contain up to 30 vol.% 
carbonate.  

Based on chemical features of the minerals, structural 
relations and also considering results of previous 
researches (Rokosova 2013), we conclude that these 
associations can be united into a single phosphate-
fluoride-carbonate mineralization, which was formed due 
to silicate-carbonate immiscibility and subsequent 
carbonate-salt separation (Chayka and Izokh 2017).  

We also studied the distribution of trace elements in 
this mineralization and compared their concentrations 
with those in silicate portion. This problem was solved in 
two ways: by comparison of trace-element composition of 
studied minerals (calcite, dolomite, fluorite and apatite) 
with bulk trace-element composition of minettes (Fig.2b) 
and by comparison of trace-element composition of 
apatites from silicate rocks with gangue apatite (Fig.2a). 
The results show that apatite-fluorite gangue is enriched 
in LREE, U, Th, Sr and Ba, while carbonate globules are 
depleted in most of trace-elements.  

 

 
Figure 2. a) trace-element composition (by LA-ICP-MS and SIMS) 
diagram for apatite grains from Ol-Di-Phl-lamproites (1), Di-Phl-
lamproites (2), minettes (3) syenite-porphiries (4) and apatite-
fluorite gangue (5); b) fields of trace-element composition, 
(normalized to bulk composition of minette)  of apatite (1) and 
fluorite (2) from apatite-fluorite gangue, dolomite (3) and calcite (4) 
from big carbonate globules. 
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Figure 3. a big carbonate globule in minette sample; b apatite-
fluorite gangue in contact with syenite-porphyry; c BSE photo of big 
carbonate globule: silicate-carbonate zone (1),  calcite-dolomite 
non-layered zone (2), calcite-dolomite layered zone (3), calcite core 
(5), fluorite segregation (6); d electron microphotograph of silicate-
carbonate micro-globule from minette 
 
4 Discussion 
 
4.1 Low-titanium lamproite melt as a parental melt 

for the Au-porphyry Ryabinovoye deposit 
 

Based on structural relations, the Aldanskiy potassic 
intrusive complex, which is responsible for Ryabinovoye 
Au-Cu-Mo- deposit, is considered to be an earlier phase 
than the studied dyke complex. But according to the 
previous researches (Shatov et al. 2012), there is no 
significant time-lapse between emplacement of these 
complexes. Moreover, there is a great similarity in their 
mineral compositions and major-element features. This 
background gives a reason to discuss a hypothesis that 
these complexes were produced from several magmatic 
pulses of similar parental melt. We considered bulk 
chemical composition and its evolution for rocks of both 
these complexes. Also we compared evolution of 
chemical compositions of micas and clinopyroxenes from 
rocks of these complexes. The comparison shows that 
rocks have the same composition ranges and 
correlations between main petrogenic oxides (Fig.1). 
Evolution of composition of clinopyroxenes and 
especially of micas are also very close (Chayka and 
Vasyukova, 2017). Trace-element compositions of 
lamproite-series rocks and Aldanskiy complex rocks are 
similar as well, although rocks of Aldanskiy complex show 
a wider range of compositions (which is quite typical for 
coarse-grained intrusive rocks due to fractionating). Thus 
we can conclude that the parental melt for Au-bearing 
Aldanskiy intrusive complex could have the composition 
of low-titanium lamproite melt. We have not appropriate 
data to state the full identity of parental melts, but it is very 
likely that they were identical at least in major-elements 

composition and very similar in trace-element 
composition. 
 
4.2 Low-titanium lamproite melt as a parental melt 

for PGE-bearing dunites of Inagli massif 
 
The Inagli massif is a circular intrusion with dunite core 
and clinopyroxenite-shonkinite rim, situated at the 
Western part of the Central Aldan potassic province. It is 
well-known as a Cr-diopside deposit and a source for 
PGE placers. High degrees of secondary (hydrothermal 
and weathering) alternation makes it difficult to determine 
parameters of parental melt for this massif.  Some 
researchers (Mues-Schumacher et al. 1995) suppose 
that the parental melt was very magnesian (MgO ~ 25%) 
and add that it may be close to lamproites of Central 
Aldan. In order to test this hypothesis we studied in detail 
the chemical composition of Cr-spinel from both 
lamproites of Ryabinoviy massif and ultramafic rocks 
from the core of Inagli massif. The study was especially 
focused on composition of Cr-spinel hosted silicate 
inclusions (Chayka and Izokh 2018). 

The results show similar compositions and evolution of 
Cr-spinel (considered Cr, Fe, Al, Mg, Ti). Accessory 
magnesian chromites from dunites (Inagli massif) and 
magnesian-chromite grains from Ol-Di-Phl-lamproites 
(Ryabinoviy massif) are most similar. 

Study of silicate inclusions in Cr-spinel from lamproites 
from Ryabinoviy massif and dunites from Inagli massif 
show that their phase compositions are very close: they 
contain diopside and phlogopite as major minerals and 
minor apatite and sulphides such as pentlandite and 
chalcopyrite. The chemical features of phlogopite, 
diopside and apatite are close as well. We considered 
Na, Ti and Ba contents in phlogopite, Na and Al  - in 
diopside, F and Sr content in apatite. These elements 
were chosen because they are relatively minor elements 
in Cr-spinel and are not significantly affected by silicate-
spinel equilibrium. On the other hand their content in 
studied minerals is sensitive to their activity in melts. 

The obtained results show that dunites from the core 
of PGE-bearing Inagli massif could represent 
metamorphosed cumulates of olivine and Cr-spinel, 
crystallized from low-titanium high-potassic, high-F 
parental melt, which is close to parental melt for lamproite 
series rocks of Ryabinoviy massif. This conclusion is also 
confirmed by previous researches (Mues-Schumacher et 
al. 1995; Okrugin 2004). 
 
4.3 Low-titanium lamproites and REE deposits 
 
In Northern Vietnam there are Cеnozoic REE-U-F-Ba- 
deposits, located in the Nam Xe area and genetically 
related with lamproite and lamprophyre rocks of Fansipan 
uplift (Hoa et al. 2016). These rocks and the studied ones 
possess very similar major-element compositions and 
evolutionary trends (Fig.1). Both these series have 
unusual high forsterite (82-92) and NiO (0,1-0,5 wt.%) 
contents in phenocrystal olivines. We can suppose that 
chemical compositions of their sources and melting 
conditions were very close to each other. 
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As mentioned before, we studied apatite-fluorite-
carbonate mineralization in dykes of the Ryabinoviy 
massif and supposed that it was a result of silicate-
carbonate and carbonate-salt immiscibility (Chayka and 
Izokh 2017). At the stage of clinopyroxene and phlogopite 
crystallization in magmatic chamber, silicate-carbonate-
salt immiscibility occurs. A hybrid carbonate-salt melt 
contains different amounts of P, F, Cl and SO4, and then 
(probably with tectonically-caused decompression) it can 
separate into carbonatite and salt fractions (Rokosova 
and Panina 2013). Our study of trace-element distribution 
between parts of apatite-fluorite-carbonate mineralization 
shows that Th, U, LREE, Sr and Ba migrate into 
immiscible carbonate-salt part and then – into salt 
fraction, forming apatite-fluorite gangues with minor 
calcite, barite, celestine and REE-mineralization. This 
model suggests a genetic mechanism of trace-element 
deposits, related to high-potassic basic rocks and fluorite 
carbonatites, such as those at Fansipan uplift (Nothern 
Vietnam). 
 
5 Conclusions 
 
Summing-up all the results, several conclusions can be 
made: firstly, the studied complex provides useful data on 
evolution of low-titanium lamproite magma and hence 
about Mesozoic lamproite magmatism all over Central 
Aldan. Concerning ore potential, obtained results indicate 
that evolution of low-titanium lamproite melts in certain 
conditions probably can lead to formation of Au, PGE and 
U-Ba-REE deposits. In addition, the similarity of Central 
Aldan and Fansipan lamproite-series rocks indicates the 
possible presence of Th-U-Ba-REE deposits, like Nam 
Xe, within the Central Aldan province. 
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Abstract. Peraluminous pegmatoids (PGDs) from the 
central Grenville Province show LREE enrichments up to 
7435 ppm hosted in monazite or allanite. These PGD are 
compared with their migmatitic metapelitic source to 
elaborate a petrogenetic model for these peculiar 
magmas. 

The leucosome has low ΣREE content (39 ppm) 
consistent with its Pl+K-Fsp-dominated assemblage. The 
higher ΣREE contents (259 ppm) and negative Eu 
anomaly of the melanosome reflects the Bt+Grt-
dominated assemblage and minor 
apatite+zircon+monazite. The strong fractionation of the 
LREE over HREE in the PGD points to HREE 
sequestration in the residual garnet. The decreasing 
ΣREE content and Eu negative anomaly from aplitic to 
pegmatitic facies are attributed to magmatic 
differentiation.  

REE contents in the various rock types imply that the 
REE behaved as incompatible elements. Low degrees 
(<10%) of partial melting of the metapelites would be 
required to reach the ΣLREE content of the PGD but this 
is incompatible with melt migration, and with residual 
peritectic garnet. In turn, fractional crystallization is 
incompatible with flattening Eu anomaly nor with stable 
K/Rb ratios and Rb contents of K-feldspar during 
magmatic evolution. These data provide contradictory 
constraints on the contributions of partial melting and 
fractional crystallization in LREE enrichment of the PGD. 
 
1 Introduction  
 
For decades, experimental data and field observations 
demonstrated that peraluminous melts are not suitable 
hosts of LREE as shown by the solubility of monazite 
(ΣREE) that is below ca. 300 ppm (e.g. Montel 1986, 
1993). However, Turlin et al. (2017) reported 
peraluminous pegmatoids (PGD) with up to 7435 ppm of 
REE hosted either in allanite or monazite. These PGDs 
were emplaced in the Allochthonous Belt of the central 
Grenville Province around ca. 1005-1000 Ma (Fig. 1, 
Turlin et al 2017, 2019) and were derived by partial 
melting of Paleoproterozoic-Archean metapelites 

belonging to the underlying Parautochthonous Belt (Fig. 
1, Turlin et al. 2019). 

This study aims to (i) compare the petrogeochemical 
characteristics of several facies of an example of a 
monazite-bearing LREE-rich PGD and of its metapelitic 
source (parautochthonous migmatites), and (ii) to discuss 
the magmatic processes that played a role in such 
important LREE accumulation in peraluminous melts. 
 
2 Geological context 
 
The Grenville Province is composed of two 
tectonometamorphic domains: the (i) Allochthonous Belt 
(terranes accreted to Laurentia during the 
Mesoproterozoic), and the (ii) Parautochthonous Belt 
(rocks of the Superior Province and its metasedimentary 
cover reworked during the Grenvillian Orogeny) (Fig. 1, 
e.g. Rivers 2008). The former recorded the Ottawan 
crustal thickening phase as early as ca. 1090 Ma with a 
HT-HP peak of metamorphism reaching granulite-facies 
at ca. 1070-1050 Ma (Rivers 2008; Lasalle et al. 2013; 
Turlin et al. 2018). It subsequently slowly cooled down to 
close to solidus conditions at ca. 1005-1000 Ma, and 
down to subsolidus condition of ca. 500°C at ca. 960 Ma 
(Turlin et al. 2018). The underlying Parautochthonous 
Belt (Fig. 1) was metamorphosed during the crustal 
thickening phase (ca. 1005-960 Ma) that reached partial 
melting conditions up to granulite-facies peak of 
metamorphism (Jannin et al. 2018; Jordan et al. 2006). 

 
3 LREE-rich PGDs from the central Grenville  
 
The LREE-rich PGDs from the Allochthonous Belt of the 
central Grenville Province show a strong peraluminous 
signature with ASI (Aluminum Saturation Index = Al/(Ca 
– 1.67 x P + Na + K); Frost et al. 2001; Shand 1943) 
between 1.18 and 1.36 (Turlin et al. 2017), which is 
uncommon for LREE-rich magmas. Among them, one 
PGD shows a ΣLREE content up to 6949 ppm hosted in 
monazite (Turlin et al. 2017). Its derivation by partial 
melting of parautochthonous metapelites has been 
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shown by trace elements and U-Pb-Hf-O isotopes of 
zircon grains (Turlin et al. 2019).  
 
4 Petrography 

 
The parautochthonous metapelites correspond to 
migmatitic paragneisses dominated by the mesosome 
and the leucosome complemented with a thin 
melanosome (Fig. 2a). The leucosome is composed of a 
Pl+K-Fsp+Qtz assemblage (Fig. 2b), the mesosome is 
composed of a Bt+Grt+Pl+K-Fsp+Qtz assemblage (Fig. 
2b), complemented with minor apatite and zircon, and the 
melanosome is composed of a Bt+Grt+Pl assemblage 
and minor zircon, apatite and monazite, the latter 
generally enclosed into garnet (Fig. 2d). Garnet is 
peritectic as shown by the lack of zonation and their 
equilibrium with K-feldspar.  

The PGD is composed of several facies that range 
from fine-grained (grain size <1 cm) to pegmatitic (grain 
size >5 cm). Both are dominated by a Qtz+K-Fsp+Pl 
assemblage that is complemented with a high proportion 
of biotite, monazite and zircon in the fine-grained facies 
(Fig. 2e). In contrast, the pegmatitic facies only shows low 
proportion of biotite (Fig. 2f) and minor monazite and 
zircon. Monazite and zircon grains of the PGD do not 
show any inheritance from the protolith of the PGDs 
(Turlin et al. 2017, 2019).  

Figure 1. Geological map of the central Grenville Province 
(Quebec) with the localisation of the investigated LREE-rich 
pegmatitic granite dyke and of its metapelitic source (modified after 
Turlin et al. 2017). Abbreviations: MIZ = Manicouagan Imbricate 
Zone; Mnz = monazite. 
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5 Genetic link between the metapelites and 
the PGD 

 
Fractionation of pegmatites from their source can be 
traced using K-feldspar chemistry (K/Rb ratios and Rb 
contents, Černý et al. 1985; Hulsboch et al. 2014). Plotted 
in a K/Rb vs Rb diagram, data should follow a negative 
exponential distribution if one is fractionated from another 
(Hulsboch et al. 2014). In this study K and Rb contents of 
K-feldspar from the leucosome of the migmatites and of 
the various facies of the PGD were measured using 
EPMA and LA-ICP-MS, respectively. 

The leucosome contains K-feldspar with Rb content of 
18 ppm (S.D. of 6 ppm) and K/Rb ratios of 8229 (S.D. of 
3868). The K-feldspars from the PGD show Rb contents 
between 28 and 60 (S.D. < 21) and K/Rb ratios between 
2180 and 5798 (S.D. < 4283). The differences in these 
values is not correlated with magmatic evolution of the 
PGD from fine-grained to pegmatitic facies. 

Plotted in a K/Rb vs Rb diagram, data obtained on K-
feldspar from the leucosome of metapelites and from the 
PGD define a single trend following a negative 
exponential distribution (Fig. 3). Moreover, data from the 
PGD show (i) a slight fractionation from the leucosome 
and (ii) no distinction between the various facies (Fig. 3). 

 
6 Whole rock geochemistry 
 
The metapelites are characterized by a leucosome with a 
low ΣREE content of 39 ppm, and by a melanosome with 
a higher ΣREE content of 259 ppm. For the leucosome 
and the melanosome, the chondrite-normalized REE 
patterns indicate (i) similar fractionation of LREE over 
HREE (LaN/YbN of 3.4), (ii) no fractionation within the 
LREE (LaN/SmN of 1.1), and (iii) a slight fractionation 
within the HREE (GdN/YbN of 2.7) (Fig. 4). The leucosome 
and the melanosome have chondrite-normalized REE 
patterns with a strongly positive (Eu/Eu* of 3.2) or 
negative (Eu/Eu* of 0.5) Eu anomaly (Fig. 4), 
respectively. These features are consistent with the 
strong proportion of feldspar within the leucosome with 
no accessory minerals, and with the presence of apatite 
and monazite within the melanosome (Fig. 2d; Bea 
1996). Similarly, the high ΣHREE content in the 
melanosome is consistent with the presence of garnet 
and zircon (Bea 1996; Hönig et al. 2014). The mesosome 
shows intermediate compositions between the 
leucosome and the melanosome consistent with the 
intermediate Bt+Grt+Pl+K-Fsp+Qtz assemblage (Fig. 2c) 
with minor apatite and zircon.  

The PGD has a granitic composition (SiO2 from 60.24 
to 73.08 wt.%) and a strong peraluminous signature 
marked by ASI ranging between 1.12 and 1.36. From the 
fine-grained to the pegmatitic facies, the chondrite- 
normalized REE pattern is associated with decreasing (i) 
ΣREE content (from 7048 to 721 ppm), (ii) negative Eu 
anomaly (Eu/Eu* from 0.1 to 0.6), (iii) fractionation of the 
LREE over the HREE (LaN/YbN from 1193 to 223), and 
(iv) within the HREE (GdN/YbN from 54 to 11) (Fig. 4). 
However, the LREE are not fractionated with this agmatic 
evolution (LaN/SmN of 6.8-7.2) (Fig. 4). These 

REE patterns are consistent with the high proportion of 
monazite hosting the LREE (Bea 1996) in the fine-
grained facies and that decreases towards the pegmatitic 
facies. 
 
7 Discussion 
 
The single trend defined in the K/Rb vs Rb diagram by the K-feldspar 
from the migmatitic metapelites and the various facies of the 
peraluminous PGD (Fig. 3) confirm their genetic link by partial 
melting discussed by Turlin et al. (2019). The peraluminous 
character of the PGD is not compatible with high proportions of 
monazite (ΣREE) which solubility in peraluminous melts is below ca. 
300 ppm (Montel 1993). 

 
 

Figure 3. K/Rb vs Rb (ppm) diagram of K-feldspar. Note the little 
fractionated character of all investigated K-feldspar compared to the 
model of Hulsbosch et al. (2014) and that K-feldspar from the 
leucosome show a slightly lower fractionation compared to those 
from the dyke. No correlation between these fractionations and a 
specific facies of the latter can be outlined. Abbrevation: PGD = 
pegmatitic granite dyke. 

 
If one considers the melanosome as the relict of the 

mesosome partial melting, the REE must be strongly 
compatible and strong REE enrichment is impossible. 
However, REE contents in the métapélites and in the 
PGD imply that the REE behaved as incompatible 
elements. The metapelites do not show strong ΣREE 
content (not higher than 259 ppm), therefore implying that 
the genesis of LREE-rich melts with contents up to 
thousands of ppm (Fig. 3) would result from a low degree 
(<10%) of partial melting. However, this is incompatible 
with (i) the lack of inherited monazite and zircon domains 
in the PGD that point to their total dissolution in the 
generated melts (Turlin et al. 2017, 2019), with (ii) the 
peritectic character of garnet that reflects the biotite 
destabilization and therefore higher degrees of partial 
melting, and with (iii) liquid migration in the crust 
(Vanderhaeghe 2009). In contrast, higher melting rates 
(>20-25%) would be consistent with the elements 
discussed above but are incompatible with the LREE 
enrichment of the PGD. Accordingly, these features point 
to the role of the fractional crystallization. 
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Figure 4. Chondrite-normalized REE patterns of the facies identified 
in the pegmatitic granite dyke and of the melanosome, mesosome 
and leucosome of its potential source. Abbreviations: 1 = 
McDonough and Sun (1995); Bt = biotite; Grt = garnet. 
 

The magmatic evolution from fine-grained to 
pegmatitic facies is associated with a decrease of the 
REE suggesting fractional crystallization (Fig. 3). 
However, the decreasing Eu negative anomaly and the 
stable K/Rb ratios and Rb contents from K-feldspar is in 
favor of a limited impact, if any, of fractional crystallization 
(Figs. 3-4).  

Accordingly, this study challenges experimental data 
on LREE behavior within peraluminous melts, but the 
respective roles of partial melting and fractional 
crystallization in their genesis from partial melting of REE-
unenriched metapelites is still challenging.  
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Uis tin belt and Sandamap-Kranzberg tin belt, Namibia 
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Abstract. The Pan African Damara Orogenic Province of 
Namibia hosts world-renowned Sn- W metallogenic belts 
such as the Cape Cross-Uis tin belt and the Sandamap – 
Kransberg tin belt (De Waal, 1985). For comparative 
purposes, this research aims to characterize the 
pegmatites based on geochemical variations at known 
deposits within the latter belts, namely; the Uis tin and the 
Sandamap Noord tin mineralization, respectively. The Uis 
tin mineralization is hosted in pegmatites, whilst the 
Sandamap Noord mineralization is hosted within 
pegmatitic quartz. Cassiterite is the main tin ore mineral 
(Petzel, 1986; Fuchsloch et al., 2018).   

