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PROLOG 

Vanishing glaciers, dwindling resources, growing inequities and inequalities, war and dying 

creatures dominate the world and the news. Humankind alone is the trigger and humankind 

alone can and must counteract this in order to make this one planet that we can inhabit still 

habitable for future generations. Especially in the field of raw materials industry and processing, 

the awareness that raw materials are limited, that we only have one earth and that we have to 

treat it with care is indispensable. Whether it is the clean drinking water from the tap, the 

catalytic converters in our cars, the increasing number of cell phones and computers, our daily 

bread or medicines: We do not want to and cannot (in part) do without anything. 

I became a natural scientist and especially a geoscientist because I wanted to understand these 

processes and cycles of the earth and be able to optimize and change them. It will be my 

generation that will have to watch how oil runs out, how rare earths become unaffordable and 

the prices for everyday objects in the western world explode - and it will be us who will have 

to find solutions for this, because otherwise we will not be able to survive. Not only because it 

will no longer be financially possible. That would still be easy. In addition, because injustice 

and thus migration will increase and climate change will take its tribute. Basic research is the 

foundation for this purpose. Moreover, this work should contribute to it. 

For the dissertation presented here, the research results of the project of the German Research 

Foundation MA 3927/19-1  

THE NATURE OF MICRO-AND NANOCRYSTALLINE WEATHERING PRODUCTS OF SULFIDIC ORES RICH IN AS AND SB  

Mikro- und nanokristalline Verwitterungsprodukte von As- und Sb-reichen sulfidischen Erzen  

were prepared and written down in the form of this research thesis. The individual chapters 

(numbered with arabic numerals) correspond to the publications that resulted from the project 

or are currently in progress: 

In collaboration with the research institute EAWAG aquatic research (formerly the Swiss 

Federal Institute for Environmental Science and Technology), two publications were produced 

on soil samples from the ore mat in the Swiss village of Buus, which were investigated both 

chemically and mineralogically. For CHAPTER 1, the already published journal article 

"Secondary Fe-As-Tl mineralization in soils near Buus in the Swiss Jura Mountain" (Herrmann 

et al., 2017) was formatted and reprinted.  

CHAPTER 2 deals with a natural oxidation zone in Špania Dolina - Piesky in Slovakia. The 

corresponding publication, which has already been published, is entitled "Synergies in 
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elemental mobility during weathering of tetrahedrite [(Cu,Fe,Zn)12(Sb,As)4S13]: Field 

observations, electron microscopy, isotopes of Cu, C, O, radiometric dating, and water 

geochemistry" (Majzlan et al., 2018). This was done in collaboration with the Institute of 

Mineralogy of the Leibniz University of Hannover and the Institute of Geosciences of the 

Goethe University Frankfurt / Main. 

The results of the analysis of the rock samples from Rudňany in Slovakia, with special emphasis 

on the copper and mercury isotopes of tetrahedrite and chalcopyrite, are presented in CHAPTER 

3. For this purpose, a cooperation with the Institute of Mineralogy of the Leibniz University of 

Hannover and EDGE - Environmental Geosciences of the University of Vienna (Austria) was 

established. The publication "Copper and Mercury isotopic fractionation during oxidative 

weathering of complex Cu-Sb-Hg sulfides" (Majzlan et al., in progress) is hereby presented and 

discussed.  

My other publications from side projects, which are not the main part of this work, are listed 

chronologically in the publications section on the following pages for completion. In addition, 

the scientific conference contributions are also listed. 

The framework of the dissertation (numbered with roman numerals) is formed by the 

introduction, summary, overall discussion, and outlook. Thereby the publications are to be 

brought into an overall context. A complete list of references can be found at the end of this 

thesis. The abstract and the summary have been added in German additionally.  
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ABSTRACT 

The present work deals with the fundamental questions concerning the weathering of ore 

deposits, with special weight on the complex multi-component systems. The aim of this work 

is to investigate weathering processes and their nano- and microcrystalline products, which are 

formed from As- and Sb-rich ores. To achieve this goal, we investigated selected phases from 

soil and ore samples for their physicochemical properties. We used a variety of complementary 

measurement techniques, the main techniques being electron microprobe analysis, laser 

ablation spectroscopy, X-ray diffraction and wet chemical analysis. 