Three groups of pegmatites are distinguished within 
the Cape Cross-Uis belt, specifically at Uis tin mine, 
namely; the unzoned Nb-Ta-Sn type, the garnet-
tourmaline, and the zoned lithium-bearing pegmatites. 
The classification of pegmatites within the Cape-Cross-
Uis and the Sandamap - Kranzberg tin belts will serve as 
a guide to better explore for tin and associated 
mineralization within the Pan African Damara Orogenic 
Province. In future, this research will utilize new modern 
dating and geochemical analytical techniques to establish 
the genetic link between these polymetallic tin deposits. 
 
1 Introduction 
 
Critical high technology elements (Sn and associated W, 
Nb, Ta, Li, and Be among others) are essential to 
innovative and ecofriendly technologies, hence, they are 
of high importance to the global economy. These critical 
mineral commodities are associated with a high supply 
risk in the current global market. The Sandamap-
Kranzberg tin belt and the Cape Cross-Uis tin belt of the 
Pan African Damara Orogenic Province in Namibia, host 
to the Sandamap Noord tin deposit and the world-
renowned Uis tin deposits, respectively. The tin 
mineralization is hosted in pegmatites and pegmatitic 
quartz at, Uis Tin mine and Sandamap Noord deposit, 
respectively.  Cassiterite is the main tin ore mineral at 
both deposits.  

This research ultimately aims to contribute to the 
unresolved debate about the genetic link between Sn and 
associated mineralization within the pegmatites of the 
Pan African Damara Orogenic Province by classifying the 
pegmatites within the Province based on the 
classification scheme of Černý and Ercit (2005). For 
comparative purpose, the holistic understanding of the 
geochemical variation between pegmatites from the two 
tin deposits, namely; the Uis tin mine and the Sandamap 
Noord tin deposit will serve as a guide to better explore 
for tin and associated mineralization within the Pan 
African Damara Orogenic Province.  

2 Geological setting 
 
The Neoproterozoic Pan African orogenic belt surrounds 
and dissects the stable Kalahari and Congo Cratons in 
Namibia (Miller, 2008). This belt consist of the NE 
trending intracontinental Damara branch, the Gariep 
branch in the southern part of Namibia and the NNW 
trending coastal Kaoko branch. The Damara branch and 
the Kaoko branch are subdivided into various 
tectonostratigraphic zones on the basis of metamorphic 
grade, igneous activity, stratigraphy and structure (Miller, 
2008). Within the Kaoko branch, these zones are, 
namely; the Eastern Kaoko Zone (EKZ), the Central 
Kaoko Zone (CKZ), the Western Kaoko Zone (WKZ) and 
the Southern Kaoko Zone (SKZ) (Miller, 2008; Petzel, 
1986).  

The zones of the inland Damara branch, consists of; 
the Southern Zone, Central Zone and Northern Zone. The 
Cape Cross-Uis pegmatite belt (Uis Tin Mine) is situated 
in the Northern Zone (Richards, 1986; Fuchsloch, 2018). 
On the other hand, the Central Zone of the Damara 
branch is host to the Sandamap – Kransberg tin belt, in 
which the Sandamap Noord Tin Deposit occurs, among 
others is situated (Keller, 1999).  
Geological field investigations and whole rock 
geochemical analysis (Fuchsloch et al., 2018) indicated 
that the Sn mineralization within the Cape Cross- Uis 
pegmatite belt was emplaced during the relaxation of the 
Pan-African event. Moreover, Zhang (2017) conducted in 
situ U-Pb direct dating of cassiterite ore mineral to the Uis 
tin and the Goantagab tin deposits within the Damara 
Orogen. The resultant age indicated that the Pan-African 
tin mineralization event occurred during the period 501-
524Ma and could be related to post-tectonic systems 
(Zhang, 2017). On the other hand, Steven (1993) 
conducted Rb-Sr whole-rock geochronological age 
dating for leucogranites (512"19 Ma) and pegmatites 
(473"23 Ma and 468"14 Ma) of Sandamap Noord. 
 
3 Methodology 
 
Pegmatite, country rock and granite samples were 
collected in October 2018 from the Sandamap Noord 
vicinity. A total of 19 pegmatite samples were selected for 
whole-rock geochemistry. Whole-rock geochemistry 
pegmatite samples were crushed using a carbon-steel 
jaw crusher and milled by using an agate disc mill at the 
Geological Survey of Namibia. Major and trace elements 
data were obtained using a WD-XRF at Aachen 
University. We are awaiting analytical results. These 
results will be compared against work done by Fuchsloch 
et al., 2018. 
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4 Results and Discussion 
 
According to Fuchsloch et al., 2018, three generations of 
pegmatites are distinguished in the Northern Zone based 
on mineralogy, geochemistry and ore mineralogy. The 
generations of pegmatites are as follows; (1) un-zoned 
Nb-Ta-Sn type, the (2) garnet-tourmaline zoned 
pegmatites hosted in granites with higher REE, U, Th and 
Y contents, and (3) highly fractionated zoned lithium-
bearing pegmatites with common Sn concentration of 10 
000 ppm, Ta of 185 ppm and Nb of 206 ppm (Fuchsloch 
et al., 2018). On the other hand, the Central Zone of the 
Damara branch is host to the Sandamap – Kransberg tin 
belt, in which the Sandamap Noord Tin Deposit is 
situated (Keller, 1999). The Sandamap Noord deposit is 
linked with the white prominent blow of pegmatitic quartz 
hill. The hill consist of leucocratic pegmatites which 
intruded the schist of the Pan African System. Based on 
field investigation distinctive pegmatites were observed, 
such as; garnet pegmatites, tourmaline pegmatites, and 
a third type of pegmatite with no tourmaline nor garnet.  
There is very little published work on these pegmatites 
and almost nothing in the last 20 years, no modern age 
dating and very little if any mineral chemistry, except for 
tourmaline (Keller et al. 1999). 
 
5 Conclusion 
 
Fuchsloch et al., 2018, used the Classification Scheme 
by Černý and Ercit (2005), and identified different 
pegmatites within the Cape Cross-Uis pegmatite belt, 
including pegmatites from the Uis tin mine that they have 
high values of REE, U, Th, Y, with significant Li, Cs, Nb, 
and Ta values. On the otherhand, without whole-rock 
geochemistry data for the Sandamap Noord pegmatite 
data, only field investigation data is used to describe the 
pegmatites. In future, the first whole-rock geochemical 
study of the pegmatites will be used to classify the 
different pegmatites present at Sandamap Noord deposit.  
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Abstract. The metalogenesis and petrogenesis of the 
Lagoa Real Uranium Province has been discussed since 
its discovery in the 1970’s. Its magmatic association has 
been suggested to be the São Timóteo granite. 
Here, we present new geochronological data that indicate 
different ages for the São Timóteo magmatic association, 
2048 and 1742 Ma to charnockite, 1774 Ma to Lagoa do 
Barro granite, 1753Ma to Juazerinho granite, 1739Ma to 
São Timóteo granite, and 1742 Ma to Albite-gneiss.  
 
1 Introduction 
 
The Lagoa Real Uranium Province (LRUP) is located in 
the Paramirim Aulacogen, São Francisco Craton  in the 
northern Aracuaí Belt (Almeida 1977; Pedrosa-Soares et 
al. 2001). Currently, the LRUP comprises the largest 
uranium reserves of Brazil, and, extending over 35 km 
with 5 km in width  

The LRUP has been studied since the 1970’s. Its 
country rocks make up a Paleoproterozoic igneous 
association of  granite – i.e., the São Timóteo granite –, 
orthogneiss and U-mineralized albitite and barren albitite 
(Costa et al. 1985) (Figure 1).  

The granitic rocks are generically referred to as the 
São Timóteo granite. They are meta-igneous rocks that 
grade from undeformed granite to gneissic varieties (Cruz 
2004). The contacts with the gneissic domains are either 
transitional or abrupt. The São Timóteo granite occurs as  
elongated bodies, from 4 to 10 km in length, and  as dikes 
cutting the migmatitic basement (Costa et al. 1985; 
Maruejol 1989; Cruz 2004). 

According to Maruejol (1989) and Amorim (2016), the 
São Timóteo granitic rocks  form  a batholitic body and 
display a compositional range from quartz-diorite to 
hornblende-granite, pyroxene-granite and charnockite, 
with clino- and orthopyroxene. Cruz (2004) distinguished 

the LRUP granitic rocks between two distinct facies, São 
Timóteo and Jurema, due compositional and 
petrographical differences. The São Timóteo facies has 
porphyritic and cumulate fabrics, including phaneritic and 
pegmatoidal varieties. Its composition is predominantly 
syenogranitic in the porphyritic domains, whereas it is 
alkali-feldspar syenitic in the cumulate domains. The 
Jurema facies has porphyritic and phaneric varieties. In 
the former, syenogranite predominates. In general, the 
Jurema facies looks similar to the São Timóteo facies, 
being distinguished from the latter by its biotite and 
amphibole contents, which make up 18% of the rock. 

Several geochronological works were developed in the 
LRUP using different methods. Uranium/Pb zircon ages 
indicated crystallization at 1724 ± 5 Ma (Turpin et al. 
1988). Cordani et al. (1992) provided Pb/Pb zircon ages 
that are indistinguishable within error (1710 ± 10Ma). 
Pimentel et al. (1994) analyzed titanite crystals from U-
mineralized albitite using U/Pb (ID-TIMS), for which ages 
of 960 Ma and 500 Ma were obtained and interpreted to 
represent metamorphic overprint. 

Bettencourt et al. (2014) obtained an U/Pb (SHRIMP) 
zircon age of 1746 ± 7 Ma for the São Timóteo granite. 
Similar ages (1746 ± 5 Ma) were also reported in Lobato 
et al. (2015), who performed U/Pb analysis of zircon 
grains from the  São Timóteo granite. These ages have 
been interpreted as the emplacement of the main-phase 
granitic magmatism of São Timóteo. 

Recently, Amorim (2016) has identified five types of 
granitc rocks with respect to petrographical and 
geochemical characteristics: (i) charnockite, (ii) the 
Lagoa do Barro granite, (iii)the Juazeirinho granite, (iv) 
the São Timóteo granite and (v) albite-gneiss.. Here, we 
present zircon ages that have been obtained for all five 
types of granitic rocks that comprise the São Timóteo 
magmatic association of the LRUP.  
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Figure 1. Geological Map of the Lagoa Real Uranium Province (Modified from Costa et al. 1985).   
 
2 Methods 
 
Zircon grains were recovered from samples of the five 
rock types of the São Timóteo association. Heavy-
mineral concentration was performed at the the 
Geochronology and Geochemistry Laboratory (LOPAG), 
Universidade Federal de Ouro Preto (UFOP), Brazil. 
Zircon grains were mounted in resin and polished for 
backscattered-electron imaging, cathode luminescence 
and U/Pb-isotope work at the Multi-Laboratory of 
Chemical and Isotopic Analysis (MultiLab), of the 
Universidade Estadual do Rio de Janeiro (UERJ),  The 
U/Pb isotope work was performed by means of laser 
ablation–inductively coupled plasma–mass spectroscopy 
(LA-ICP-MS), which combined  a 192-nm Analyte G2 
laser and a Finningan NEPTUNE multicolletor 
spectrometer. 

 

3 Results 
 
3.1 Charnockite 
 
Charnockite crops out to the west and southwest of São 
Timóteo, and to the west of Lagoa Real (Figure 1). This 
rock has two zircon populations, with growth zones that 
are characteristic of igneous zircon. One population has 
contents of: (i) Pb = 28 - 136 ppm; Th = 38 - 199 ppm; 
and U = 57 -325 ppm. Its 206Pb/238U-207Pb/235U age is 2048 
± 6 Ma (MSWD = 0.5). The other population shows: Pb = 
28 - 170 ppm; Th = 33 - 338 ppm; and U = 75 - 455 ppm. 
Its 206Pb/238U-207Pb/235U age is 1742 ±9 Ma (MSWD = 
0.66) (Figures 2A, B). 
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Figure 2. Discordia diagrams of charnockite and granitic rocks Lagoa do Barro, Juazerinho and São Timóteo, and albite-gneiss.  

 
3.2 Lagoa do Barro granite 
 
Fine-grained granite, similar to those described by Costa 
et al. (1985), was sampled in the surroundings of Lagoa 
do Barro and Pindombeira farm, in the western section of 
the LRUP (Figure 1). Locally, it occurs as decimetric 
enclaves in augen gneiss. Zircon grains from the granite 
have Pb contents between 9 and 176 ppm, Th from 18 to 
554 ppm, and U between 25 and 495 ppm. Their 
206Pb/238U-207Pb/235U age is 1774 ± 7 Ma (MSWD = 1.04) 
(Figure 2C). 

 
3.3 Juazerinho granite 
 
The Juazerinho granite is predominantly found near to 
the Juazerinho farm and to the east of São Timóteo 
(Figure 1). Its zircon grains have Pb contents between 32 
and 177 ppm, Th from 60 to 527 ppm, and U from 79 to 
467 ppm. Their 206Pb/238U-207Pb/235U age is 1753 ± 5 Ma 
(MSWD = 0.08) (Figure 2D). 

 
3.4 São Timóteo granite  
 
The least weathered outcrops of the São Timóteo granite 
were found in the southeast sector of the LRUP, near 
Monsenhor Bastos, and in the surroundings of the 
Juazeirinho farm, 4 km west of São Timóteo (Figure 1). 
In the latter, outcrops of three granite varieties – i.e., 
porphyritic, fine-grained and pegmatoid – occur in contact 
with the basement. 

Classified as alkali-feldspar granite and quartz-
feldspar granite, the São Timóteo granite has zircon 
grains containing Pb content between 15 and 51 ppm, Th 
from 28 to 254 ppm, and U from 40 to 312 ppm. Their age 
206Pb/238U–207Pb/235U age is 1739 ± 5 Ma (MSWD = 0.25) 
(Figure 2E). 

 

 
3.5 Albite-gneiss 
 
Albite-gneiss, erroneously classified as São Timóteo-
associated leucodiorite in previous studies, was mainly 
found in the northeastern border (Maria da Virgem) and 
in the easternmost part (Morro da Contagem) of the 
LRUP (Figure 1). This lithology is composed of more than 
60% albite without U mineralization, with variable 
proportions of mafic minerals. The rock has a gneissic 
coarse-grained fabric, and occurs in spatial association 
with orthogneissic rocks. The albite-gneiss shows albite 
with chessboard- type twinning, which is indicative of 
albitization of preexisting feldspar.  

Zircon grains from the albite-gneiss has Pb contents 
between 10 and 209 ppm, Th from 17 to 513 ppm, and U 
from 30 to 530 ppm. Their 206Pb/238U–207Pb/235U age is 
1742 ± 4 Ma; (MSWD = 0.66) (Figure 2F).  
 
4 Discussion 
 
Our geochronological data indicate that the   albite gneiss 
is temporally linked to the São Timóteo granite (1.74 Ga). 
Two explanations can thus be advanced. One is that the 
albite gneiss and the São Timóteo granite formed at the 
same time. The other is that the tectonic overprint and Na 
metasomatism, which are required for the petrogenesis 
of albite gneiss, post-dated the 1.74-Ga São Timóteo 
granite – i.e., the zircon age for the albite gneiss is 
inherited from a granitic protolith. On the other hand, the 
zircon age for the charnockite suggests that the rock 
formed at 2.05 Ga, having been assimilated by the ascent 
of the São Timóteo granite – i.e., charnockite-zircon 
population that crystallized at 1.74 Ga.  

Our data further indicate  two events of granitic 
magmatism: at 1774 Ma, which is a manifestation of the 
Algodão rift (Danderfer Filho et al. 2015), corresponding 
to the Lagoa do Barro granite; and at 1745 Ma, which can 
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be related to the  Sapiranga rift (Danderfer Filho et al. 
2015), being represented by the São Timóteo granite. An 
intermediate event seems to be the 1753-Ma Juazeirinho 
granite, which is at least 3 Ma older than the São Timóteo 
granite. A fourth event can potentially be recognized at 
1724 Ma, an age determined by Turpin et al. (1988) and 
Cordani et al. (1992)  for another granitic intrusion. 

 
5 Conclusions 

 
The granitic rocks of Lagoa Real comprise enclaves of 
charnockite that crystallized at 2.05 Ga. The enclave-
forming assimilation took place at 1.74 Ga, which is the 
crystallization age of the São Timóteo granite. Three 
events of granitic magmatism have been distinguished: 
the 1774-Ma Lagoa do Barro granite; the 1753-Ma 
Juazerinho granite; and the 1745-Ma São Timóteo 
granite. The U-barren albite-gneiss, which is similar to the 
U-mineralized albitite, has zircon grains that crystallized 
at 1741 Ma. The rock is either genetically related to the 
coeval São Timóteo granite or formed after it as a result 
of tectonic overprint and Na metasomatism. 
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Abstract. Despite of being a fundamental part of volcanic 
massive sulphide (VMS) systems, both for their 
importance in the comprehension of their genesis and 
their economic interest, stockworks have been often 
overlooked. The Iberian Pyrite Belt is an ideal place for 
their study as it entails a variety of VMS styles and their 
correspondent stockworks: shale hosted (Tharsis); 
igneous rocks hosted (Aguas Teñidas) and transitional 
(Río Tinto). The different styles share some common 
characteristics such as an irregular to stratabound 
morphology and a distinctive ore mineralogy, different to 
that of the overlying massive sulfides. The shale hosted 
stockworks show as well a unique chlorite-rich zone and 
an irregular enrichment in As-Co-Te-Bi-Au-bearing 
minerals more diverse than in the volcanic-hosted 
systems. Stockworks developed on volcanic rocks on the 
other hand, present in general an internal Cu enriched 
chloritic zone surrounded by a Zn enriched sericitic one 
with high contents in Ba and Na. Transitional ones show 
both types. 
 
1 Introduction 
 
The Iberian Pyrite Belt (IPB) hosts one of the largest 
concentrations of sulphides in the world. They are 
distributed in about 90 volcanogenic massive sulphide 
deposits (VMS) that entail over 1600 Mt of massive 
sulphides originally in place, and about 2500 Mt of 
stockwork ore (Tornos 2006 and references therein). 
Individual massive sulphide bodies can be up to 170 Mt 
(La Zarza), and in some cases smaller separate and 
nearby bodies could correspond to one larger original 
deposit dismembered by intense orogenic deformation 
(Río Tinto, Solomon et al., 1980; Tharsis, Tornos et al. 
1998). However, in other cases small adjacent bodies 
seem to have been formed in independent sub-basins 
(Neves Corvo; Relvas 2000). 

The stockwork is a fundamental, but often 
disregarded, part of volcanic massive sulphide systems. 
They are the fossil expression of the paleo-subsurface 
ascending path of the ore fluids that ultimately deposited 
the massive sulphides by mixing with cold and alkaline 
seawater (Nehlig et al. 1997 and references therein). 

Traditionally, in the Iberian Pyrite Belt the massive 
sulphide deposits were classified as proximal when 
rooted on a stockwork and hosted by volcanic rocks, or 
distal and slumped away from their original position when 
not rooted and hosted by mudstones. Nowadays, 
advances in the structural knowledge have shown that 
most of the shale-hosted massive sulphides are also 
underlain by a stockwork and that the massive sulphides 
that are unrooted show a major fault in the footwall 

(Tornos 2006). 
 

2 Geological setting 
 

The South Portuguese Zone, the tectonic domain 
hosting the IPB, has being interpreted as an exotic 
terrane accreted to the Iberian Autochthonous during the 
Variscan orogeny. The collision, with an oblique sinistral 
component, lead to the formation of pull apart basins 
where the IPB volcanic and sedimentary rocks would 
have been deposited (Tornos 2006).  

Traditionally, the stratigraphy of the IPB has been 
divided into three distinctive groups (Schermerhorn 1971) 
which are, from footwall to hanging wall: 1) PQ group 
(Frasnian (?) to Late Famennian); 2) VS (Volcanic 
Sedimentary) Complex, Late Fammenian to early Late 
Visean); and, 3) Culm Group or Baixo Alentejo Flysch 
Group (Late Visean to Middle-Upper Pennsylvanian) 
(Oliveira 1990; Oliveira et al. 2004).  

The ore bodies are hosted by the VS Complex and 
show two distinct styles of mineralization (Tornos 2006). 

Shale-hosted deposits occur mostly in the southern 
IPB. They have been interpreted as formed in sub-oxic to 
anoxic third order basins where upwelling, deep and 
sulphur-depleted fluids mixed with modified seawater, 
rich in biogenically reduced sulphur, lead to the 
precipitation of the massive sulphides dominantly on the 
seafloor. The stockwork-related hydrothermal alteration 
includes a single zone of chloritic alteration (Tornos et al. 
1998). 

VMS deposits hosted by felsic volcanic rock dominate 
in the northern IPB and where mudstones are minor. 
They have been interpreted as formed by the stratabound 
replacement of porous or reactive massive and 
volcaniclastic (vitriclast- or pumice-rich) volcanic rocks. 
Hydrothermal alteration in this deposits consists of an 
internal chlorite (ripidolite) – quartz – sulphides (-
carbonates) zone surrounded by a peripheral stockwork 
zone with sericite-quartz-sulphides (-carbonates), with 
the white micas being characterized by high Ba-Na 
contents (Relvas et al. 1990; Costa 1996). In Rio Tinto 
area, which is geographically and lithologically 
transitional, both types of mineralization occur. 

 
3 Description of the representative deposits 

 
3.1 Aguas Teñidas 
 
The Aguas Teñidas deposit is a classical deposit of the 
northern part of the IPB, with the massive sulphides being 
hosted by a rhyodacite showing a well-developed 
stockwork zone. It consists of a polymetallic (Cu-Zn-Pb) 
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massive sulphide body formed by host rock replacement 
in the permeable and reactive uppermost autobrecciated 
and partially devitrified in situ hyaloclastite of a 
subaqueous dome complex (Bobrowicz 1995; Conde 
2016). This deposit grades to minor semi-massive and 
more abundant disseminated sulphides towards its 
footwall. 

The VS Complex in the area includes 6 
tectonostratigraphic units separated by tectonic contacts 
(shear zones), which are, from bottom to top: Footwall 
Felsic Unit, Volcano-sedimentary Unit, Hanging wall 
Felsic Unit, Sedimentary Unit, Upper Felsic Unit and 
Andesite Unit (Conde 2016).  

The massive sulphide deposits, including Aguas 
Teñidas, are hosted in the Footwall Felsic Unit and Upper 
Felsic Unit. They are interpreted by Conde (2016) as a 
single felsic volcanic unit dismembered by tectonics. This 
unit was originally composed by dome and crypto-dome 
complexes of feldspar-quartz-phyric lava of rhyodacitic 
composition, with sills and dykes of similar composition, 
and coeval and cogenetic mass flow deposits rich in 
pumice and glass. 

At the deposit scale, the Aguas Teñidas massive 
sulphide body has a mineral zonation similar to that in 
other VMS deposits, with a Cu-rich core at the base and 
Zn-Pb-rich ore towards the top and edges. However, a 
significant enrichment in Pb, Zn and Au by the footwall 
contact distinguishes this deposit from the classical VMS 
model (Bobrowicz 1995; McKee 2003). According to 
Hidalgo et al. (2000) the massive sulphide includes pyrite, 
sphalerite, chalcopyrite and galena in decreasing order of 
abundance. These phases represent over 95% of the 
sulphide mineralogy, with pyrite generally constituting 
between 50 and 80% of the ore. Tetrahedrite - tennantite, 
arsenopyrite, stannite, bournonite, native bismuth and 
trace amounts of fine-grained magnetite are also present. 
The metallic assemblage is accompanied by quartz, 
carbonates, white mica and chlorite. 

Based on mineralogical composition, the ore has been 
divided into three broad types (Hidalgo et al. 2000): 

1) Polymetallic banded Zn-Pb rich ore, which is found 
close to the hanging wall contact and the northern margin 
of the deposit. It is characterized by a fine grained 
compositional banding of sphalerite/galena, likely of 
tectonic origin, which bounds large lenses of massive and 
barren pyrite. Chalcopyrite commonly occurs in fractures.  

2) Massive cupriferous ore, formed by structureless 
pyrite with fine-grained chalcopyrite occurring as 
replacements and fracture infills. Commonly occurs close 
to the footwall contact. 

3) Copper-rich stockwork, formed by veinlets of pyrite 
and chalcopyrite within a groundmass of chlorite, quartz 
and white mica. 
 
Alteration and stockwork 

The stockwork area forms an asymmetric, concentric and 
funnel shaped east-west trending (in cross section) zone 
along the entire northern margin of the deposit and 
extends up to 70 m below the massive sulphide 
(Bobrowicz 1995; Hidalgo et al. 2000; McKee 2003). 

Laterally it passes from quartz, to chlorite, white mica–
chlorite, and white mica–quartz zones (Bobrowicz, 1995; 
Hidalgo et al., 2000; McKee et al., 2001; Tornos, 2006), 
with the ore being hosted by the two most internal ones. 

Siliceous stockwork seems to be more abundant 
towards the western part of the deposit, whereas chloritic 
alteration predominates in the eastern part (McKee 
2003). This is considered to indicate a non-uniform flow 
of hydrothermal fluids along the feeder system (McKee 
2003). The described alteration pattern involves Fe + Mg 
enrichment and Ca + Na + Si ± K depletion within the 
inner chlorite zone, and Si + Na enrichment and 
Ca + Mg + Fe ± K depletion in the sericitic envelope 
(Bobrowicz 1995).  

Rocks hosting the Aguas Teñidas Este deposit 
underwent three stages of alteration: 1) alteration by 
interaction with seawater during and soon after 
emplacement in submarine conditions, which 
transformed basalts into spilites and felsic rocks into 
keratophyres and quartz-keratophyres (McKee 2003); 2) 
intense hydrothermal alteration related to the mineralizing 
event; 3) metamorphic recrystallization in the prehnite-
pumpellyite facies (Bobrowicz 1995; Sánchez-España et 
al. 2000; McKee 2003); and, 4) widespread oxidation 
related to thrust tectonics. 

 
3.2 Tharsis 
 
The Tharsis area, located in the southernmost IPB, is an 
exhalative shale-hosted deposit. The associated 
stockwork is currently overthrusted above the massive 
sulphides (Strauss & Beck, 1990; Tornos 2006).   
 
Alteration and stockwork 

In this deposit, the hydrothermal alteration consists of a 
pervasive and monotonous chloritization and pyritization 
of the underlying shale, which is associated with the 
formation of mm- to cm-wide sulphide-rich veins. The 
stockwork is hosted by the lowermost shale belonging to 
the VS Complex and extends to unknown depths into the 
underlying PQ Group (Strauss and Beck 1990).  

The ore system is tectonically dismembered but in 
general terms, it seems like the alteration and the amount 
and size of veins increase upwards, towards the massive 
sulphides, whilst laterally and downwards the stockwork 
seems to grade into unaltered shales (Tornos et al. 
1998). 

The metallic assemblage of the stockwork, more 
diverse than in the felsic-hosted systems, occurs within 
the veins and occasionally replaces the chloritized 
shales. It is formed by pyrite intergrown with abundant 
Co-As-Fe-S minerals and gold as minute inclusions 
(<10µm) (Strauss and Beck 1990; Tornos 2006). The 
sulphides show complex relationships of replacement, 
recrystallization and cementation and include, along with 
pyrite, variable amounts of chalcopyrite and also 
arsenopyrite, cobaltite, alloclasite, pyrrhotite, glaucodot, 
bismuthinite, Bi-tellurides and Bi-Pb-Cu-(Sb) sulfosalts 
(Tornos 2006). Gold occurs intergrown with these 
minerals as coarse grains (100-400 µm).  
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3.3 Rio Tinto 
 
Rio Tinto consists of three mineralized zones (San 
Dionisio, San Antonio and Cerro Colorado units) now 
disconnected, but originally forming a single body of 
about 500 Mt of sulphides. The orebodies are 
autochthonous and underlain by three main stockwork 
zones (Nehlig et al. 1997). 

Rio Tinto deposit shows characteristics from both 
northern and southern sectors, including exhalative 
deposits in the shale (Filón Sur) and replacive in the felsic 
volcanic rocks (Filón Norte zone) (Madeisky and Stanley 
1993; Tornos 2008). The shale-hosted mineralization is 
located above a felsic dome and is likely infilling a small 
basin that could be related with a volcanic explosion. The 
volcanic-hosted mineralization occurs as large 
stratabound bodies within the felsic domes and likely 
replacing zones enriched in glass; this late mineralization 
is crosscut by the stockwork.  

The structural frame in Rio Tinto is complex, with the 
major lithological contacts bounded by thrusts. As a 
whole, the sequence is similar to that deduced for the 
northern sector with a footwall basaltic unit involving 
submarine lava flows and volcaniclastic levels alternating 
with dark shales over the PQ group in concordant 
contact. Overlying these materials is the felsic unit with a 
very variable composition form place to place. In general, 
it consists on an acid complex with domes, sills and 
pumice mass flows covered by shales and capped by the 
Transition Series. This uppermost unit hosts the massive 
sulphides within shales on the Filón Sur orebodies and 
laterally grades into volcaniclastic sandstones containing 
fragments of the underlying volcanic rocks indicating that 
the sills predated the formation of the massive sulphides 
(Tornos 2006). 

The massive sulphides appear in two distinctive types 
in Rio Tinto:  

1) massive pyrite with only some local primary banding 
hosted by sedimentary breccia lenses interbedded with 
the shale within the Transition Series. This type of 
mineralization overlies the rocks with hydrothermal 
alteration and is equivalent to the shale-hosted deposits 
(Massive sulphides in Filón Sur, San Dionisio, Planes and 
San Antonio orebodies) (Williams et al. 1975; García 
Palomero 1980).; 

2) massive and semi-massive sulphide lenses hosted 
by coherent dacite of the Felsic Unit in the northern part 
of the district (Filón N; Salomón, Lago, Dehesa). Within 
this second type two stages of mineralization have been 
recognized: 1) an early one with sulphides precipitating in 
open spaces or as replacements in the margins of 
quartz–sericite/chlorite veins synchronous with the 
pervasive alteration of the host rocks and 2) a second 
stage of semi-massive to massive mineralization 
replacing the altered rocks (Tornos 2006). 
 
Alteration and stockwork 

The stockwork underlying the massive sulphide lenses 
has been followed down to 400 m depth with a downward 

gradual diminution of the thickness and frequency of the 
veins (Williams et al. 1975). It hosts more than 2000 Mt 
of altered volcanic rocks with irregular copper grades. 

In this stockwork two types of veins dominate (Nehlig 
et al. 1997): 1) small narrow micro-cracks and capillary 
flow channels (now mainly filled with quartz and mostly 
arranged sub-parallel to the base of the massive sulphide 
deposit); and 2) large and continuous veins filled with 
sulphides and quartz which can be strongly oblique to the 
base of the deposit. The quartz in this second type is 
mainly located along the margins, with the sulphides 
having a strong tendency to occupy vein centers. The 
pyrite-dominated veins have been found to postdate the 
quartz dominated veins, and the fact that most 
hydrothermal quartz-sulphide stockwork veins were sub-
parallel to the base of the massive sulphide deposit is 
being explained as due to periodic over-pressures of at 
least 20 MPa. Such overpressure would have been 
produced by a sub- or super-critical phase separation 
within the root zones of the hydrothermal system that 
generates large volume increases of the hydrothermal 
fluids (Nehlig et al. 1997).  

The hydrothermal alteration is irregular and controlled 
by the host lithology and the synsedimentary faults. On 
shale, breccia and basalt the alteration consists solely of 
a chlorite-rich zone. On dacitic rocks, it shows a zoned 
alteration with a pervasive sericitization that is crosscut 
by a later and more internal chlorite-rich alteration. Silica–
chlorite-rich alteration zone is found adjacent to the faults 
(Tornos 2006). The sericitic zone is characterized by a 
sericitation of plagioclase fenocrystals and feldspar 
matrix crystals, and the presence of quartz, pyrite, and 
minor quantities of albite, chlorite, sphalerite, galena and 
carbonates (Toscano et al. 2002). This alteration entails 
an increase of K2O and Ba contents and a minor one for 
AlO3, TiO2, S, Cu, Sr and F associated to a decrease of 
CaO, MgO, MnO. The chloritic zone, on the other hand, 
is characterized by a matrix of chlorite, quartz and 
abundance of sulphides, encompassing small 
granoblastic domains of quartz from the recrystallization 
of the igneous quartz fenocrystals, and minor quantities 
of sericite, epidote, rutile and chalcopyrite. The chloritic 
alteration increases the contents of TiO2, Fe2O3, MgO, 
MnO and AlO3 while depletes SiO2, K2O, CaO, Na2O y 
Ba.  

The distribution of the elements, and therefore the 
extension of the alteration zones, has been interpreted as 
dependent on the fluid/rock ratio and the temperature of 
the fluids. In the centre of the system the mineralogy 
would be more ferromagnesian and sulphur rich as a 
consequence of the higher fluid/rock ratio and 
temperature, whilst in the external halo the fluid/rock ratio 
and temperature fall would cause the elements which 
behave as mobile in the internal zone to be incorporated 
into the neoformed phyllosilicates (e.g. Ba rich sericites) 
(Toscano et al. 2002). 
 
4 Discussion  
 
Despite subsequent Variscan thrusting, most of the 
massive sulphide deposits in the IPB are emplaced 
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above a large stockwork made up of sulphide-bearing, 
anastomosing veinlets that represent the channel-ways 
through which the hydrothermal solutions ascended to 
the seafloor or the stratigraphic level where replacive 
deposits formed. Both massive sulphides and stockworks 
are shrouded by an intense hydrothermal alteration 
affecting the underlying rocks, the sulphides themselves, 
and the hosting felsic volcanic rocks and shales (Nehlig 
et al. 1997; Leistel et al. 1998). 

There are varied stockwork morphologies, but both the 
shale hosted (e.g. Tharsis; Tornos et al. 1998) and the 
igneous hosted stockworks (e.g. Rio Tinto; Solomon et al. 
1980), have been found to have an irregular to 
stratabound morphology. They display also characteristic 
ore mineralogy different to that of the overlying massive 
sulphides (Tornos 2006). The shale-hosted stockworks 
have a single hydrothermally altered chlorite-rich zone, 
and show an irregular enrichment in As-Co-Te-Bi-Au-
bearing minerals that are usually found in the transition 
zone between the stockwork and the massive sulphides 
(Tornos 2006). In Tharsis, however, that mineral 
association can be traced downwards along the whole 
stockwork (Tornos et al. 1998).  

Stockworks on volcanic rocks display an irregular 
division of the alteration zones, but in general present an 
internal zone rich in chlorite surrounded by a sericitic one 
with high contents in Ba and Na (Relvas et al. 1990; 
Costa 1996). However, there can also be stockworks 
developed on sericitizied rocks with only minor chloritic 
alteration as in Rio Tinto (Tornos 2008). In general, there 
seems to be Zn enrichment in the sericitic stockwork, 
whilst the chloritic one is enriched in Cu (Río Tinto, 
Solomon et al. 1980). In addition, an intense siliceous 
alteration is described in Aguas Teñidas Este (Bobrowicz 
1995), and carbonate alteration is typical of many 
deposits such as the three being consider in this work: 
Río Tinto (Williams et al. 1975), Aguas Teñidas Este 
(Bobrowicz 1995) and Tharsis (Tornos et al. 1998). This 
last alteration type can occur marginally to the 
mineralization, in the interface between massive 
sulphides and stockwork (e.g. Rio Tinto; Solomon et al. 
1980), in independent veinlets of the stockwork or 
disperse in the system (e.g. Tharsis; Tornos et al., 1998).  
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Abstract. The Åkulla Au-Te deposit is a mineralogically 
distinct and newly recognized ore deposit style in the 
Skellefte District, Northern Sweden. The deposit is 
characterized by a quartz-rich alteration assemblage with 
abundant andalusite and topaz.  Preliminary 
geochemical interpretation of this assemblage suggests 
that it formed under highly acidic conditions consistent 
with those of advanced argillic alteration. The rocks were 
subsequently metamorphosed to upper greenschist 
facies. Detailed textural analysis of core from centrally-
located diamond drill hole AKULL869 allow the topaz-rich 
breccias to be subdivided into seven main breccia facies 
and suggests that topaz is a primary hydrothermal 
mineral, whereas andalusite grew during regional 
metamorphism. Consequently, this raises the important 
question as to the relationship between the conditions 
and setting of alteration and mineralisation at Åkulla Au-
Te deposit and the more classic VMS mineralisation in 
the Skellefte district and elsewhere.  
 
1 Introduction 
 
The Paleoproterozoic (1.9 -1.8 Ga) Skellefte District is 
one of Sweden’s premier mining districts hosting around 
85 volcanogenic massive sulfide (VMS) deposits (Fig. 1), 
5 of which are currently being mined, as well as orogenic 
gold and porphyry copper mineralisation (Allen et al. 
1996; Weihed and Allen 2004). The VMS deposits are 
sulphide rich bodies that formed by hydrothermal activity 
at and below the seafloor. They are mined for base 
metals and precious metals (Zn, Pb Cu, Ag and Au): 
some are significantly enriched in Au either as a bi-
product, or as the main commodity, such as the Boliden 
deposit and the Åkulla Au-Te deposits.   

Here we describe the texture and mineralogy of felsic 
volcanic and volcaniclastic rocks at the Åkulla Au-Te 
deposit in the Skellefte District Sweden. Textural analysis 
of drill core has identified seven different breccia facies in 
the central mineralized zone.  These brecias are in part 
preserved due to the resilience of the primary topaz-
quartz hydrothermal alteration. The deposit allows new 
insight into the volcano-hydrothermal conditions of 
mineralization and alteration in the Skellefte District. 

 
Figure 1.  Simplified Skellefte District geological map, modified after 
Allen et al. 1996. Åkulla Au-Te deposit is located in the Kankberg 
area, visualized by the black box. 

 
2 Geological setting 
 
The Skellefte District is interpreted to be the remnant of a 
ca 1.9 Ga volcanic arc that was accreted to an Archean 
continental margin located to the north (Weihed et al. 
2005). The Skellefte District comprises metavolcanic, 
metasedimentary and meta-intrusive rocks that were 
deformed and metamorphosed, locally to amphibolite 
facies, during the Svecokarelian orogeny 1.90-1.80 Ga 
(Lundström et al. 1997; Mellqvist et al. 1999; Weihed et 
al. 2002; Kathol & Weihed 2005; Fig. 1). The district has 
undergone multiple deformation phases and the 
structural evolution strongly controls the distribution and 
shape of the VMS deposits in the district (Bauer et al. 
2014). Regional metamorphism has modified the primary 
alteration association and caused remobilization of base- 
and precious metals within ore bodies (Mercier-Langevin 
et al. 2013; Bauer et al. 2014).  Many of the Skellefte 
District VMS deposits show a strong spatial relationship 
to submarine, felsic cryptodomes (Allen et al. 1996). The 
deposits are related to a period of extensional volcanism 
and occur dominantly in the upper parts of the Skellefte 
Group volcanic and volcaniclastic rocks (Allen et al. 
1996).  Some of the VMS deposits are interpreted to have 
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formed on the sea floor, whereas others formed several 
tens to hundreds of meters below the sea floor (Allen et 
al. 1996; Doyle and Allen 2003).  

 
Figure 2. Cross-section of Kankberg Au-Te deposit looking south, 
showing simplified geology, position of Au-Te mineralization, and 
sulphide occurrences. For simplicity, alteration is excluded. Åkulla 
Östra open pit is projected in to the cross-section. Coordinates are 
in SWEREF99. Detailed graphic log of the breccia facies in 
AKULL869 is shown to the right. See Table 1 for Textural description 

 
Figure 3. a. Least-altered coherent dacite surrounding the deposit 
DDC AKULL809, 140m depth. b. strongly altered in situ brecciated 
dacite displaying perlitic fractures from the central dacitic body  DDC 
AKULL869, 177m depth. 