Buffered by dolomite and limestone, the soils of the Erzmatt near the village of Buus in the 

Swiss Jura are characterized by nearly neutral pH values. The concentrations of As and Tl in 

the soil profiles increase with depth and reach maximum values of about 20 000 mg As/kg and 

about 10 000 mg Tl/kg in heavily weathered ore crusts. X-ray absorption spectroscopy (XAS) 

data of the arsenic K-edge show that most arsenic in the form of arsenate is bound to iron oxides 

and iron hydroxides. Samples with As contents above one weight percent of As2O5 contain 

bariopharmacosiderite [Ba0.5Fe4(OH)4(AsO4)3 ∙ nH2O]. The members of the Ca-Fe arsenates 

(e.g. arseniosiderite [Ca2Fe3
3+[O2|(AsO4)3] ∙ 3H2O]) were identified less frequently. An earlier 

study (Voegelin et al., 2015) also identified Tl-containing jarosite [(K,Tl)Fe3(SO4)2(OH)6] and 

a Tl2O3 phase as secondary Tl-containing minerals. The EMP analyses show the diversity of 

the solid solution of jarosite and dorallcharite and the presence of a Tl2O3 phase with variable 

contents of As and P. Using precession electron diffraction (PED) Tl2O3 was identified as 

avicennite. The platy morphology of Tl2O3 aggregates is not compatible with the cubic structure 

of Avicennite. It could be a pseudomorphosis after an unknown primary mineral, possibly 

primary carlinite [Tl2S]. The identification of bariopharmacosiderite, jarosite and avicennite in 

nearly neutral soils indicates their stability at near-neutral soil pH (as opposed to scorodite 

[Fe3+[AsO4] ∙ 2H2O]) and their potential for uptake and storage of toxic elements, such as As 

and Tl, in mining waste and contaminated environments. The mineralization on the Erzmatt 

could be another example of a geochemical anomaly, like the famous Lengenbach deposit - but 

in the stage prior to metamorphic overprint. 

Tetrahedrite [generally (Cu,Fe,Zn)12(Sb,As)4S13] is a common mineral, both primarily in ore 

deposits and mining waste. A natural oxidation zone in Pieksy (Slovakia) is included in the 

study to investigate the behavior of the elements in tetrahedrite during oxidation. It serves as a 

long-term analogue for the weathering of tetrahedrite-rich mining waste. Electron microprobe 

data identified four stages of weathering: The initial stage includes the formation of secondary 

covellite [CuS] and chalcocite [Cu2S]. In the following stages, oxides which can generally be 
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divided into green masses and brown veins are formed. These are nanocrystalline Cu-Sb-As-

rich and Fe-Sb-As-rich mineral mixtures, respectively. The Cu-Sb-As-rich material consists of 

nanocrystalline pyrochlore group minerals, while the Fe-Sb-As-rich veins consist of tripuhyite 

[Fe3+Sb5+O4], goethite [Fe3+O(OH)] and minerals of the pyrochlore group. Quantitative element 

models show that some elements (e.g. Zn, S, Ni, Co) are quickly lost, while others (especially 

Cu and As) are retained and form copper arsenates which represents the late stage of 

weathering. About 10% As and almost 50% Sb are lost during weathering, probably released 

into an aqueous phase; the remaining Sb is stored in secondary minerals such as camérolaite 

[Cu4Al2(HSbO4,SO4)OH10(CO3) ∙ 2H2O], cualstibite [Cu2AlSb5+(OH)12] or tripuhyite. The 

light carbon isotopic composition (δ13C up to -11.1 ‰) documents a significant biological 
contribution of C in the secondary minerals. Copper isotopes become isotopically heavier 

during the stages of weathering: from initial δ65Cu of -2.45 ‰ in tetrahedrite to 4.3 ‰ in azurite, 
but -6.3 ‰ in covellite and chalcocite. This shows the incorporation of light copper isotopes in 
covellite and chalcocite. The observation of elementary synergies during the weathering of 

tetrahedrite shows that the solubility and mobility of As is controlled by copper arsenates and 

not by iron oxides in tetrahedrite-rich, pyrite-poor environment. Antimony, another element of 

environmental concern, is largely released into water and causes anomalies in river sediments 

and soils. 