 
The Åkulla deposit is a mineralogically distinct and 

newly recognized ore deposit style in the Skellefte District 
that is characterized by the abundance of topaz-quartz 
alteration, Au-Te enrichments and a paucity of sulfide 
within the main ore assemblage, and is therefore distinct 
from the known base metal and precious metal deposits 
in the district (Allen et al. 1996; Weihed and Allen 2004). 
The deposit, located in the Kankberg area (Figs. 1), 
contains 2.7 million tons of proven mineral reserve 
grading 3.8 g/t Au and 182 g/t Te (Boliden Annual report 
2018). The Kankberg area has three previously mined 
massive sulphide ore bodies within 1km2 (Kankberg 
deposit, Åkulla Västra and Åkulla Östra), all having the 

traditional Skellefte District VMS composition. The Åkulla 
Au-Te deposits sits spatially under one small surface 
deposit, Åkulla Östra (Fig. 2). Preliminary geochemical 
investigation indicates that topaz-quartz altered rocks are 
depleted in Na+, Ca+2, Mg+2, Fe+2 and enriched in SiO2, 
which indicates extensive leaching typical of highly acidic 
conditions associated with advanced argillic alteration 
(Sillitoe et al. 1996; Barrett et al. 2005; Mercier-Langevin 
et al. 2013). The andalusite is interpreted to have formed 
during later regional metamorphism but the topaz and 
quartz appear to be primary hydrothermal minerals. 

 
Figure 4. AKULL869 a. Type 2a breccia facies; poorly sorted, clast 
to matrix supported polymict breccia with clasts of in situ brecciated 
dacite (162m depth). b. Type 2b breccia facies; poorly sorted, clast 
to matrix supported polymict breccia without in situ brecciated dacite 
clasts or mafic clasts (163m depth). c. Type 2c facies; poorly sorted, 
clast to matrix supported polymict breccia containing up to 15% 
sericite-altered mafic clasts (173m depth) 
 
3 Rock types 
 
Strata in the Åkulla Au-Te deposit area are steeply 
dipping, and the deposit is surrounded by weakly to 
moderately altered (chlorite and or silica) coherent dacitic 
intrusions (Figs. 1, 2 and 3a). Lithogeochemical data 
indicates two different dacitic intrusions, one dominating 
the north and the other the south. Silt- and sand-sized 
volcaniclastic deposits containing small massive sulphide 
lenses and stringers occur above the Åkulla deposit. The 
deposit is defined by a central, 200m wide, minimum 
400m deep and 300m elongated, strongly quartz, topaz, 
andalusite and white mica altered core shown as the 
breccia facies unit in Fig. 2. Coherent and breccia facies 
are recognized in the altered core area. The contacts are 
interdigitating and either the coherent dacites intrude in 
to the breccias or the breccias overprint and/or intrude 
across the dacite.  

The breccias include six main facies and an 
undifferentiated group (Table 1 and Fig. 2). The units are 
often 5cm to 7m thick and are randomly intercalated 
through 100m of the drill hole AKULL869 (subhorizontal 
hole at the -500m mine level, Fig. 2). Alteration is 
dominated by quartz (amorphous flooding and several 
generations of veining), topaz (amorphous flooding, 
irregular thin veining and rare anhedral mineral spotts 
found in very mica altered and foliated rocks), white mica 
(defining tectonic fabric) and andalusite (within matrix and 
fabric, euhedral to subhedral porhyroblasts and late 
coarse quartz, andalusite and fluorite veinlets). The 



 

Open Session  1870 

alteration affects coherent units, as well as clasts and the 
matrix of the breccia units resulting in, for example, topaz 
fragments within a topaz-altered matrix. Beautiful topaz 
and quartz zoning are common in coherent, locally even 
perlitic and porphyritic (quartz and relict feldspar 
phenocrysts) dacite and dacitic fragments (Fig. 4a). The 
dominant fragments in these units are 1) coherent, 
porphyritic, sometimes topaz altered and/or zoned dacite, 
2) aphyric silicic fragments variably topaz altered and 
more deformed, and 3) mica altered leucoxene-bearing 
mafic clasts. Ore mineralization occurs as fracture fills of 
Au-telluride minerals <0.5% and locally visible gold. 
Sulphides are generally lacking in the central body but 
disseminations and fracture fillings of pyrite (1-10 %), are 
common in the periphery of the central body and towards 
the surface (Fig. 2).  

 
Table 1. Description of the seven different breccia facies in drill hole 
AKULL869 at the Åkulla Au-Te deposit. 

1 Monomict in-situ brecciated dacite; 0.5m to 4m 
thick intervals with perlitic texture and cuspate to 
serrated clast boundaries (Fig. 3b). 

2 Polymict poorly sorted breccia; 0.4m to 7m thick, 
clast- to matrix-supported with granular matrix. 
Many clasts with serrated, hackly, angular margins 
(Fig. 4). This breccia type is subdivided into a) with 
patches/intervals of in situ brecciated dacite; b) 
without in situ brecciated dacite and without mica 
altered mafic clasts; c) with up to 15% yellow to 
brown mica altered deformed mafic clasts. 

3 Polymict moderately to well sorted, clast-
supported breccia, 0.1m to 3m thick with 
moderately abraded to sub-rounded clasts (Fig. 5). 
This breccia type is subdivided by grain size into a) 
pebble breccia; b) breccia with sand-size matrix 
and <5% pebbles; normal-graded in places; and c) 
breccia with very fine sand to silt-size matrix and 
<2% pebbles. 

4 Breccia with breccia/volcaniclastic clasts, 0.3m to 
4m thick with a sandy well-sorted matrix that is 
commonly in situ brecciated (Fig. 6); a) with sandy 
unbrecciated clasts up to 20cm; b) with larger 
clasts of polychromatic breccia. 

5 Moderately to poorly sorted, polymict breccia, 0.5-
6 m wide with pale brown to bluish, silty to fine 
sand matrix of amorphous topaz and quartz, 
resulting in a “slurry” like texture. Irregular sharp 
contacts and wall rock fragments with jigsaw-fit 
texture imply sprawling of clasts and wall rock. 
Clast shapes moderately abraded to some sub-
rounded (Fig. 7a) 

6 Qtz-cemented in-situ breccia, 1m to 6m wide, 
defined by abundant sub-planar veinlets with 
hydrothermal cement (Fig. 7b). 

7 Undifferentiated breccia; 1m to 10m; Breccia that 
we cannot easily allocate to the types above; 
including mica-altered apparent breccia that 
contains some apparent 0.5 – 5 cm clasts (Fig. 7c). 

 
Figure 5. AKULL869 a. Type 3a facies; moderately to well sorted, 
clast supported, polymict, sand to siltstone matrix breccia (124m 
depth). b. Type 3b facies, moderately to well sorted,, mainly sand 
size polymict breccia, coarser fragments to the left (123m depth).  c. 
Type 3c facies, moderately to well sorted, very fine sand to siltstone 
matrix breccia, at 130m depth.  
 

 
Figure 6. AKULL869. a. Type 4a facies, well sorted sand-sized 
matrix breccia, in situ brecciated matrix with volcanic sandstone 
intact clasts (120m depth). b. Type 4b facies, well sorted sand-sized 
matrix, with in situ brecciated larger clast of polymict pebble breccia, 
visible to the top left. Polymict pebble breccia fragment to the right 
display jig saw fit, in situ brecciation (116m depth). 
 
4 Discussion 
 
In this abstract, we present results of detailed textural 
logging of AKULL869 that is a key in interpretation of the 
breccias in the Åkulla Au-Te deposit. Interpretations are 
preliminary. However, the matrix supported, poorly sorted 
breccias (breccia facies 2) indicate transport and rapid 
deposition through mass movement of a clastic 
aggregate. The clast-supported breccia with moderate to 
good sorting (facies 3 and 4) imply traction transport and 
deposition. Facies 5 slurry-textured breccia occurs as 
vein-like units, cross cutting all other breccia facies, and 
include fragments of the wall rocks (Fig.6a); they are 
interpreted to be intrusive breccia dykes. The in situ 
breccia of facies 6 most likely formed by hydraulic 
fracturing and/or collapse, whereas perlitic textures and 
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cuspate clast boundaries in facies 1, suggest a 
component of hyaloclastic fragmentation. 
 

 
Figure 7. AKULL869 a. Type 5 facies, poorly sorted polymict 
breccia, silty to fine sand-sized matrix that is amorphous topaz and 
quartz with irregular and sharp contacts. Clasts are subrounded and 
to the left there is a fragment almost detached from the surrounding 
unit giving it a slurry vein texture, (184m depth). b. Type 6 facies, in 
situ breccia with subplanar thin cemented quartz veins (56m depth). 
c. Undifferentiated breccia with sericite alteration, (250m depth). 
 

The breccia facies described above could potentially 
have formed through volcanic, sedimentary and 
hydrothermal processes at the sea floor, or alternatively 
through magmatic-hydrothermal processes in cavities 
within the subsurface. For example, topaz-quartz altered 
clasts occur in bedded, stratiform sedimentary-like 
deposits that are not topaz altered in their matrix. These 
rocks could have formed either as sedimentary units on 
the sea floor carrying erupted hydrothermal clasts, or as 
hydrothermal deposits formed in cavities in the 
subsurface containing clasts transported from deeper in 
the alteration system. Whether the deposit formed at the 
sea floor or mainly or entirely in the subsurface has 
important implications for ore genesis and for exploration 
for further similar deposits.  

We interpret the topaz-quartz mineral assemblage as 
being a primary assemblage that formed during 
hydrothermal alteration based on the following evidence: 
a) Topaz- and quartz-rich assemblages are the alteration 
assemblages that best preserve primary “volcanic” rock 
textures. The rigid properties and low permeability of 
topaz-quartz altered rocks did not allow ductile 
deformation nor infiltration of disseminated sulphide 
mineralization, both of which surround the quartz-topaz 
core zone. b) Topaz occurs as both clasts in the breccias 
and in the matrix. c) Topaz alteration is overprinted by, 
and consequently we infer partly altered to coarse quartz, 
muscovite, andalusite and fluorite. d) Topaz-quartz 
alteration is amorphous, non-porphyroblastic and less 
metamorphically coarsened than the other alteration 
assemblages. The physical and chemical setting for 
advanced argillic alteration generating topaz as a primary 
mineral is yet to be constrained but clearly requires F-
bearing hydrothermal fluids. This raises the important 

question as to the relationship between the conditions 
and setting of alteration and mineralisation at the Åkulla 
Au-Te deposit and the more classic VMS mineralisation 
in the Skellefte district and elsewhere.   
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Abstract. Chalcopyrite and bornite are two common 
sulphide minerals of copper ores. Their crystal structures 
can accommodate significant amounts of trace elements. 
The herein presented study focuses on the concentration 
of gallium and indium associated with chalcopyrite and 
bornite of the Cu-Pb (Ag) deposit of Otavi Mountainland, 
Namibia. The research aims to correlate base metal 
element concentrations with Ga and In concentrations in 
the sulphide minerals. Trace elements in bornite and 
chalcopyrite were determined by LA-ICP-MS. Both, 
bornite and chalcopyrite show large concentration 
variation for minor and trace elements (e.g. 191,87ppm ≥ 
Ag ≤ 257, 48 ppm and 2,78 ppm ≥ Ag ≤ 3,57 ppm 
respectively). Gallium concentration are >1 ppm in 
bornite, while chalcopyrite has significantly higher 
concentration of Ga (<14 ppm). Indium concentrations 
are below the detection limit in bornite and they are 
relatively low in chalcopyrite grains (<0,1 ppm). Element 
correlation plots show that high Ga concentrations 
correlate with low Ag and correlation between Ag and Pb 
is weak. Additionally, chalcopyrite grains with significant 
amount of Ga always contain traces of In. Further studies 
will investigate the influence of base metals concentration 
on the distribution of the above. 
 
1 Introduction 
 
Critical raw materials are essential for economic growth, 
especially in terms of technological evolution. Economic 
importance and supply risks are the two parameters 
frequently used to determine how critical the raw 
materials are (Graedel et al. 2011). Gallium (Ga) and 
Indium (In) are critical for a variety of high technology 
applications; such as in semiconductors, wide angle 
camera lenses as well as pharmaceutical industries 
(Paradis 2015). These elements are mainly recovered as 
byproducts of base metals from Zn and Cu deposits.  

The trivalent Ga is considered as a trace element with 
a crustal abundance of 17 ppm, which is commonly 
associated with aluminum ores, zinc ores, iron ores and 
coal (Redlinger et al. 2015; Frenzel et al. 2016).  

Indium is typically associated with minerals such as 
zinc, copper and iron-tin sulphides. It dominantly occurs 
as indium-bearing mineral in (Pb)–Zn ores as well as 
concentrates is sphalerite (Cook et al. 2011). Indium is a 
highly volatile chalcophile, with a crustal abundance 
estimated to be at about 0.05-0.072 ppm (Taylor and 
McLennan 1985) 

The research presents a combined mineralogical and 

geochemical study of sulphide mineralization from a Cu-
Pb (Ag) deposit hosted in carbonate rocks of Otavi 
Mountainland, Namibia. This study aims to correlate the 
relations between base metal elements and Ga and In 
concentration in the sulphide mineralization. 
 
2 Geological setting 
 
The OML province is situated at the transition between 
the Northern Zone and Northern Platform of the 
Neoproterozoic Damara Orogen. The Damara orogenic 
belt is best described in Martin and Porada (1977), Miller 
(1983, 2008) and Pirajno and Joubert (1993) as a late 
Proterozoic suture zone between the Kalahari and Congo 
Craton. The Otavi Mountainland province consists of 
various base metal sulphide deposits, which are hosted 
within the sedimentary units of the Damara sequence 
(Kamona and Günzel 2007). Pirajno and Joubert (1993) 
argued that there must have been at least two separate 
events that led to the metal concentration in Tsumeb, 
Kombat and Berg Aukas deposits. They concluded that 
Berg Aukas was formed by the first event, which was 
associated with compaction and dewatering of sediments 
of a northern rift; whereas, Kombat and Tsumeb deposits 
were a result of a much later episode that was associated 
with devolatilization reactions during regional prograde 
metamorphism of the sediments in this Northern rift.  
 
3 Methodology  
 
Samples collected during a field campaign were prepared 
into epoxy mount polished section at the Geological 
Survey of Namibia, for petrographic study and LA-ICP-
MS analyses.  

A petrographic study was conducted using a Leica DM 
4500p microscope, in RWTH, Aachen University, 
Germany.  

Laser ablation-inductively plasma-mass spectrometry 
(LA-ICP-MS) was used to measure trace element 
concentrations in bornite and chalcopyrite. Spot analysis 
was done on pre-selected site base on petrographic 
study conducted on the samples. The LA-ICP-MS system 
comprises a NewWave UP193Fx (ArF-Excimer-Laser) 
operated with a 150 μm laser beam diameter and 6Hz 
repetition rate connected to a quadrupole ICP-MS system 
(PerkinElmer Elan DRCe). Total analysis time was 100s, 
approximately 40s on background and 60s on signal. 
MASS-1 reference material was used as an external 
calibration standard, and sulfide stoichiometric 
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concentrations of bornite (25.56% S) and chalcopyrite 
(34.94% S) were used as internal standards. Analytical 
reproducibility is better than 10% for all trace elements. 
 
4 Results and Discussion 
 
4.1 Petrography 
 
The primary ores are massive, disseminated and to a 
certain extent brecciated. There are three distinct ore 
assemblages observed in the samples; (1) bornite-
chalcopyrite-covellite, (2) bornite-galena-chalcocite and 
(3) bornite-chalcopyrite (Fig. 1).  

The primary sulphide mineralization formed bornite, 
galena and chalcopyrite, while covellite, chalcocite are 
the secondary minerals. The common gangue minerals 
are dolomite and calcite. The primary ore textures are 
subhedral-anhedral grains, dissemination, intergrowth 
and replacement texture.  

Bornite is characterized by anhedral coarse grained 
texture, and it is replaced by chalcopyrite and chalcocite 
in most samples (Fig. 1a, b). Most of the bornite grains 
are light orange in color, while some exhibit a light grey 
color. Galena is fine grained, and mainly appearing as 
inclusions in the bornite (Fig.1 c). Chalcopyrite displays a 
replacement texture, and it is massively distributed within 
the dolomite.  Covellite is mainly observed in the 
brecciated zone, and it appears as veinlets and 
intergrowths in bornite that is replaced by chalcopyrite 
(Fig. 1a).  
 

 
Figure 1. Microphotography in reflected light showing ore 
mineralogy and textures observed. a) Bornite replaced by 
chalcopyrite with intergrowth of covellite. b) Bornite replaced by 
chalcopyrite c) dissemination of bornite, chalcocite and galena. d) 
Intergrowth of bornite and chalcocite. Abbreviations: Bn-bornite, 
Cp= chalcopyrite, Cc=chalcocite, Cv=covellite, Cal=calcite.  
 
4.2 LA-ICP-MS Data 
 
Trace analyses by LA-ICP-MS for bornite and 
chalcopyrite element concentration’s mean, median, max 
and min are listed in Table 1 and 2 respectively. The data 
obtained consists of 342 spot analyses in bornite and 184 
spot analyses in chalcopyrite. Representative time-
resolved LA-ICP-MS depth profiles are shown in figure 3. 

Bornite has significantly high concentrations of Ag in 

all the samples analyzed. All bornite contains Ag with a 
mean concentration ranging between 100 and 290 ppm.  

Pb values are typically >1 ppm, except for several 
bornites in KH0517 and KH0515 with values as high as 
±1200 ppm, indicating a possible galena inclusion in the 
bornite.  

All samples contain measurable Ga concentration in 
bornite which is relatively low. There are no absolute 
values for In in bornite. If detectable, Cd, Sb and W are 
all in low concentration in all the samples. 

Gallium has a significantly higher concentration in 
chalcopyrite compared to bornite in all the samples 
studied. KH0517 has a high concentration of Ga (<16.61 
ppm, mean=13.22 ppm) and moderate concentration of 
Ag and Pb (<14.57 ppm, mean =3.57 ppm; <11.11 ppm, 
mean= 6.10 ppm respectively). V concentration is low (up 
to 5 ppm, mean= 1.94), while In is low with a single spot.  
 
Table 1. LA-ICP-MS Mean concentration analyses for minor and 
trace elements in Bornite (ppm)  

 V Ga Ag Cd Sb W Pb 
KH0517        
Mean 4.6 1.5 257 2.4 0.3 0.9 93 
Median 3.8 1.1 259 2.5 0.3 0.8 5.9 
MIN 2.2 0.7 207 1.9 0.2 0.4 1.4 
MAX 12. 7.6 281 2.7 0.4 2.3 1270 
KH0516        
Mean 13.3 1.5 242 - - - 1.1 
Median 5.3 1.3 244  - - 1.1 
MIN 2.3 0.9 213 - - - 0.7 
MAX 75 2.9 292 - - - 1.8 

 
 V Ga Ag Cd Sb W Pb 
KH0515        
Mean - 1.3 191 - - - 74 
Median - 1.3 195 - - - 12.6 
MIN - 0.8 100 - - - 2.6 
MAX 3.59 3.1 239 1.9 - - 656 

 
 

Figure 2. Representative time-resolved LA-ICP-MS depth profiles 
for analyzed bornite and chalcopyrite. Irregular signals of 44Ca 
indicate local occurrence of carbonate inclusions.  
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Table 2. LA-ICP-MS Mean concentration analyses for minor and 
trace elements in Chalcopyrite (ppm). Owing to restrictions of the 
MASS1 standard, In is given as information value.  

 V Ga Ge Ag In W Pb 
KH0517        
Mean 1.9 13.2 - 3.6 - 0.9 6.1 
Median 1.3 12.9  2.1 - 0.9 4.9 
MIN 0.8 11.6 - 0.9 - 0.5 3.3 
MAX 5. 16.6 2.9 14.6 0.9 1.4 11 
KH0516        
Mean 30.5 12.5 - 2.8 0.4 - 1.6 
Median 30.6 13.2 - 2.3 0.4 - 1.6 
MIN 23.4 10.5 - 1.2 0.3 - 0.8 
MAX 37.4 13.9 - 5.1 0.4 - 2.3 
KH0515        
Mean - 14.1 3.7 3.1 0.2 - 8.5 
Median - 14.3 3.7 1.5 0.2 - 3.6 
MIN - 10.8 3.6 0.5 0.1 - 0.6 
MAX  16.6 3.9 19.2 0.2 5.3 43.3 

 
5 Conclusion 
 
Pb does not correlate with Ga in both, bornite and 
chalcopyrite (Fig.3&4). Chalcopyrite accommodates 
higher concentrations of Ga compared to bornite. 
Furthermore, the higher Ga concentrations in 
chalcopyrite correlate with In concentrations above the 
detection limit. Ag is more accommodated in bornite than 
in chalcopyrite, indicating that substitution for Ag may 
explain the limited accommodation of Ga in bornite. 
However, neither within bornite, nor within chalcopyrite a 
conclusive correlation of Ga with Ag was observed. In 
order to fully study the association of the selected high-
tech metals with base metals, significantly more data 
need to be collected.  

Figure 3. Comparison of Ag-Ga and Pb-Ga by LA-ICP-MS analysis 
for bornite 
 
 

Figure 4. Comparison of Pb-In, Ag-In, Ag-Ga and Pb-Ga by LA-ICP-
MS analysis for chalcopyrite. 
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Abstract. A listwaenite-hosted Ni-As-Sb-S assemblage 
occurs in the Stan Terg Zn-Pb(Ag) district within the 
Vardar Zone structure and is closely related to a Neogene 
calc-alkaline and volcanic-intrusive complex. In this 
paper, results of gersdorffite chemical analyses 
performed using electron microprobe analysis from 
Vllahi, Melenica and Mazhiq is presented. Small irregular 
inclusions of gersdorffite from Vllahi are enclosed in 
galena and shows enrichment in Co (up to 3 wt.%) in 
comparison to Co-free Melenica and Mazhiq samples. In 
Melenica the initial Ni association is replaced by 
gersdorffite and later by Sb-bearing gersdorffite. Mazhiq 
samples are dominated by oscillatory zoned crystals of 
gersdorffite and Sb-rich gersdorffite rimming arsenopyrite 
cores or irregular masses filling free spaces between 
euhedral crystals of arsenopyrite. Zoning is related to 
variable As (up to 42 wt.%), Sb (up to 15 wt.%) and Fe 
(up to 9 wt.%) indicating fluctuations of arsenic and 
antimony fugacity in hydrothermal fluids. Melenica and 
Mazhiq gersdorffite performs strong replacement trend of 
a mixture of Co and Ni by Fe. In addition, extensive 
substitution of As by Sb led to deposition of intermediate 
member of gersdorffite-ullmannite series, maximum 
content of Sb reaches 0.47 apfu. 

 
1 Introduction 
 
Gersdorffite is common Ni-bearing sulphoarsenide 
occurring at hydrothermal veins at moderate 
temperatures and magmatic sulfide system with general 
formula NiAsS. It belongs to the pyrite structure group. 
Three crystal structure variants of gersdorffite have been 
described: an ordered structure (P212, ullmannite 
subgroup) (Bayliss & Stepenson 1967), disordered 
structure (Pa3, pyrite supergroup) (Bayliss 1982), and 
distorted disordered structure P1 (Bayliss & Stephenson 
1968).  

Gersdorffite incorporates Ni, Co and Fe in varying 
proportions (Klemm 1965) thus forming solid solutions in 
the ternary gersdorffite-cobaltite-arsenopyrite series. Ni 
and Co end-member of the series exhibit complete 
miscibility above 550°C, meanwhile transition of Ni by Fe 
is limited (Yund 1962). Moreover, the As and S content 
may vary from the molar 1:1 ratio thus forming solid 
solutions towards krutovite (NiAs2) and vaesite (NiS2) 
(Yund 1962). In addition to that, ullmannite (NiSbS) 
displays extensive substitution of As for Sb results in a 
variety phases between gersdorffite and ullmannite 
(Bayliss 1969).  

The aim of this paper is chemical comparison of 
gersdorffite solid solutions from Ni-As-Sb-S assemblage 

in Vllahi, Mazhiq and Melenica within the Stan Terg area. 
2 Analytical samples and methodology 
 
2.1 Investigated material 
 
Samples of Ni-As-Sb-S mineralization were collected 
from debris and outcrops from three localization in Stan 
Terg region: Mazhiq, Vllahi and Melenica.  
Material obtained in Vllahi is mostly porous and deformed 
breccia and volcanic tuff. Material indicates strong 
silicification (layered chalcedony). Free spaces are filled 
up with quartz, calcite and barite. Samples are slightly 
weathered, which is indicated by the presence of 
brownish iron oxide. Ore minerals, galena and sphalerite 
are usually massive or fill up free spaces  

Melenica’s samples are mostly brecciated listwaenites 
exhibiting strong quartz and calcite alteration. Nickel 
sulphides occur as irregular aggregates, several mm in 
size within listwaenites clasts cemented with carbonates 
and silica. Thin veinlets of galena and sphalerite occur in 
the strongly silicified zones.  

Mazhiq’s specimens are deformed listwaenites with 
massive gersdorffite impregnations accompanied by 
pyrite and needles of sulphosalts. 

 
2.2 Analytical methods 
 
Preliminary investigation of gersdorffite from Stan Terg 
area was conducted in reflected-light microscopy in 
Economic Geology Department AGH in Cracow. 
Chemical analyses were carried out by electron 
microprobe (EPMA) using EOL Super Probe JXA-8230 at 
the Critical Elements Laboratory AGH-KGHM in Kraków, 
Poland. Operating conditions were an accelerating 
voltage of 20 kV, a beam current 20 nA, peak time of 20 
sec, and a background time of 10 sec with following 
standards natural: (pyrite, stibnite, chalcopyrite, 
arsenopyrite) or synthetic (native nickel, native cobalt, 
Bi2Se3) and spectral lines: S(Kα), Sb(Lα), Co(Kα), Ni(Kα), 
Cu(Kα), Fe(Kα), Bi(Mα), As(Lα). 

 
3 Geological background of Stan Terg area 
 
Stan Terg deposit is placed in northern Kosovo within the 
Vardar Zone, which is an elongated trending NNW-SSE 
regional suture between the Serbo-Macedonian Massif to 
the east and the Dinarides to the west. The Vardar Zone 
is marked by late Proterozoic metamorphic successions, 
and the Dinarides, which consists of Mesozoic rocks 
affected by Alpine deformation. The regional junction 
comprises Paleozoic crystalline schist and phyllite, 
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Triassic clastics, phyllites, volcanoclastic rocks and 
Upper Triassic carbonates, Jurassic serpentinized 
ultramafic rocks, gabbros, diabases and sediments of the 
ophiolite association. The Cretaceous sequence consists 
of a complex series of clastics, serpentinite, mafic 
volcanics and volcanoclastic rocks, and carbonates. The 
Tertiary (Oligocene-Miocene) andesite, trachyte and 
latite sub-volcanic intrusives, volcanics and pyroclastic 
rocks occur at several centers within central part of 
Vardar Zone, covering large areas (Hyseni et al. 2010).  

Ni-As-Sb-S occurrences in Stan Terg district are 
genetically connected to the Neogene calc-alkaline and 
volcanic-intrusive complex. Metals in these assemblage 
were probably sourced from the serpentinite basement 
and surroundings and were mobilized during magma 
ascent through the ophiolite complex (Carter 2008). 
Nickel mineralization is hosted mainly in listwaenite 
rocks, developed within contact between hanging wall 
serpentinites and footwall volcanic- intrusive rocks. 
During pre-mineralization processes, intensive 
silicification of serpentinites led to the formation of 
listwaenites (Miletic 1995). On contrary, listwaenites have 
also been considered to be formed after complete 
silicification and carbonatization during hydrothermal 
processes (Borojevic-Sostaric et al. 2013).  

 
4 Mineralogy of gersdorffite 
 
4.1 Mazhiq 
 
Gersdorffite recognized in Mazhiq constituents the major 
ore mineral, and occurs as follows: a) irregular masses 
rimming/replacing euhedral crystals of arsenopyrite or 
pyrite or chalcopyrite (Fig. 1a) b) intergrowth of euhedral 
to subhedral square or hexagonal zoned crystals (Fig. 

1b). It is characterized by having moderately high 
reflectance with white to creamy or greyish tint. 
Tetrahedrite often replaces or fill up cracks or crystallizes 
along bands within zoned gersdorffite crystals. Under 
EPMA, crystals of gersdorffite are zoned with clearly 
visible dark grey and white bands following the forms of 
the crystal. Difference in colors in BSE images is caused 
by variability in Fe content as well as As-Sb content. 
EPMA of the gersdorffite from Mazhiq yielded Sb-bearing 
and As-bearing gersdorffite. The chemical composition of 
gersdorffite is (Ni0.93Fe0.07)∑1 (As0.93Sb0.07)∑1S0.92 (Tab. 1). 
For an intermediate As-Sb member EPMA yielded a 
composition (Ni0.98Fe0.01)∑0.99(As0.80Sb0.18)∑0.98S0.94. 
Gersdorffite from Mazhiq exhibits enrichment in Sb up to 
15 wt.% and As content differs from 32 wt.% to ~37 in Sb-
bearing gersdorffite and 37wt. % to 47 wt.% in 
gersdorffite. Moreover, it displays zoning in terms of Fe, 
varying from 0.25 wt.% to 1.14 wt.% and 0.36 wt.% to 
8,91 wt.% in gersdorffite and Sb-bearing gersdorffite, 
respectively. Ni-bearing sulphoarsenide shows depletion 
in Co and Cu. 
Arsenopyrite is found as crystallization core or small (up 
to 50 µm) subhedral to euhedral inclusion within 
gersdorffite crystals. The chemical composition of 
arsenopyrite corresponds to average formula 
(Fe0.95Ni0.02Co0.02)∑0.99(As0.93Sb0.01)∑0.94S1.03 (Tab. 1). 
Arsenopyrite is slightly enriched in Ni (up to 0.84 wt.% as 
well as Bi up to 0.51 wt.% and Co up to 0.84 wt.%. 

Based on textural relations, the following crystallization 
sequence was suggested: 1) arsenopyrite, pyrite, 2) 
gersdorffite 3) Sb-bearing gersdorffite. However, 
rhythmical zoning can sometimes be noted indicating 
occasional interruption and changing chemistry of the 
ore-bearing solutions.  
 
 

 
Table 1. Representative average EMPA and atomic proportions of gersdorffite and arsenopyrite from Vllahi, Melenica and Mazhiq (in wt.%); n 
– number of analyses. 

Locality Mineral (n) S Sb Fe Co Ni Cu Bi As Total 
Vllahi Gersdorffite (4) 18.44 1.65 0.54 1.85 31.59 0.04 b.d 43.55 97.67 
Melenica Gersdorffite (18) 19.09 3.52 0.99 1.56 31.83 0.06 b.d 40.99 98.07 
 Sb-bearing gersdorffite (4) 17.50 21.71 0.18 0.94 31.27 0.04 b.d 26.72 98.37 
Mazhiq Gersdorffite (39) 17.69 4.94 2.25 0.15 32.47 0.08 0.13 41.80 99.51 
 Sb-bearing gersdorffite (19) 17.64 12.65 0.48 0.05 33.57 0.05 0.33 34.80 99.57 
 Arsenopyrite (15) 20.30 0.74 32.61 0.84 0.84 0.21 0.51 42.90 98.65 
Atomic proportions 
Vllahi Gersdorffite 0.99 0.02 0.02 0.05 0.93 - - 1.00 3.02 
Melenica Gersdorffite 1.01 0.05 0.03 0.05 0.92 - - 0.93 2.99 
 Sb-bearing gersdorffite 0.99 0.32 0.01 0.03 0.96 - - 0.64 2.95 
Mazhiq Gersdorffite 0.92 0.07 0.07 - 0.93 - - 0.93 2.92 

 Sb-bearing gersdorffite 0.94 0.18 0.01 - 0.98 - - 0.80 2.91 
 Arsenopyrite 1.03 0.01 0.95 0.02 0.02 0.00 0.00 0.93 2.98 
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Figure 1. Back-scattered electron image showing a. irregular masses of gersdorffite (grd) filling free spaces between euherdral crystals of 
arsenopyrite (ars), Mazhiq; b gersdorffite rimming millerite (mlr) and violarite (vlr), Melenica; c. oscillatory zoned crystals of gersdorffite with 
arsenopyrite crystallization core, Mazhiq.  
 
4.2 Melenica 
 

Ni-rich sulphoarsenide appears in association with Ni, 
Fe, Zn and Co sulphides, replacing violarite, millerite or 
siegenite (Fig. 1b). Occurrence of single crystals is very 
rare. Ni or Ni-Co sulphides form cores of the Ni bearing 
mineral aggregates and they are replaced by Sb-
gersdorffite or gersdorffite. 

 On the basis of chemical analysis Sb-bearing 
gersdorffite was distinguished, with an average formula 
of (Ni0.96Co0.03Fe0.01)∑1(As0.64Sb0.32)∑0.96S0.99. Meanwhile 
the composition of gersdorffite is (Ni0.92Co0.05Fe0.02)∑1 

(As0.93Sb0.05)∑0.98S1.01 (Tab. 1). Both, Sb-bearing and As-
bearing gersdorffite are characterized by strong depletion 
in Co, Fe and Cu. Ni content is relatively constant in both 
varieties, approximate 32 wt.%. Arsenic content reaches 
up to 29.26 wt.%, which affects the low content of sulphur 
~20 wt.%.  
 
4.3 Vllahi 
 
Gersdorffite occurs as small irregular inclusion enclosed 
in galena, up to 100 µm in size. Besides macroscopic 
observations revel horseshoe-shaped zoning, micro 
analyses does not exhibit any chemical variability. It is 
associated with violarite, rammersbergite, millerite and 
pyrite.  

EPMA analyses of gersdorffite yielded an average 
chemical composition (Ni0.93Co0.05Fe0.02)∑1(As0.99 

Sb0.02)∑1.01S0.99 (Tab. 1), which is nearly stoichiometric. 
Gersdorffite from Vllahi shows limited fluctuations of Co, 
Fe and Sb, varying from 0.69 wt.% to 3.06 wt.%, 0,27 
wt.% to 1.48 wt.% and 0.84 wt.% to 3.39 wt.%, 
respectively. 

 
5 Discussion  
 
As a result of reflected-light microscopy and EPMA 
analyses, Ni-As-Sb-S listwaenite-hosted associations 
were recognised in Stan Terg area within Vardar Zone. 
Minerals of the gersdorffite solid solution occur in broad 
association of other Ni-minerals (Bal et al. unpublished). 
Gersdorffite from Mazhiq and Melenica shows strong 
negative correlation between Sb and As (Fig. 2a), which 

Pearson correlation coefficient is equal 0.97 and 0.9, 
respectively. This is indicative for mutual substitution 
between Sb and As. Sb-bearing gersdorffite occurs 
replacing gersdorffite in zonal crystals. Zonation of 
crystals is a result of variability of new hydrothermal 
solutions which are usually enriched in antimony and 
depleted in arsenic. Meanwhile, Vllahi gersdorffite 
displays strong negative correlation (R=0.79) of As and 
Sb. Extensive replacement of As by Sb is manifested by 
gersdorffite-ullmannite solid solution.  

In addition to that, gersdorffite from Mazhiq and 
Melenica performs almost perfect linear correlation of 
Ni+Co with Fe (Coefficient of correlation is 0.99 for 
Mazhiq and Melenica) (Fig. 2b), which is a result of 
substitution of Ni by small amount of Co and both 
elements by Fe. The opposite trend was documented in 
arsenopyrite where Fe is substituted by Ni+Co. The 
above factor may indicate metal-rich environment (Hem 
et al. 2004). Vllahi does not follow this trend, however as 
a strong negative correlation is found between Ni and Fe 
(R=0.97). The analyses of gersdorffite from Melenica, 
Mazhiq and Vllahi were plotted on a ternary diagram of 
the Ni-Co-Fe system (Fig. 2c). Mazhiq and Melenica 
confirm substitution of Ni by Fe. Moreover, huge 
miscibility gaps between and disagreement of 
arsenopyrite and gersdorffite based on (Klemm 1965) 
indicate low temperature of crystallization between 300-
400oC. On a ternary system of Ni-Co-Fe Vllahi 
gersdorffite Ni seems to be replaced by Co, which is in 
disagreement with binary plot Ni+Co with Fe. 
Nevertheless, analyses of Vllahi gersdorffite should be 
taken with lack of confidence with regard to small amount 
of measurements points and tiny size of inclusions. Ni-
As-Sb-S mineralization of the Pb-Zn deposit within 
Vardar Zone have been already noticed in the Kizhnica 
(Mederski 2019, unpublished) and Rogozna ore field 
(Radosavljevic et al. 2015). Kizhnica gersdorffite tends to 
be similar to Stan Terg gersdorffite – constituent Fe-poor 
region in Ni-Co-Fe system, common substitution of Fe by 
Ni and deficiency in Co. In Kizhnica area, ullmannite 
within gersdorffite crystals has been found. Rogozna ore 
field is characterised by complete gersdorffite-ullmannite 
series. Although, mentioned above, the assemblage 
exhibits opposite 
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Figure 2. Composition of gersdorffite and Sb-bearing gersdorffite from Stan Terg area on a. a binary diagram Sb vs As;  b. a binary diagram 
Co+Ni vs Fe; c. ternary diagram of NiAsS-CoAsS-FeAsS system. 

 
trends to the Mazhiq and Melenica - As-bearing 
ullmannite crystalized first and was followed by Sb-
bearing gersdorffite. 

Textural relations of Melenica gersdorffite, rimming 
violarite, bravoite or siegenite and transformation of 
sulphides to sulphoarsenides exhibit slight drop in 
sulphur fugacity and slight increase in arsenic fugacity. 
Associations of Melenica gersdorffite is familiar with 
“km3” district within Lavrion district in Greece where 
deposition of Ni sulphides was followed by formation of 
gersdorffite (Voudouris et al. 2018). However, the 
originate of Lavrion district is assumed to be from 
intrusion of a Miocene granodiorite body and related to 
felsic and mafic dikes and sills. This can be excluded in 
our region of investigation. In addition, occurrence of 
native bismuth and Bi-rich sulphosalts were observed.  

Leaching and remobilization of Co, Ni, Fe and As from 
mafic and ultramafic is favoured for Bou Azzer deposit 
(Ahmed et al. 2009). However, at Bou Azzer, where no 
Bi-minerals were reported, acidic magmatic fluids under 
moderately reducing conditions at high fluid ratio leached 
Co, Ni, Fe and As from serpentinites. In comparison to 
Bou Azzer, Stan Terg district is depleted with precious 
metals and Co, which may refer to relatively high bulk 
content of these elements in serpentinites.  

Oscillatory zoned gersdorffite was reported from San 
Juan de Plan deposit in Spain (Fanlo et al. 2004) and the 
high grade Ni-Co-Fe-As hydrothermal ore veins from 
Dobšiná in Slovakia (Kiefer et al. 2017). The oscillatory 
variations in As, Sb, Ni and Co content of individual zones 
observed within Mazhiq gersdorffite suggest physical or 
chemical fluctuations within the bulk system and 
disequilibrium in the ore fluids.  
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Thalcusite - a new mineral from the Kupferschiefer, 
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Abstract. Here we report the first discovery of thallium 
copper sulfide in Poland. Thalcusite - Tl2Cu3FeS4 was 
found in the Kupferschiefer horizon in the Sieroszowice 
Mine. This horizon contains an economic concentration of 
copper. Thalcusite occurs in association with native-Ag, 
stromeyerite, galena, sphalerite, chalcocite and covellite. 
The presence of thallium minerals suggests a low 
temperature stage in the famous Cu-Ag Kupferschiefer 
type deposits in Poland. The calculated chemical 
composition is as follows: Tl2.023Cu3.025 Fe0.909S3.989 
 
1 Introduction  
 
There are only few places with occurrences of thallium 
minerals in the World. Two of the most important 
occurrences are known in Europe. The first place is 
located in Macedonia. The Allchar deposit has been 
known since the Roman Empire but now it is an 
abandoned mine. An Sb-As-Tl mineral association was 
documented by Jankovic (1989). A second locality is in 
Lengenbach quarry Binntal valley, Switzerland. This 
deposit is characterized by Pb-Zn-As-Ba-Tl 
mineralization (Hofmann and Knill 1996). Two deposits 
are also known from China. Nanhua deposit in Yunnan 
Provice (Zhang et al. 1996), and Lanmuchang deposit in 
Guizhou province (Zhang et al. 1997). Au-As-Tl 
mineralization is also common in Carlin-type deposits 
(Percival and Radtke 1993).  