We also investigated a primary mineralization and its secondary weathering products at 

Rudňany (Slovakia), rich in tetrahedrite, cinnabar and chalcopyrite. The tetrahedrites show four 
weathering stages as described in detail above (Majzlan et al., 2018) and a complex chemical 

composition with an As/(As+Sb+Bi) ratio between 0.14-0.47 at% and an Fe/(Fe+Zn+Hg) ratio 

between 0.06-0.9 at%. The isotope data of copper and mercury, together with sulfur, complete 

the picture of this complex mineralization. The sulfur isotopic composition of cinnabar is δ34S 

= -5.5 ‰, tetrahedrite is δ34S = -1.9 ‰ and baryte shows δ34S from 14.9 ‰ with δ18O = 10.2 

‰. The copper isotope compositions (δ65Cu) of the primary sulfide samples from Rudňany 
show a shift to lighter values with increasing degree of weathering. Overall, the δ65Cu values 

range from -4 ‰ to almost 3 ‰, with tetrahedrites showing values from -4 to -0.5 and 

chalcopyrite with -3.5 to -0.5. Secondary copper minerals such as azurite and malachite show 

two different δ65Cu values, depending on their crystallization site and the origin of the solution. 

In fractures, they show lower δ65Cu values than in masses. To complete the isotope image, we 

measured the Hg isotopes in primary tetrahedrite and powdery cinnabar. The data show a clear 

isotopic difference between the two minerals, both in δ202Hg and in Δ199Hg: cinnabar with 

δ202Hg values around 0 and negative Δ199Hg and tetrahedrite with δ202Hg values around -1.5 

and positive Δ199Hg.  
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KURZFASSUNG 

Die hier vorliegende Arbeit beschäftigt sich mit den grundlegenden Fragestellungen zur 

Verwitterung von Erzlagerstätten, wobei besonderes Augenmerk auf die komplexen 

Mehrkomponentensysteme gelegt wird. Ziel dieser Arbeit war es, Verwitterungsprozesse und 

deren nano- und mikrokristalline Produkte zu untersuchen, die aus As- und Sb-reichen Erzen 

entstehen. Um dieses Ziel zu erreichen, untersuchten wir ausgewählte Phasen aus Boden- und 

Erzproben auf deren physikalisch-chemische Eigenschaften. Wir verwendeten eine Vielzahl 

von komplementären Messtechniken, wobei Elektronenstrahl-Mikrosonden-Analysen, 

Laserablationsspektroskopie, Röntgenbeugung und nasschemische Analysen die 

Haupttechniken darstellten. 

Die Böden der Erzmatt in der Nähe des Dorfes Buus im Schweizer Jura zeichnen sich durch 

nahezu neutrale pH-Werte aus. Die Konzentrationen von As und Tl in den Bodenprofilen 

steigen mit der Tiefe und erreichen Höchstwerte von etwa 20 000 mg As/kg und etwa 

10 000 mg Tl/kg in stark verwitterten Erzkrusten. Röntgenabsorptionsspektroskopie-Daten 

(XAS) der Arsen-K-Kante zeigen, dass Arsen zum größten Teil in Form von Arsenat an 

Eisenoxide und Eisenhydroxide gebunden ist. Proben mit As-Gehalten über einem 

Gewichtsprozent As2O5 enthalten Bariopharmakosiderit [Ba0,5Fe4(OH)4(AsO4)3 ·  nH2O]. 