The Lubin-Sieroszowice Cu-Ag deposit is relatively 
well recognized. For more than 50 years there has been 
intensive underground mining. Each year 0.7 sq. km of 
deposit is mined out. This gives the opportunity to have 
continuous access to a new section of this giant deposit. 
Additional data comes from both drilling and regular 
channel sampling. All mentioned deposits are recognized 
as a low temperature hydrothermal deposits located 
within the clastic carbonate organic-rich sediments. 
 
2 Geological setting  
 
In the Lubin area (Sieroszowice Mine) thalcusite was 
found in samples from the drill core which was recovered 
from the one of the underground exploration drillings. 
Position of the sample is difficult to assess. The sample 
was taken 114 m away from the mining corridor. The 
sample represents typical carbonate ore containing 
economic copper grade. This dolomite is characterized 
with presence of anhydrite-gypsum micro nests with 
secondary dolomite – calcite sparite occurring on the 
border with the host rock. In this deposit more than 140 
minerals have been identified. Thalcusite was found in 

the profile characterized with presence of a secondary 
oxidation system (SOS) (Piestrzyński and Pieczonka 
1997; Pieczonka and Piestrzyński 2008). 

 
3 Analytical methods 

 
All samples were examined with optical microscope and 
EDS EM using a Quanta-Fei electron microscope. 
Quantitative WDS analyses were carried out in the 
Critical Elements Laboratory of the Faculty of Geology, 
Geophysics and Environmental Protection, AGH-UST 
Cracow using a JEOL SQ8200 microprobe (EMP). The 
EMP was operated in the wavelength-dispersive mode at 
an accelerating voltage of 20 kV, and a probe current of 
40 nA, with a focused beam diameter of 1 μm. The 
following standards and measurement lines have been 
used: SKα, FeKα (Pyrite), AgLα (100 %), CuKα (CuFeS2), 
TlMα (Lorandite), SbLα (Sb2S3), AuMα (100%), HgMα 
(HgSe), AsLα (As2S3), SeLα (PbSe) Counting times on 
peak/background (in sec.) were as follows 10/5. Original 
Jeol ZAF procedures were used for a final correction of 
all measured elements. 
 

 
Fig. 1. Intergrowth of thalcusite with chalcocite in the carbonate 
nest. In the vicinity bornite, and covellite are present. Reflected light 
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Fig. 2. Intergrowth of thalcusite with Chalcocite. Reflected light, 
magnification from fig. 1 

 

 
Fig. 3. Intergrowth of thalcusite with chalcocite. Reflected light. 
  

 
Fig. 4. Intergrowth of galena with thalcusite, black is organic matter 
Reflected light.  
 

 
Fig. 5. Position of thalcisite - chalcocite agregate in the ore 
containing pyrite – sphalerite and covellite. Relfected light  
 
4 Mineralogy and geochemistry 
 
Thalcusite was initially recognized as luzonite (Cu3AsS4). 
It is characterized with a very similar white-pink-lilac 
color, visible bi-reflectance and anisotropy. Thalcusite 
often forms intergrowths with copper sulfides like 
chalcocite (Fig. 1, 2, 3), digenite and covellite. In the 
nearest vicinity, galena, sphalerite, pyrite (Fig. 5) and 
stromeyerite have also been noted. Framboidal pyrite as 
well as bornite are very common in the dolomite matrix. 
Locally pyrite forms elongated aggregates (Fig. 5) which 
are probably result of the replacement of organogenic 
remnants. The host rock is dolomite with minor secondary 
calcite which rimmed gypsum-anhydrite nests. 
Secondary nests are composed of elongated gypsum 
and anhydrite crystals often replaced by younger copper 
sulfides and idiomorphic calcite sparite (Fig. 3). In the 
both dolomite matrix and sulphate nests organic matter 
forming irregular concentrations and free space filling are 
observed (Fig. 4). 

All analyzed thalcusite grains reveal almost 
stoichiometric composition (Table 1). The average 
content of major elements is as follow: Tl – 53.12 wt%, 
Cu- 26.692 wt%, Fe- 6.751 wt% and S- 16.426 wt% 
(Table 1). Small amounts of Ag, Sb, Au and As were also 
documented (Table 1). From all the measured admixtures 
in thalcusite, gold content seems to be possible. The 
average content of Au is on the level of 0.087 wt% and 
maximum concentration reach 0.139 wt% (Tab. 1) In 
point 9 - 0.056 wt% of Se was additionally measured 
(Table 1). Standard deviation (s.d) and coefficient of 
variability (C.o.V) of all measured elements are as follow: 
for S- 0.120 and 0.73%, Cu- 0.225 and 0.91%, Tl- 0.504 
and 0.95% and Fe- 0.13 and 1.93% respectively. The 
statistic parameters of minor elements are much higher 
(Table 1) and in the case of As, coefficient of variability 
overprint 100%. Very low statistical parameters of major 
constituents confirm also high quality of WDS analyses. 
Based on WDS measurement the atomic proportions 
have been calculated (Table 2). The average atomic 
composition of thalcusite is as follows:  
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Tl2.023Cu3.025Fe0.909Ag0.010 Sb0.002Au0.03As0.006S3.989. 
 
Table 1. WDS composition of thalcusite in wt% 

no SKα AgLα CuKα FeKα TlMα 
1 16,394 0,104 24,562 6,796 52,594 
2 16,598 0,168 24,817 6,655 53,980 
3 16,280 0,233 24,891 6,575 52,704 
4 16,415 0,129 24,616 6,588 53,588 
5 16,493 0,042 24,611 6,754 52,830 
6 16,542 0,165 24,214 6,914 53,005 
8 16,481 0,069 24,914 6,930 52,477 
9 16,498 0,184 24,980 6,874 53,083 

10 16,353 0,148 24,595 6,771 53,226 
17 16,210 0,179 24,716 6,648 53,713 

Avg. 16.426 0.142 24.692 6.751 53.120 
s.d 0.120 0.057 0.225 0.131 0.504 
C.o.

V 0.73% 40.36% 0.91% 1.93% 0.95% 
Hg- sought but not detected 
 
Table 1 continued 

no SbLα AuMα AsLα Total Comment 
1 0,055 0,035 0,065 100,605 AP467_Fot9_p3 
2 0,043 0,068 0,140 102,469 AP467_Fot7_p1 
3 0,021 0,133 0,105 100,942 AP467_Fot7_p2 
4 0,023 0,049 0 101,408 AP467_Fot9_p1 
5 0,007 0,059 0,046 100,842 AP467_Fot9_p2 
6 0,040 0,056 0,049 100,985 AP467_Fot9_p3 
8 0,021 0,096 0 100,988 AP467_Fot10_p2 
9 0,040 0,107 0.180 102.002 AP467_Fot10_p3 
10 0,012 0,124 0 101,229 AP467_Fot10_p4 
17 0 0,139 0 101,605 Ja21-G-fot5_p4 
av.    0.026 0.087 0.059 101.308  
s.d     0.018 0.038 0.065   0.576  

C.o.V 67.5% 43.7% 110%   0.57%  
 

 
Fig. 6. BSE image of thalcusite (white) and copper sulphides, 1, 2, 
3 analytical points, sample A467 Fot9 

 
Fig. 7. BSE image of thalcusite (white) and copper sulphides, 1, 2, 
3, 4, 5 analytical points, sample AP 467 Fot. 10 
 

 
Fig. 8. BSE image of thalcusite (white) and copper sulphides, 1, 2 
analytical points, sample AP 467 Fot. 7, compare fig. 1 
 
Table 2. Atomic proportions based on WDS quantitative 
measurements (Table 1) and apf calculation for 10 atoms 

 
 
 
 
 

No. SKα AgLα CuKα FeKα TlMα SbLα 
1 3.9969 0.0075 3.0211 0.9512 2.0115 0.0035 
2 3.9958 0.0120 3.0140 0.9196 2.0386 0.0027 
3 3.9687 0.0168 3.0612 0.9200 2.0155 0.0013 
4 3.9964 0.0093 3.0234 0.9207 2.0466 0.0014 
5 4.0112 0.0030 3.0196 0.9429 2.0155 0.0004 
6 4.0216 0.0119 2.9698 0.9649 2.0215 0.0025 
8 3.9904 0.0049 3.0431 0.9631 1.9931 0.0013 
9 3.9701 0.0131 3.0325 0.9495 2.0038 0.0025 

10 3.9822 0.0106 3.0215 0.9465 2.0331 0.0007 
17 3.9538 0.0129 3.0414 0.9308 2.0553 0.00 
Av. 3.989 0.010 3.025 0.909 2.023 0.002 
s.d.. 0.020 0.004 0.024 0.0 93 0.020 0.001 

C.o.V 0.51% 40.50% 0.79% 10.19% 0.97% 69.23% 
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Table 2 continued 

 
5 Discussion 
 

The discovery of thalcusite which usually occurs in 
hydrothermal environments may be an important factor in 
discussions of the genesis of Kupferschiefer type deposit, 
which belong to the low temperature family (Borg et al. 
2012). Most of the ore minerals were precipitated in 
temperatures below 100°C degree. This mineral has 
been also documented in VMS type deposits (Kovalenker 
et al. 1976) and alkaline complexes Karup-Moeler (2001), 
but in these cases, the temperature of precipitation might 
be higher.  

For more than 200 years discussion on deposit 
genesis has continued in international publications. Till 
now more than 600 publications were already published. 
The copper deposit was described in over 600 papers 
and books, e.g. Harańczyk (1972); Kucha and 
Pawlikowski (1986); Vaughan et al. (1989); Wodzicki and 
Piestrzyński (1994); Piestrzyński (2007); Borg et al. 
(2012) and many others. The mineralogy of this deposit 
was described in details by Piestrzyński (2007); 
Pieczonka and Piestrzyński (2000, 2008); Pieczonka et 
al. (2007). In general, copper sulphide mineralization 
transgresses all sediments close to the Lower-Upper 
Permian border. The Kupferschiefer organic shale 
contains the highest metals concentrations, however i.e. 
the Permian Weissliegendes sandstone that overlies 
Rotliegende sandstone, host the biggest Cu-Ag reserves. 
In samples from the deposit thallium wasn’t recorded in 
the bulk chemical analyses. In the Lubin-Sieroszowice 
deposit thalcusite have been detected within the dolomite 
type of ore, containing numerous of carbonate - sulphate 
micro-nests. The pink-lilac color and the reflectivity of 
thalcusite are very similar to the one of mineral from the 
bornite family. Therefore, during the standard 
microscopic observations it is very easy to miss this 
mineral. This work described the place and new 
localization of thalcusite in the World. 
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Nickel in shungite deposits 
Connor Brolly, John Parnell 
University of Aberdeen, Scotland, UK 
 
 
Abstract. Hydrothermal fluids are a major medium for 
metal redistribution and deposition in the Earth’s crust. 
The spatial relationship of metallic ores and 
hydrocarbons suggests that fluid hydrocarbons play a 
role in the transportation of metals and can be found in 
sufficient quantities to be economically exploitable. 
Examples of these include Carlin-type and Mississippi 
Valley-type (MVT) deposits. Paleoproterozoic 
carbonaceous metasediments are host to several metal-
rich deposits across Scandinavia and Russia. Ni occurs 
in the low-grade black-shale hosted Talvivaara deposit, 
Finland, which has been intermittently mined since 2008.  

This study aims to investigate mineralization found in 
shungite, a carbonaceous metasediment from Karelia, 
Russia as an analogue to mineralization found at the 
Talvivaara deposit. Two samples of shungite were 
analysed using SEM. The first sample which was dull and 
bedded-type shungite, showed no evidence of metal 
enrichment. The second sample from a vein-type 
shungite, a product of hydrocarbon migration, showed an 
enrichment of Ni, which demonstrates that Ni was 
transported by hydrocarbons. Given the similarity and 
proximity of shungite deposits and the Talvivaara host 
rocks, we infer that hydrocarbons played a role in metal 
transport in Ni mineralization.  

 
1 Ore deposits associated with 

hydrocarbons 
 

Aqueous solutions are the normal medium of metal 
transport, other than magmatic fluids, capable of 
concentrating metals into ore deposits (Migdisov et al. 
2017). The role of hydrocarbons for metal concentration 
is usually as a reductant, reducing metals out of solution, 
as opposed to an organo-metallic fluid which transports 
metals (Banks 2014). There is however an increasing 
body of evidence which suggests that hydrocarbons play 
a role in metal transport, when spatially associated with 
metallic ores (Watkinson 2007; Wiliams-Jones and 
Migdisov 2007). Carlin-type deposits in Nevada are the 
second largest type of Au deposits in the world 
associated with hydrocarbons. Au and other metals were 
remobilized and transported as organic-metallic fluids 
during hydrocarbon migration (Emsbo and Koenig 2007). 
Mississippi Valley-type (MVT) deposits which are 
epigenetic, carbonate-hosted sulphide bodies are a major 
source of lead and zinc resources (Anderson and 
Macqueen 1982; Paradis et al. 2007). Oil inclusions 
associated with MVT deposits contain high 
concentrations of metals compared with natural crude 
oils. This is thought to be a result of oil and metal-rich 
brines interacting, which mobilizes metals (Banks 2014).   
 

2 Ni in Paleoproterozoic carbonaceous 
metasediments 

 
The Talvivaara Ni-Cu-Zn-Co deposit, Finland is the 
largest black-shale hosted deposit in the world. It has 
been mined intermittently since 2008 and has an 
estimated resource of 1550 Mt of ore with 2.22% Ni, 
0.13% Cu, 0.02% Co and 0.49% Zn (Talvivaara Mining 
Company 2011). The sediments are rich in organic 
carbon (7.6 %) which is graphitic. Talvivaara is located 
near the Archean-Proterozoic boundary in the mining 
district of Outokumpu (Loukola-Ruskeeniemi and 
Lahtinen 2012). It was discovered in 1977 and was 
originally considered uneconomic but became economic 
through developments in extraction techniques. At full 
production an estimated 50,000 tonnes of nickel was 
extracted (Kontinen 2012). The deposit is located in the 
Karelia schist belt and occurs as two ore bodies 
(Kuusilampi and Kolmisoppi) over 2 km. The Ni 
enrichment in the black schists at Talvivaara is a result of 
increased Ni concentration in Paleoproterozoic seawater 
(Konhauser et al. 2009), and the spatial association of 
ultramafic intrusions (Loukola-Ruskeeniemi et al. 1991).  

Shungite rocks from the Zazhogino deposit, found 
near lake Olega, Karelia, Russia, are of the same age, 
and found in close proximity to the Talvivaara deposit 
(Fig. 1). This deposit contains an estimated 25×1010 
tonnes of organic carbon and represents one of the 
richest accumulations of organic material from the 
Paleoproterozoic. Ni in shungite has a median 
abundance of 390 ppm (Melezhik et al. 1999), 
significantly higher than the global median of 70 ppm in 
black shales (Ketris and Yudovich 2009). The analysis of 
shungite for metal enrichment could give a useful insight 
to the role of migrating hydrocarbons for ore transport at 
Talvivaara, and other Paleoproterozoic black schists. 

  

 
Figure 1. Geographic locations of the Talvivaara and Zazhogino 
deposits.  
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3 Samples 
 
3.1 Shungite 
 
The highly carbonaceous rocks of the Shunga district, 
found northwest of Lake Onega, Karelia in Russia called 
shungite (Inostraantsev 1879), has been mined for its 
technical properties - including the use as an antifriction 
agent, electromagnetic shielding and ecological 
remediation through adsorption (Solovov et al. 1990; 
Efremov et al. 2013).  Bedded and vein shungite 
represent the source rock and migration product of a 

petroleum system (Melezhik et al. 1999; Melezhik et al. 
2004). 

Two samples were analysed by scanning electron 
microscopy (SEM) in this study; a dull, bedded-type 
shungite, and a bright vein-type shungite, the latter of 
which is a product of hydrocarbon migration.  

Figure 2A-C are images of bedded-type shungite 
which is rich in authigenic orthoclase feldspars. The 
bedded texture is evident in figure 2A, and shows dark 
shungite bands, interbedded with quartz and orthoclase 
feldspar. Orthoclase feldspars display overgrowths of the 
same mineralogy shown in figure 2C. Similar mineralogy 
and textures are observed by Parnell et al. (1994).  

Figure 2. SEM images of shungite. (A-C) – bedded-type shungite with orthoclase feldspars (f), quartz (q), pyrite (py) and vanadium mica (v). 
(D-F) - bright, vein-type shungite with mineral inclusions and Ni phases, graphite (G).
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Pyrite is abundant and occasionally occurs with trace 
levels of arsenic. Pyrite as recrystallized framboids occur 
in all types of shungite (Melezhik et al. 2004). Vanadium 
mica can also be seen in the mineral rich bands. The 
bedded-type shungite shows no Ni mineralization.  

Figure 2D-F are images of vein-type shungite which is 
typically characterized by mineral inclusions in a 
carbonaceous matrix which was also observed by 
Strakhov (2007). Mineral inclusions show preferential 
orientation, indicating fluid migration. Nickel is more 
abundant in the mineral inclusions and can be seen in 
gersdoffite and polydymite (a weathering product of 
pentlandite) and occurs as isolated pentlandite spheroids 
in the matrix. Vanadium oxide is abundant in the matrix 
and is observed as isolated grains and adhered to an As, 
Ni and S phase interpreted to be gersdoffite. The Ni 
mineralogy in vein-type shungite described here are 
similar to that found in the black schists at Talvivaara 
which are rich in pentlandite (Riekkola-Vanhanen 2010).  

 
4 Origin of and mobilization of Ni in shungite 

 
Ni naturally occurs in hydrocarbons at concentrations of 
several hundred ppm, compared with other trace metals 
(<20 ppm) (Banks 2014). In addition, Paleoproterozoic 
seawater had elevated levels of Ni (Konhauser et al. 

2009; Loukola-Ruskeeniemi and Lahtinen, 2012), which 
could account for the widespread distribution of Ni in the 
Talvivaara metasediments. The black schists are 
spatially associated with ophiolitic rocks in Jormua, 
Finland (Loukola-Ruskeeniemi et al. 1991), which would 
have been a major source of Ni and other metals, 
enriching the surrounding metasedimentary host rock 
(Loukola-Ruskeeniemi et al. 1991). Black shale does not 
tend to be Ni-rich, with a global median Ni content of 70 
ppm (Ketris and Yudovich 2009), therefore Ni in high 
concentrations must be sourced from elsewhere. 
Melekestseva et al. (2013) showed that a high Ni/Co ratio 
is consistent with an ultramafic source.  

The rocks at the Zazhogino deposit are analogous to 
the rocks of the Talvivaara, given that they are the same 
age, and are carbonaceous rocks spatially associated 
with ultramafic rocks. The two deposits are located 
around 200 km apart. Hydrocarbons could have played a 
role as an ore fluid, scavenging and transporting metals 
throughout the Karelia Schist belt during the 
Paleoproterozoic.  

The process of Ni mobilization in shungite is 
summarized in a schematic sketch (Fig. 3). Hydrocarbons 
liberated from carbon-rich shungite rocks, migrated and 
scavenged Ni from ultramafic rocks and mineralized as 
bright vein-type shungite within joints and bedding planes 
(Melezhik et al. 1999) rich in Ni.  

 
 
Figure 3. Schematic sketch of Ni mobilization in shungite. Liquid hydrocarbons from bedded-type shungite scavenge Ni from cross-cutting 
ultramafic intrusion and are mineralized as vein-type shungite in joints and bedding planes. Ni could also be supplied to the depositional 
environment from weathering of earlier ultramafic intrusions. HC – hydrocarbons, Ni-nickel.  
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Kunene regions of Namibia 
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Daniela Gallhofer 
University of Graz, Institute of Earth Sciences, Austria 

 
 
Abstract. Coastal placers are present in the Erongo and 
Kunene regions of Namibia at current and past 
shorelines. The thickness of these mineral sands varies 
distinctly, being mostly at the dm-scale. The placer 
horizons consist of alternating mm to cm thick strata 
enriched in heavy minerals (pink-red-black) and quartz-
rich layers (yellow-white). All coastal placer occurrences 
show similar bulk mineralogical compositions, consisting 
of rock-forming minerals (quartz, feldspar, micas, 
carbonates) and heavy minerals (Al2SiO5-phases, 
apatite, epidote, Fe(Ti)-oxides, garnet (almandine, 
ferrous pyrope), monazite, pyrite, pyroxene, rutile, schorl, 
staurolite, titanite, zircon, zoisite). All sample locations 
have heavy mineral associations that are garnet-
dominated except for the southernmost sampling point 
near Swakopmund. Placer occurrences with REE and Ti 
resource potentials are the Fe oxide-dominated sands 
close to Swakopmund, with ratios of valuable minerals to 
gangue minerals of max. 1:30 for zircon plus monazite 
and 1:5 for Ti minerals. The bulk sediment load is from 
the Orange river in the source. Contributions of the 
Kuiseb and Swakopmund rivers are minor, contributions 
of other ephemeral hinterland rivers are negligible.  
 
1 Introduction 
 
Abundant information is available concerning the 
diamondiferous Plio-Pleistocene placer deposits of 
southern Africa (Corbett and Burrell, 2001; Jacob et al., 
2006; Spaggiari et al., 2006), but little is known about 
heavy mineral-bearing sands along the narrow Namibian 
coastal plain. Coastal Namibia is a hyperarid region 
(Lancaster, 2002) where chemical weathering is 
negligible and sediment composition is largely controlled 
by physical processes (Garzanti et al., 2014a, b). Strong 
winds transport sand all year long from south to north 
(Lancaster, 1985). Temporally floods feed hinterland 
rivers only for few weeks a year depositing their sediment 
load into flat interdune playas (Jacobson et al., 1995). 
Three large dune fields occur along the coast, however, 
the Erongo coast is characterized by a large, ~350 km 
wide dune-free gap.  

Since late Pliocene (van der Wateren and Dunai, 
2001) sediments of coastal Namibia have been largely 
supplied by the Orange river and its distributary the Vaal 
river (Vermeesch et al., 2010; Garzanti et al., 2014a; 
Gehring et al., 2014). The detrital material is transported 
northward over distances of hundreds of kilometers from 
the Orange delta up to southern Angola by ultra-long 

littoral and aeolian transport (Garzanti et al., 2014a; 
Garzanti et al., 2015). However, ephemeral hinterland 
rivers in the Erongo and Kunene regions draining Damara 
metasediments and granitoids of the Hinterland Branch 
(Kuiseb, Swakop, Omaruru, Ugab), as well as the Kaoko 
belt (Huab), and Etendeka flood basalts (Koigab), 
contribute likewise to the recent beach and dune sands 
(Lancaster, 1982; Garzanti et al., 2014a; Garzanti et al., 
2015). An additional sand source is the partially lithified 
Tertiary Tsondab sandstone (Garzanti et al., 2012; 
Garzanti et al., 2015).  

Hydrodynamic-sorting processes and winnowing lead 
to the formation of placer deposits on the foreshore and 
on beaches in Namibia where ultradense minerals are 
enriched up to 200 times (Garzanti et al., 2015). They are 
easily distinguishable as small layers and deep pink to 
dark red and black patches in which garnet or magnetite 
are concentrated (Garzanti et al., 2014b; Garzanti et al., 
2015) set into feldspatho-quartzose to litho-feldspatho-
quartzose (volcaniclastic) beach and dune sands 
(Garzanti et al., 2014a; Garzanti et al., 2015).  
 
2 Geological setting 
 
The coast of the Erongo region is a rocky plain with 
outcrops of metamorphic and minor igneous rocks, 
forming largely small hills and inselbergs. This landscape 
is characteristic for the total ~350 km long dune-free area 
between Walvis Bay and the Skeleton coast. Northwards, 
it passes over into the Skeleton coast erg where local 
diamond-bearing (pocket) beaches are known (Moore 
and Moore, 2004). However, higher diamond-potential is 
by placers in the Sperrgebiet bordering the dune-free 
area in the south (Corbett and Burrell, 2001; Jacob et al., 
2006; Spaggiari et al., 2006). To the east the narrow 
coastal plain is bounded by the Great Escarpment, which 
is a prominent topographic rise towards the mountainous 
hinterland.  

Placers are located either directly along the current 
shoreline or close-by retracing Quaternary paleo-
shorelines. They are separated from the hinterland by a 
prominent 3-5 m high cliff impeding sand movement away 
from the beach. The thickness of the placers varies 
distinctly, but is mostly in the dm-scale. Layers of 
conspicuous deep pink to dark red or black color alternate 
with brighter, coarser-grained quartzose layers. The 
coast-parallel surficial placer bodies have narrow to 
lenticular shape. The individual dimensions are controlled 
by the underlying irregular basement as well as by 
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hydrodynamic sorting processes. 
 
3 Coastal sands of Namibia 
 
3.1 Mineralogical composition 
 
The bulk mineralogical composition of placer sands along 
the Nambian coast is quite uniform, but the proportions of 
the respective minerals are distinctly variable. Generally, 
coastal placer sands comprise a varying portion of rock 
forming minerals (quartz, plagioclase, K-feldspar, biotite, 
muscovite, clay minerals, dolomite, siderite, chlorite), and 
a small portion of unclassified minerals, beside heavy 
minerals. Lithoclasts are negligible. The relative 
abundance of heavy minerals versus light rock-forming 
minerals varies between ~3 and 75 vol% and is largest in 
the placers north of the Omaruro river. The most enriched 
mineral sands with heavy mineral proportions of ~94 vol% 
are located close to Swakopmund. In the placers close to 
the Ugab and Huab rivers the heavy mineral fraction 
amounts between ~74 and 84 vol%. Quartz (≤55 vol%) 
prevails distinctly over altered plagioclase (≤10 vol%). K-
feldspar is mostly <1 vol%. 

Mineralogically, the heavy mineral fractions can be 
subdivided into three groups coinciding with their spatial 
distribution. The first group comprises placers in the 
southern area in the surroundings of Swakopmund, the 
second those north of the Omaruru river. All remaining 
sands belong to the third group and are located in the 
northern area. All heavy mineral suites are garnet-
dominated (≤73 vol% of the total sand mass), except for 
those placers close to Swakopmund where Fe-oxides 
(≤62 vol%) prevail, which provoke the characteristic pink 
to red color. Pyroxene (up to ~27 vol%) and staurolite (up 
to ~14 vol%) are abundant in all northern placers. Altered 
ilmenite (≤17 vol%) pertains to the main components at 
all locations, in particular in the southern placers. Zoisite 
occurs in significant quantity (up to ~6 vol. %) in the 
central area. Apatite is likewise minor with proportions of 
~4 to 6 vol% in the central domain. The highest zircon 
proportions are in the southern placers with up to ~3 
vol%. The Ti phases titanite and rutile belong likewise to 
the trace minerals with <2 vol% in all domains and 
absolute bulk proportions of 0.2 to 1.0 vol% titanite and 
0.3 to 0.8 vol% rutile, respectively. The highest monazite 
proportions are close to Swakopmund with 0.6 vol%. Bulk 
monazite proportions are between 0.0 and 0.6 vol%. All 
remaining minerals share in general less than 1 vol% of 
the mineral suite.  
 
3.2 Minerals of economic interest 
 
The ratio of total valuable minerals to total gangue 
minerals is of economic interest. Considering zircon and 
monazite combined as possible carriers of REE (rare 
earth elements), the ratio is between 1:30 and 1:1300 
with the most promising placers located close to 
Swakopmund (ratios 1:30 and 1:40) and in the central 
area (NAM-SM44). Titanium-bearing minerals (ilmenite, 
rutile, titanite) are likewise of interest for industry. The 
ratios are between 1:5 and 1:70 displaying the 

Swakopmund placers likewise as most promising. 
Notwithstanding these positive Ti ratios the largest 
portion is represented by altered ilmenite with unknown 
loss of Ti. Moreover, microscopy revealed that ilmenite 
occurs intergrown with Fe-oxides. All three textures of 
ilmenite-magnetite intergrowths expressed as trellis type, 
composite type and sandwich type are present. 
Individual, non-altered ilmenite crystals are quite rare. 
Likewise magnetite shows incipient to advanced 
martitization to hematite. Both, magnetite and ilmenite 
show indications of leaching and/or decomposition into 
secondary phases although the products are mostly 
sorted out of sands. The reason is seen by the deposition 
in a formerly active, high-energy environment where less 
stable minerals are destroyed and washed out. Garnet 
can be of economic interest, as an abrasive substance, 
but, grains are probably too small for industrial use.  
 
4 Discussion – linkage of sand composition 

and source regions  
 
The southernmost placers are located north of the 
mouths of the Kuiseb and the Swakop rivers. Whereas 
the Kuiseb drains amphibolite-facies quartzites and mica-
schists, the Swakop drains granites and metasediments. 
The Kuiseb carries quartzose to feldspatho-quartzose-
metamorphiclastic sands with abundant biotite and a 
moderately-rich amphibole-epidote-garnet suite with 
minor apatite and tourmaline (Garzanti et al., 2014a). 
Zircon, rutile, titanite, staurolite, kyanite and monazite are 
rare (Garzanti et al., 2012). Feldspatho-quartzose sands 
with biotite and a moderately-rich amphibole-garnet-
staurolite suite with some clinopyroxene, tourmaline, 
apatite, titanite and minor kyanite and sillimanite are 
characteristic for the Swakop sediment load. The 
composition of these larger hinterland rivers is hardly 
reflected in the placer assemblages close to 
Swakopmund, which contain only very minor proportions 
(<1 vol%) of epidote, apatite, staurolite, titanite and 
Al2SiO5 phases. The only significant mineral is garnet 
(<25 vol%), but the feldspatho-litho-quartzose to 
lithofeldspatho-quartzose Orange river sand with a 
clinopyroxene dominated heavy mineral suite and 
subordinate opaque Fe-Ti-Cr- oxides, epidote, amphibole 
and garnet (Garzanti et al., 2012; Garzanti et al., 2014a) 
is a more likely source for the bulk of the heavy minerals. 
However, a certain portion of garnet might be from the 
Damara formations. In addition, also the Coastal Namib 
sand sea with feldspatho-quartzose sands rich in 
clinopyroxene and minor garnet, amphibole and epidote 
(Garzanti et al., 2014a) might contribute a certain garnet 
portion. Monazite and zircon can by supplied, in parts, by 
the Kuiseb. 

The situation is different north of the mouth of the 
Omaruru river delivering feldspato-quartzose sands with 
a moderately-poor tourmaline-garnet-amphibole-epidote-
titanite mineral suite and minor sillimanite (Garzanti et al., 
2014a). Whereas the southern placers are largely 
composed of hardly only heavy minerals, the three 
following to the north have a large proportion of rock-
forming minerals. In particularly quartz (≤55 vol%) and 
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plagioclase (≤10 vol%) share larger proportions. 
Pyroxenes represent ~5-6 vol%, biotite ~2 vol% of bulk 
sand. The heavy mineral suite is dominated by garnet 
and minor staurolite, zoisite and apatite, heavy minerals 
not carried by the Omaruro river, but staurolite, apatite, 
biotite and minor titanite are within the sediment of the 
Swakop river. As zoisite shows a similar distribution as 
staurolite a river-derived origin is likely. Pyroxenes and 
low epidote contents as well as Fe-oxide and ilmenite are 
traced back to the Orange river load. Zircon and monazite 
show similar distribution curves as Fe-Ti-oxides implying 
the Orange river as likely source. Traces of tourmaline, 
epidote and titanite might be related to the Omaruro 
sediment load.  

The impact of the Orange river is still apparent in all 
placers further north, reflected by the occurrence of larger 
proportions of Fe-Ti-oxides and minor pyroxene. 
Subordinated apatite, staurolite and zoisite might be 
traced back to the Swakop river.  

Ugab sediment is quartzo-feldspatic with 
clinopyroxene, hornblende, garnet and epidote, as well 
as zircon and tourmaline (Garzanti et al., 2014a). 
However, a significant distribution of Ugab sediment is 
not distinguishable in none of the northern placer sands. 
Differences in pyroxene, epidote and schorl occurrence 
are subtle. Distinguishable are only subtle higher average 
contents of dolomite and Al2SiO5-phases.  

Although three different heavy mineral sand 
assemblages can be distinguished, their sediment load 
can largely be traced back to the Orange river. In the 
southern area, a distribution of Swakop and/or Kuiseb 
sediment load is hardly reflected in the placers. The 
central and northern placers show a certain Swakop 
and/or Kuiseb-derived sediment load. The contributions 
of the ephemeral Omaruru and the Ugab rivers are 
insignificant. Uncertain is the provenance of garnet in all 
placers due to its presence in all rivers, however, 
Garzanti et al. (2014a) showed that only one-third of 
beach sand in the 350 km dune-free gab between the 
Namib and the Skeleton coast erg is Orange river-
derived. The remaining two-third are supplied by the 
Swakop river. Concerning garnet, a mixed provenance is 
likely with significant distribution of both, the Swakop river 
and the Orange river. In particularly the local supply of 
amphibolite-facies metasedimentary rocks of the Damara 
Inland Branch to beach sands north of Walvis Bay, as 
shown by Garzanti et al. (2014a) argues for this. 
However, large shares of the Omaruru and the Ugab can 
be excluded. The latter is also indicated by distinctly 
minor long-term supply of only ~1 x 106 t/a of all rivers 
draining the Damara Orogen in the Erongo region in 
comparison to ~11 ± 2 x 106 t/a supply of only the Orange 
river (Garzanti et al., 2014a). 

 
 
5 Conclusions 
 
The mineral suites of all placers argue for the Orange 
river as dominant sediment source, however, a certain 
contribution of the Swakop and Kuiseb rivers is traceable. 
The contributions of other ephemeral hinterland rivers are 

insignificant. Although the geological conditions are not 
ideal, the relatively high total heavy mineral content and 
the favorable ratio of ore to gangue minerals concerning 
Ti minerals render at least the southern placer deposits 
an economically considerable resource. Minor zircon and 
monazite contents, good access to the locations and 
simple mineability upgrade the deposits.  
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Abstract. In this study subsidence related to mining 
activity in the Nuraxi Figus coal district was detected by 
means of the Advanced Differential Interferometric 
Synthetic Aperture Radar (A-DInSAR) technique, applied 
to COSMO-Skymed (CSK) data. The interferometric 
results, covering 2011 and 2014, have been obtained in 
the framework of the so-called “Third Not-ordinary Plan of 
the Environmental Remote Sensing Project”. The remote 
sensing revealed a maximum subsidence of about 23 cm 
related to coal extraction, carried out in correspondence 
of two production panels, 400 m wide and 1300 m long, 
at a depth of about 500 m below the ground level.  

Time-lapsed vertical deformation profiles have been 
carried out to analyze the dynamic ground-deformation 
development. The study allowed demonstration that 
subsidence was still active for a year after the mine panel 
production.  
 
1 Introduction 
 
Sometimes, underground mining produces subsidence, 
which can be coincident with mining activities or delayed 
in response to the time-dependent deformation of the 
rocks. Soil deformation due to underground mining has 
been reported from almost all parts of the world (e.g. 
Pickering and Lewis 1994, Zhou et al. 2015, Przyłucka M. 
et al. 2015) and can be dangerous when affecting surface 
infrastructures (Ge et al. 2006, Vervoort 2016), also 
causing major damages to buildings and houses (Asadi 
et al. 2005). Therefore, it is essential to not underestimate 
the potential effects of mining subsidence. Indeed, 
monitoring surficial deformations in active or closing 
mining areas is a key point to minimize negative 
environmental and social impacts. The management of 
subsidence has increased in importance over the last 
years and several monitoring methods have been used, 
comprising Advanced Differential Interferometric 
Synthetic Aperture Radar (A-DInSAR) techniques 
(Herrera et al. 2010; Tomás et al. 2014; Yerro et al. 2014; 
Fan et al. 2015; Przyłucka et al. 2015).  

In this work, we have studied surficial deformations 
which occurred between 2011 and 2014, in association 
with deep underground mining in the Seruci-Nuraxi Figus 
coal district (Carbonia – Iglesias, Sardinian region, Italy) 
(Tessitore et al. 2018). To pursue this aim, we used 
COSMO-SkyMed data (2011-2014), processed by a PS-
like technique (Costantini et al. 2008).  
 

 
Figure 1. The study area. Green line is the Sulcis carboniferous 
basin limit, the pink line represents the Carbosulcis mining district 
(http://www.carbosulcis.eu).  
 
2 The study area 
 
The Seruci-Nuraxi Figus coal mine is located in Sardinia 
(Italy), within the Sulcis coalfield, an area extending for 
about 60 hectares between the Carbonia, Gonnesa and 
Portoscuso towns (Fig.1). In recent years, the mining 
licenses have been owned by Carbosulcis S.p.A., which 
mined the coal seams in several sectors of the Seruci-
Nuraxi Figus concession (also named “Monte Sinni” 
concession) until 2012, to supply coal fuel to the nearby 
thermal electric power station owned by ENEL S.p.A. The 
production panels were mined underground, by an 
infrastructure comprising 30 km of tunnels, at a depth of 
ca. 400 m below the sea level, up to about ca. 500 m 
below the ground surface. On the 1st of October 2014, 
the European Commission approved, for the Seruci-
Nuraxi Figus coal mine, a closure plan, which intended to 
stop coal mining before the end of 2018 and to complete 
environmental remediation before the end of 2027 
(http://www.carbosulcis.eu/). Thus, the present activities 
carried out in the Seruci-Nuraxi Figus mine are mainly 
focused on the maintenance and safety measures. 
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2.1 Geological setting 
 
The study area is in a paleostructure of the continental 
south-western Sardinia margin, where an Eocene 
sedimentary basin, called “Sulcis carboniferous basin”, is 
situated (Fig. 2). The sedimentary rocks occurring in this 
area from the Paleozoic to the Quaternary. The basement 
is featured by Paleozoic and Mesozoic rocks, which crop 
out on the eastern and northern borders of the Sulcis 
basin (Pasci et al. 2012). The sedimentary succession 
filling the basin, uncomfortably covering the basement, 
can be subdivided from the bottom to the top, in four 
Formations: Calcari a Macroforaminiferi Fm. 
(limestones); Miliolitico Fm., consisting of sandstones, 
marls and limestones (20-70 m thick); Lignitifero Fm., an 
association, 70 to 150 m thick, of clays, marly limestones, 
bituminous limestones, marls and conglomerates, 
interbedded with coal seams, and the Cixerri Fm., 
consisting of sandstones, conglomerates and marls 
(average thickness = 300 m) (Pasci et al. 2012). The 
Lignitifero Fm. coal seams have a thickness comprised 
between 1 and 10 m and consist of pure coal layers 
commonly 10 cm thick, rarely reaching 30-50 cm of 
thickness, interbedded with clays. In the Seruci-Nuraxi 
Figus area, the mined horizon is located at 350-450 m 
below the surface. Sedimentary rocks are covered by 
100-300 m of volcano-pyroclastic rocks and ignimbrites 
(Fadda et al. 1994; Pasci et al. 2012). 
 

 
Figure 2. Geological map. 
 
3 Satellite data 
 
COSMO-SkyMed dataset (91 images) obtained in the 
framework of the Third Not-ordinary Plan of 
Environmental Remote Sensing project (Piano 
Straordinario di Telerilevamento Ambientale, PST-A-3 in 
Italian) promoted by the Italian Ministry for the 
Environment, Land and Sea (Costantini et al. 2017; Di 
Martire et al. 2017), have been used in this work. The 
PSP-SAR algorithm (Costantini et al. 2008) has been 
applied to high-resolution CSK images acquired in 
ascending and descending orbits, respectively covering 
the periods May 2011-January 2014 and May 2011-

March 2014. Specifically, cumulated displacements, 
projected along the satellite Line of Sight (LoS), (for each 
observation period) are of -6±16 mm (ascending) and of 
-13±32 mm (descending) on average for the whole study 
area. By means of the composition of LoS velocity data 
(ascending and descending), have been obtained the 
vertical deformation maps and profiles. 
 
4 Results and discussion 
 
From the processing of the COSMO-SkyMed data, 
scattered subsidence was detected in correspondence of 
the Seruci-Nuraxi Figus mine panels (Fig. 3) which are 
400 m wide, 1300 m long and 3 m high.  
The deformation maps obtained from interferometric 
processing, acquired in both geometries, allowed exact 
determination of the vertical displacements.  