Weniger häufig wurden Ca-Fe-Arsenate (bspw. Arseniosiderit [Ca2Fe3
3+[O2|(AsO4)3] ·  3H2O]) 

identifiziert. Eine frühere Studie (Voegelin et al., 2015) identifizierte auch Tl-haltigen Jarosit 

und eine Tl2O3-Phase als sekundäres Tl-haltiges Mineral. Die Mikrosondenanalysen zeigen die 

Diversität der Mischreihe von Jarosit und Dorallcharit [(K,Tl)Fe3(SO4)(OH)6] und die 

Anwesenheit der Tl2O3-Phase mit variablen Gehalten an As und P. Unter Verwendung der 

Präzessionselektronenbeugung (PED) wurde Tl2O3 als Avicennit identifiziert. Die blättrige 

Morphologie der Tl2O3-Aggregate ist nicht mit der kubischen Struktur von Avicennit 

kompatibel. Es könnte sich um eine Pseudomorphose nach einem unbekannten primären 

Mineral, möglicherweise primärem Carlinit [Tl2S], handeln. Die Identifizierung von 

Bariopharmakosiderit, Jarosit und Avicennit in nahezu neutralen Böden weist auf ihre Stabilität 

bei nahezu neutralem Boden-pH-Wert (im Gegensatz zu Skorodit [Fe3+[AsO4] ·  2H2O]) und ihr 

Potenzial für die Aufnahme und Speicherung von toxischen Elementen, wie As und Tl, in 

Bergbauabfällen und kontaminierten Umgebungen hin. Die Mineralisierung auf der Erzmatt 

könnte ein weiteres Beispiel für eine geochemische Anomalie sein, ähnlich der berühmten 

Lagerstätte Lengenbach – allerdings im Stadium vor der metamorphen Überprägung.  

Tetraedrit [allgemein (Cu,Fe,Zn)12(Sb,As)4S13] ist ein häufig vorkommendes Mineral, sowohl 

primär in Erzvorkommen als auch in Bergbauabfällen. Eine natürliche Oxidationszone in 
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Pieksy (Slowakei) wurde in die Betrachtung einbezogen, um das Verhalten der Elemente in 

Tetraedrit während der Oxidation zu untersuchen. Dies dient als Langzeitanalogon für die 

Verwitterung von tetraedrit-reichen Bergbauabfällen. Durch Elektronenmikrosondendaten 

wurden vier Stadien der Verwitterung identifiziert: Das initiale Stadium umfasst die Bildung 

von sekundärem Covellin [CuS] und Chalkosin [Cu2S]. In den folgenden Stadien bilden sich 

Oxide, welche allgemein in grüne Massen und braune Adern unterteilt werden können. Hierbei 

handelt es sich um nanokristalline Mineralgemische, wobei die Massen Cu-Sb-As-reich und 

die Adern Fe-Sb-As-reich sind. Die Cu-Sb-As-reichen Mineralgemenge bestehen zu einem 

großen Teil aus nanokristallinen Mineralen der Pyrochlorgruppe, während die Fe-Sb-As-

reichen Adern aus Tripuhyit [Fe3+Sb5+O4], Goethit [-Fe3+O(OH)] sowie Mineralen der 

Pyrochlorgruppe bestehen. Quantitative Elementmodelle zeigen, dass einige Elemente (bspw. 

Zn, S, Ni, Co) schneller „verloren“ gehen (bspw. durch Auswaschung und oxidative Prozesse), 

während andere (insbesondere Cu und As) zurückbleiben und Kupferarsenate entstehen. 

Letzteres stellt das späte Stadium der Verwitterung dar. Etwa 10% As und fast 50% Sb gehen 

während der Verwitterung verloren, wahrscheinlich freigesetzt in eine wässrige Phase; 

restliches Sb wird in sekundären Mineralen wie Camérolait 

[Cu4Al2(HSbO4,SO4)OH10(CO3) ·  2H2O], Cualstibit [Cu2AlSb5+(OH)12] oder Tripuhyit 

gespeichert. Die leichte Kohlenstoff-Isotopenzusammensetzung (δ13C bis −11,1 ‰) 
dokumentiert einen signifikanten biologischen Beitrag von C in den Sekundärmineralen. Die 

Kupferisotopenzusammensetzungen werden während der Verwitterung zunehmend schwerer: 

von anfänglich δ65Cu = -2,45 ‰ in Tetraedrit bis hin zu 4,3 ‰ in Azurit, jedoch -6,3 ‰ in 
Covellin und Chalkosin. Letzteres zeigt den präferierten Einbau von leichten Kupferisotopen 

in Covellin und Chalkosin. Die Beobachtung elementarer Synergismen während der 

Verwitterung von Tetraedrit zeigen, dass die Löslichkeit und Mobilität von As durch 

Kupferarsenate und nicht durch Eisenoxide in einer tetraedrit-reichen, pyrit-armen Umgebung 

gesteuert wird. Antimon, ein weiteres umweltbedenkliches Element, wird größtenteils ins 

Wasser freigesetzt und führt zu, wenn auch geringen, Anomalien in Flusssedimenten und 

Böden. 