The subsidence started in the year 2011, and 
developed until 2014, with maximum cumulated vertical 
displacements of ca. 23 cm. It is important to note that the 
maximum deformation was detected in correspondence 
with post-mining operations, considering that the 
Carbosulcis mining activity records indicate that most of 
the extraction was carried out in the period 2011-2013, 
with a peak of coal production in 2012 (Fig. 4). On the 
other hand, between 2013 and 2014, the extraction 
activities had to stop for long periods due to technical 
reasons, which prevented any further excavation of the 
panels and only allowed to carry out limited maintenance 
works to the main and tail tunnels. 
 
5 Conclusions  
 
According to existing regulations, mine monitoring is 
mandatory also after their closure.  

Several monitoring techniques can be used to manage 
subsidence and other kinds of post- mining issues, 
improving technical, economical, and environmental 
aspects related to sustainable development of mining 
areas. From our study, A-DInSAR has turned out to be 
very sensitive for identifying subsidence at a centimetric 
scale, then may be very useful during the preliminary 
phases of post-mining environmental remediation plans, 
but also for ground monitoring in active mining areas. 

The DInSAR study on the Nuraxi Figus mining area, 
allowed detection of subsidence phenomena that started 
during mining activity and developed until post-mining 
operations. The good correlation between position and 
timing of subsidence and mining activity, strongly 
suggests that the coal extraction in this area has 
produced the observed surface deformation phenomena. 
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Figure 3. InSAR vertical deformation maps (top) and vertical 
deformation A-A' profiles (below) cumulated in the periods 2011-
2014; black dashed lines in the figure represent the mining panels. 

 
Figure 4. Carbosulcis mining activity records. Red and blue 

represent the tons materials productions (www.carbosulcis.eu). 
The study also confirms that ground surface 

deformations can occur also a few years after completion 
of mining work. However, for better investigating and 
understanding the cause-effect mechanism between 
extraction and ground deformation, external data must be 
acquired, especially in the areas where predominantly 
horizontal and vertical components have been observed. 

Future prospective will be to apply A-DInSAR 
monitoring in other study cases. Two subsidence 
phenomena, which are causing damage to buildings and 
houses, will be examined. The first study case is the well-
known Kiruna mine (Sweden) (Henry et al. 2004), 
whereas the second is represented by Zaruma 
(Ecuador), that is an area heavily affected by illegal 
mining. 
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Abstract. The declining discovery rate of world-class ore 
deposits represents a significant obstacle to the future of 
global metal supply. To counter this trend, there is a 
requirement for mineral exploration to be conducted in 
increasingly challenging and uncertain search spaces. 
Faced with such an increase in task complexity, an 
important limitation from an exploration perspective is the 
human behavioural aspect of information interpretation 
and decision-making.  

By adapting and developing upon existing research 
from a broad range of disciplines, this paper introduces 
the Dynamics learning curve, part of the Dynamics model 
of decision-making and learning. Its application for 
developing adaptive expertise within the mineral 
exploration industry is discussed. The model takes into 
account behavioural and motivational aspects of the 
individual, as well as the wider context and complexity in 
which the individual and the decision-making behaviour 
are embedded. This model can be used as a diagnostic 
tool for situational analysis and to inform learning 
interventions. The model can also be used for designing 
working and training environments to promote learning 
and adaptive decision-making, to improve success rates 
in the mineral exploration industry. 

 
1 Introduction 
 
Despite increased exploration expenditure, the global 
discovery rate of world-class ore deposits has been in 
decline for over a decade (Schodde, 2017). Without 
access to these materials, society is unlikely to realise 
long-term goals towards achieving sustainability, such as 
the transition to renewable energy sources and evolution 
of the automotive industry to predominantly battery-
driven vehicles (Sykes et al. 2016). 

Mineral exploration has traditionally followed an 
empirical approach, searching for evidence of 
mineralisation upon the surface of the planet, then 
targeting drilling to define the extent of an ore body 
beneath the surface. As outcropping deposits in well-
defined areas are depleted, there is a need for 
exploration to extend to less well-explored search spaces 
(Hronsky and Welborn, 2018). These include regions 
where surficial evidence for deposits are absent, 
requiring a predictive, conceptual approach to targeting, 
guided by an understanding of underlying mineralising 
processes (McCuaig and Hronsky, 2014). As the mineral 
exploration industry experiences a transition from 

empirical to conceptual targeting, human expertise and 
creativity are key to realising long-term, recurring success 
(Davies and Davies, 2018). 

This paper proposes a complete model of learning and 
decision making, to guide our industry in adapting training 
and working environments, as well as management 
styles, that enable employees to achieve their maximum 
potential and develop expertise in exploration targeting.  
 
2 Adaptive expertise 
 
2.1 Human decision-making 
 
Exploration datasets are, by definition, incomplete, 
allowing for multiple interpretations. In an exploration 
context, competing hypotheses can only be fully tested 
through further exploration activities. A number of studies 
have delved into the process of subjective assessments 
and interpretation of geoscientific data. Polson and Curtis 
(2010) and Bond et al. (2012) discuss the role of 
heuristics in geological interpretations based on uncertain 
data. They highlight the potential for experts to reach 
contradictory conclusions when analysing the same data, 
bringing the adequacy of expert opinion into question. 
However, Bond et al. (2012) recognised that Master’s or 
Ph.D. qualifications significantly improved expert 
performance in interpreting a seismic dataset, 
highlighting the importance of developing genuine 
expertise, through relevant training and experience. 

Research into human decision-making has resulted in 
two broad camps. Naturalistic decision-making focuses 
on the intuitive judgments of highly skilled professionals. 
The recognition-primed decision-making model (Klein, 
1998; 2008) defines the conditions in which intuitive 
judgement may become skilful. On the other hand, 
research into heuristic biases has focused on 
understanding common flaws in human cognitive 
performance that have a negative impact on decision 
making (Kahneman 2011). 

In their seminal paper, Kahneman and Klein (2009) 
agreed that whether or not intuitive decisions are highly 
accurate and skillful, or hugely flawed, depends on the 
experience, knowledge and skill level of the decision-
maker, specific to the context in which the decision is 
being made.  

 
2.2 Developing expertise 
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Shwartz et al. (2005) proposed a model to define 
transferable and adaptive expertise, outlining the balance 
between innovation and efficiency (Fig. 1). The level of 
task complexity needs to lie within an ‘optimal adaptability 
corridor;’ where the individual is just outside their current 
knowledge and ability, but not overwhelmed by the task 
or situation. Should the learner be overwhelmed by the 
complexity of the task, then learning opportunities will be 
limited, and they will remain a frustrated novice. However, 
a learner who is insufficiently challenged by a task will 
only develop limited, routine expertise for that specific 
task. The risk faced by experts is that their skills are too 
narrow, and are therefore not transferable into different 
contexts or environments, as outlined by Kahneman and 
Klein (2009).  
 

 
 
Figure 1. Adaptive expertise represents a balance between 
innovation and efficiency, after Shwartz et al. (2005)). 
 
3 Discussion 
 
To better understand the process of decision-making and 
skill development, Davies and Davies (2018) proposed 
the Dynamics model of decision-making and learning (Fig 
2). This model combines Newell’s Constraints model 
(1985) and Wulf & Lewthwaite’s OPTIMAL model of 
learning (2016), and includes a feedback loop, to define 
an autopoietic (i.e. self-organising and self-regulating) 
system.  

The constraints model is embedded within an 
ecological dynamics (ED) theoretical perspective (Newell 
1985). ED incorporates dynamical systems theory to 
understand how complex non-linear systems, such as 
people, companies, and marketplaces, behave (Zohar 
1997). For learning to be effective, it must take place in 
an authentic environment, representative of those 
environments into which the skill will later be transferred 
(Headrick et al. 2015). Learning occurs through 
attunement to relevant information. This information must 
be present and consistent, such that the learner is able to 
recognise regularities between the environment and their 
decisions (Kahneman and Klein 2009).  

The information influencing decision-making 
behaviour comprises affordances and constraints. These 
are broadly categorised as individual, environment and 
task (Newell, 1985). Although the defined task is well 
recognised as a decision-making constraint, the 
individual and environment are often overlooked or 
misunderstood in the decision-making process. 
Differences in individual perception, motivation and 
meaning will shape the influence of constraints and 
account for the diversity of decisions, when identical 
constraints are presented to separate explorers (Davids 
et al. 2015).  

Key elements recognised in the model are that 
learning is a non-linear process and that motivation, effort 
and focus of attention are the initial start points, defining 
the quality of individual input into learning and decision-
making tasks (Ryan and Deci 2002; Wu and Magill 2011). 

In addition to this, we present the ‘Dynamics learning 
curve’ (Fig 3). This model builds on biological system 
curves, the Catastrophe Curve (Fazey and Hardy, 1988) 
and the Challenge Point Framework (Gudagnoli and Lee 
2004). Here, the complex relationship between the 
demands of a task and the expected performance output 
are represented by a performance curve. Individual, task 
and environmental demands are combined to represent 
the overall challenge to the individual (Kahneman 2011; 
Gudignoli and Lee 2004). Where the demands of the task 
are limited, the performer will remain under-challenged 
and lack the opportunity to develop adaptive expertise. 
Should task difficulty increase, the learner’s performance 
will trend upwards to a point where they are optimally 
challenged. 

An important feature of this is the ‘ugly zone’ a term 
coined by rugby coach Dave Alred (2015). In the model, 
this zone describes the point where there is instability in 
performance and risk of a bifurcation point. This zone is 
where new and innovative ideas and understanding 
become possible, but typically involves the learner feeling 
unnatural, regressive and awkward. An integral risk of 
learning in the ‘ugly zone’ is the potential for a collapse in 
performance, arising from the learner being overwhelmed 
or over-challenged. For this reason, it’s important to 
recognise that developing adaptive expertise presents a 
significant risk of failure. In fact, this will probably be the 
status quo for the majority of the learning period. It is 
advised that exploration-specific training courses are 
developed, so that learners can test novel ideas and risk 
failure without the serious financial consequences faced 
in industry. 
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Figure 2. The Dynamics model of decision-making and learning, 
after Davies and Davies (2018). Developed from Newell’s 
Constraints model (1986) and Wulf & Lewthwaite’s OPTIMAL model 
(2016). 
 
 

 
 
Figure 3. The Dynamics learning curve shows how adaptive 
expertise is developed through learning in the ‘ugly zone,’ after 
Davies and Davies (2018).  
 
4 Conclusions 

 
The mineral exploration industry is experiencing a major 
transition as surface deposits are depleted. Predictive 
targeting for buried or ‘blind’ deposits requires explorers 
to conduct conceptual exploration based on an 
understanding of underlying mineralising processes. As 
such, there is a need for explorers to develop adaptive 
and transferable expertise in exploration decision-
making, so that the exploration industry might avoid a 
metal supply crisis. 

It is likely that exploration targeting currently 

represents a low-validity task (Kahneman, 2011), since 
the practice climate in industry presents limited 
opportunity for attunement to relevant information or 
feedback (Hogarth 2001; Kahneman and Klein 2009).  

As such, it is advised that training courses are 
developed, and working environments are adapted, such 
that exploration geologists are presented the opportunity 
to develop adaptive expertise. Although an element of 
risk remains in all exploration decisions, due to limitations 
inherent within exploration datasets, the objective of such 
training courses is to improve the base-rate quality of 
exploration decisions, across the minerals industry. 

The Dynamics learning curve provides a clear 
understanding of what the optimal adaptability corridor 
represents, and how to recognise whether a learner is 
being sufficiently challenged and supported such that 
they may develop adaptive expertise. Together, the 
Dynamics models incorporate disparate research topics, 
to guide the exploration industry in designing training 
programmes, working environments and management 
styles that enable employees to develop adaptive 
expertise. 
 
Acknowledgements 
This research was supported by an Australian 
Government Research Training Program (RTP) 
Scholarship and Society of Economic Geologists (SEG) 
Graduate Student Fellowship Grant. 
 
 
 
References 
 
Alred, D., (2015). The Pressure Principle; Handle Stress, Harness 

Energy, and Perform When it Counts. Penguin Life, 



 

1897 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 4 

London:272p 
Bond CE, Lunn RJ, Shipton ZK, Lunn AD (2012) What makes an 

expert effective at interpreting seismic images? Geology 40:75–
78. 

Curtis A (2012) The science of subjectivity. Geology 40:95–96. 
Davids K, Araújo D, Ludovic S, Orth D (2015) Expert Performance 

in Sport: An ecological dynamics perspective. In: Baker J, 
Farrow D, Ed. Handbook of Sport Expertise, Routledge, pp 130-
145 

Davies MJ, Davies RS (2018) Beyond below-ground geological 
complexity: Developing adaptive expertise in exploration 
decision-making. In: Australasian Institute of Mining and 
Metallurgy, Proceedings of Complex Orebodies Conference, 
19-21 November, Brisbane, Australia, pp 95-98 

Fazey J, Hardy L (1988). The inverted-U hypothesis: a catastrophe 
for sport psychology? British Association of Sports Sciences 
Monograph 1. The National Coaching Foundation, Leeds 

Guadagnoli MA, Lee TD (2004) Challenge Point: A Framework for 
Conceptualizing the Effects of Various Practice Conditions in 
Motor Learning. Journal of Motor Behaviour, 36(2):212-224 

Headrick J, Renshaw I, Davids K, Pinder RA, Araujo D (2015) The 
dynamics of expertise acquisition in sport: the role of affective 
learning design. Psychology of Sport and Exercise 16(1):83-90. 

Hogarth RM (2001) Educating intuition. University of Chicago Press, 
Chicago:352p 

Hronsky JMA, Welborne J (2018) Western Mining Services, Senior 
Exploration Management (SEM) course. Perth, July 2018. 

Kahneman D, Klein G (2009) Conditions for Intuitive Expertise: A 
Failure to Disagree. American Psychologist 64:515–526 

Kahneman D (2011) Thinking, fast and slow. Penguin Books Ltd, 
London:504p 

Klein G (1998) Sources of power: How people make decisions. MIT 
Press, Cambridge, MA:352p 

Klein G (2008) Naturalistic Decision Making. Human Factors 
50:456-460 

McCuaig TC, Hronsky JMA (2014) The mineral system concept: the 
key to exploration targeting. SEG 2014: Building Exploration 
Capability for the 21st Century, pp 153–175. 

Newell KM (1985) Coordination control and skill. In: Wilberg RV, 
Franks IM, Ed. Differing perspectives in motor learning, 
memory, and control, Elsevier Science, Amsterdam, pp. 295-
317 

Ryan RM, Deci EL (2002) An overview of self-determination theory. 
In: Deci EL, Ryan RM, Ed. Handbook of self-determination 
research, University of Rochester Press, Rochester, NY, pp. 3-
33. 

Schodde RC (2017) Long-term forecast of Australia's mineral 
production and revenue. The outlook for gold: 2017-2057. 
Special study commissioned by the Australian government and 
industry by MinEx Consulting, October 2017:89p 

Schwartz DL, Bransford JD, Sears D (2005) Efficiency and 
innovation in transfer. In Mestre J, Ed. Transfer of learning: 
Research and perspectives, Information Age Publishing, 
Greenwich, CT, pp 1-51 

Sykes JP, Wright JP, Trench A (2016) Discovery, supply and 
demand: From Metals of Antiquity to critical metals. Applied 
Earth Science 125:3-20 

Wu WF, Magill RA (2011) Allowing learners to choose: Self-
controlled practice schedules for learning multiple movement 
patterns. Research Quarterly for Exercise and Sport 82(3):449-
457. 

Wulf G, Lewthwaite R (2016) Optimizing Performance through 
Intrinsic Motivation and Attention for Learning: The OPTIMAL 
theory of motor learning. Sychonomic Bulletin & Review 
23:1382-1414 

Zohar D (1997) ReWiring the Corporate Brain: Using the New 
Science to Rethink How We Structure and Lead Organizations, 
Berrett-Koehler Publishers, San Francisco:172p. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 


	Open Poster Session 2
	Magnetite formation in the serpentinization of ultramafic rocks from Bangong-Nujiang suture zone, Tibetan Plateau
	1 Geology of the study area and sampling
	2 Results
	2.1 Petrography
	2.2 Mineral chemistry

	3 Discussion
	3.1 Factors influencing serpentinization
	3.2 Potential for magnetite mineralization

	Acknowledgements
	References

	Can low-titanium lamproite magmas produce ore deposits? Evidence from Mesozoic Aldan Shield lamproites
	1 Introduction
	2 Geological setting
	3 Results
	3.1 Mineralogical and chemical evolution of studied rocks
	3.2 Apatite-fluorite-carbonate mineralization

	4 Discussion
	4.1 Low-titanium lamproite melt as a parental melt for the Au-porphyry Ryabinovoye deposit
	4.2 Low-titanium lamproite melt as a parental melt for PGE-bearing dunites of Inagli massif
	4.3 Low-titanium lamproites and REE deposits

	5 Conclusions

	Peraluminous pegmatoids with several thousands of ppm of LREE in the Central Grenville Province
	1 Introduction
	2 Geological context
	3 LREE-rich PGDs from the central Grenville
	4 Petrography
	5 Genetic link between the metapelites and the PGD
	6 Whole rock geochemistry
	7 Discussion
	Acknowledgements
	References

	Geochemical variations in pegmatites of the Cape Cross-Uis tin belt and Sandamap-Kranzberg tin belt, Namibia
	1 Introduction
	2 Geological setting
	3 Methodology
	4 Results and Discussion
	5 Conclusion
	References

	New geochronological constraints on the Lagoa Real uranium province
	1 Introduction
	2 Methods
	3 Results
	3.1 Charnockite
	3.2 Lagoa do Barro granite
	3.3 Juazerinho granite
	3.4 São Timóteo granite
	3.5 Albite-gneiss

	4 Discussion
	5 Conclusions
	Acknowledgements
	References

	Iberian Pyrite Belt massive sulphide deposit stockworks: styles and comparison
	1 Introduction
	2 Geological setting
	3 Description of the representative deposits
	3.1 Aguas Teñidas
	3.2 Tharsis
	3.3 Rio Tinto

	4 Discussion
	Acknowledgements
	References

	Topaz-rich breccias at the 1.9 Ga Kankberg Au-Te deposit, Skellefte District, Sweden.
	1 Introduction
	2 Geological setting
	3 Rock types
	4 Discussion
	Acknowledgements
	References

	Indium and Gallium in Cu-Pb (Ag) sulphide deposits of the Otavi Mountain Land, Namibia; a LA-ICP-MS study
	1 Introduction
	2 Geological setting
	3 Methodology
	4 Results and Discussion
	4.1 Petrography
	4.2 LA-ICP-MS Data

	5 Conclusion
	Acknowledgements
	References

	Chemical characteristic of gersdorffite solid solutions in Stan Terg area, Kosovo
	1 Introduction
	2 Analytical samples and methodology
	2.1 Investigated material
	2.2 Analytical methods

	3 Geological background of Stan Terg area
	4 Mineralogy of gersdorffite
	4.1 Mazhiq
	4.2 Melenica
	4.3 Vllahi

	5 Discussion
	Acknowledgements
	References

	Thalcusite - a new mineral from the Kupferschiefer, Sieroszowice deposit, Poland
	1 Introduction
	2 Geological setting
	3 Analytical methods
	4 Mineralogy and geochemistry
	5 Discussion
	Acknowledgements
	References

	Nickel in shungite deposits
	1 Ore deposits associated with hydrocarbons
	2 Ni in Paleoproterozoic carbonaceous metasediments
	3 Samples
	3.1 Shungite

	4 Origin of and mobilization of Ni in shungite
	Acknowledgements
	References

	Coastal garnet and magnetite sands in the Erongo and Kunene regions of Namibia
	1 Introduction
	2 Geological setting
	3 Coastal sands of Namibia
	3.1 Mineralogical composition
	3.2 Minerals of economic interest

	4 Discussion – linkage of sand composition and source regions
	5 Conclusions
	References

	Detection of subsidence related to mining activity by using interferometric radar data: the Seruci-Nuraxi Figus coal mine case study (Sardinia, Italy)
	1 Introduction
	2 The study area
	2.1 Geological setting

	3 Satellite data
	4 Results and discussion
	5 Conclusions

	Developing adaptive expertise in exploration decision-making
	1 Introduction
	2 Adaptive expertise
	2.1 Human decision-making
	2.2 Developing expertise

	3 Discussion
	4 Conclusions
	Acknowledgements
	References