Wir untersuchten zusätzlich eine primäre Mineralisierung und deren sekundäre 

Verwitterungsprodukte in Rudňany (Slowakei), die reich an Tetraedrit, Cinnabaryt und 

Chalkopyrit sind. Die Tetraedrite zeigen ebenfalls vier Verwitterungsstadien und eine 

komplexe chemische Zusammensetzung mit einem As/(As+Sb+Bi)-Verhältnis zwischen 0,14-

0,47 at% und einem Fe/(Fe+Zn+Hg)-Verhältnis zwischen 0,06-0,9 at%. Die Isotopendaten von 

Kupfer und Quecksilber vervollständigen zusammen mit Schwefel das Bild dieser komplexen 

Mineralisierung. Die Schwefelisotopenzusammensetzung von Cinnabaryt liegt bei δ34S = -5,5 
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‰, Tetraedrit bei δ34S = -1,9 ‰ und Baryt zeigt δ34S von 14,9 ‰ mit δ18O = 10,2 ‰. Die 
Kupferisotopenzusammensetzungen (δ65Cu) der primären sulfidischen Proben von Rudňany 
zeigen mit zunehmendem Verwitterungsgrad eine Verschiebung zu leichteren Werten. Im 

Gesamten liegen die δ65Cu-Werte in einem Bereich von -4 ‰ bis fast 3 ‰, wobei Tetraedrite 
Werte von -4 bis -0,5 zeigen. Chalkopyrit ist isotopisch ebenso breit gefächert, mit δ65Cu-

Werten zwischen -3,5 bis -0,5. Sekundäre Kupferminerale wie Azurit und Malachit zeigen zwei 

verschiedene δ65Cu-Werte, abhängig von ihrem Kristallisationsort und der Herkunft der 

Lösung. In Klüften zeigen sie niedrigere δ65Cu-Werte als in Hohlräumen. Um das Isotopenbild 

zu vervollständigen, wurden die Hg-Isotope in primärem Tetraedrit und pulverförmigem 

Cinnabaryt gemessen. Die Daten zeigen einen deutlichen Isotopenunterschied zwischen den 

beiden Mineralen, sowohl in δ202Hg als auch in Δ199Hg: Cinnabaryt mit δ202Hg Werten um 0 

und negativem Δ199Hg und Tetraedrit mit δ202Hg Werten um -1,5 und positivem Δ199Hg. 
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Our earth is subject to constant change. Man has a serious influence on this. Without the serious 

influence of man on their cycles, the earth would be a self-functioning system without incidents 

(natural phenomena such as earthquakes, volcanic eruptions and floods are to be considered as 

constructive disturbances here). But the intervention of humans in nature and thus in 

functioning cycles, brings these systems out of balance and creates subsystems and bypasses. 

In a simplified way, raw materials are mined and processed via many paths to products of daily 

life, which are later reused and either recycled or returned to the world as waste (Fig. I-1).  

 

Figure I-1: The simplified material cycle of the earth. The earth, with its natural and anthropogenic materials is 
shown in the lower left corner of the picture. The cycle is divided into two sub cycles, which are mainly divided 

into raw materials and materials management [according to COSMAT Report, 1974]. 

In all the individual processes, people, be they employees, employers or consumers, benefit 

from what the world provides - at least in the western world. But there are also risks associated 

with these anthropogenic cycles from which nature suffers. The acidic mine waters resulting 

from the mining of metals pollute large areas for centuries; former gas stations are eternal 

contaminated sites, not to mention radioactive waste (WHO, 2010).  

To better understand the mobility, behavior and accumulation of elements, it is important to 

study their incorporation in minerals and rocks, the material cycles, environmental conditions 

and weathering, as well as the behavior to changes. Starting with the processes of natural 

enrichment in soils, weathering of exhumed rocks, new deposits and fresh rock - the knowledge 

of the processes taking place and the insights gained are indispensable for the development of 

new deposits, the recultivation of waste rock piles and former mining areas and the utilization 

of contaminated areas (whether natural or anthropogenic). 
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The present work deals with the fundamental questions of weathering of sulfide ores, with 

special emphasis on the complex multicomponent systems of sulfides and sulfosalts. Sulfidic 

ores, which are rich in arsenic and antimony, are often mined economically to extract metals, 

metalloids, and other raw materials. This causes a great deal of environmental pollution. Despite 

constantly improving technology for extracting and processing ores, large quantities of 

substances that are classified as hazardous end up on the tailings piles - exposed to the 

environment and thus subject to chemical reactions. These reactions cause substances to enter 

the atmosphere and hydrosphere, which can have far-reaching consequences. Acid mine 

drainage (AMD), for example, is caused by the exhumation and oxidation of sulfide minerals, 

whereby biological, chemical and geological processes all play a role (Blowes et al., 2003 & 

2014). 

These biogeochemical processes in the critical zone of our earth are crucial for life on our 

planet. The critical zone is the heterogeneous, thin outermost layer where rock meets flora and 

fauna - with an earth diameter of about 12,700 km, it is the skin of our earth. It begins at the 

surface of the unweathered rock and ends with the vegetation. Thus, the critical zone comprises 

rock-water-air-living creature interactions and processes; involved are the lithosphere, 

pedosphere, hydrosphere, biosphere, and atmosphere. The critical zone determines the 

conservation of resources and regulates the natural habitats: only within this layer (the 

previously known) life is possible. The observation and scientific investigation of this critical 

zone is of great importance. Not all processes have been understood and researched for a long 

time. A subarea are supergene processes. Supergene processes are near the surface and they are 

influenced by (rain) water, oxidation, chemical weathering, reactive gases and enrichment 

processes in the critical zone. The metals are released from the environment and dissolved. 

Element transport, mineral formation and transformation take place. The transport takes place 

mainly through descending waters (descent leachates). Formation of new minerals and 

transitions take place on site, while precipitation of metals in the depth profile depends on their 

solubility. 

The aim of the present work is to study natural geochemical processes involving the elements 

arsenic and antimony as well as copper, mercury, and thallium. For this purpose, a near-surface 

weathering unit in Buus (Switzerland), a partially exposed ore vein in Rudňany (Slovakia), 

which is only moderately exposed to weathering and rich in arsenic and mercury, and a tailings 

dump in Spania Dolina (Slovakia) were investigated. The present (immobilization and 

mobilization) processes of the respective deposits will be compared with other deposits and the 
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unique sell features will be characterized. All three parts of this work have one common: 

weathering of ores.  

Mineral weathering on earth is a great mechanism of nature and, today more than ever before, 

combines different disciplines. The interest in weathering processes ranges from basic 

biogeochemical research, petrological research on natural stones to politics, ecology and 

climatology due to climate change (Brönnimann, 2017). A simple general definition for the 

term weathering is: Weathering includes all changes that rocks and minerals undergo in contact 

with the atmosphere and hydrosphere (Engelhardt, 1973). Weathering thus includes chemical 

and physical processes that lead to changes in the chemical and physical properties of a material 

near the earth's surface - both at the molecular level and on a metre scale. Besides erosion, 

weathering serves to redistribute matter.  

Generally, weathering processes are divided into mechanical and chemical weathering. 

Temperature weathering (change of strong solar radiation (insolation) and subsequent cooling), 

frost weathering (increase in volume of water during the phase transition to ice) and salt 

splitting (increase in volume by hydration of anhydrous salts) are counted among mechanical 

weathering. These species should not be the subject of this thesis (despite the coupling to 

chemical weathering in natural habitats). Rather, the chemical weathering should be the main 

focus: the chemical alteration of minerals through the influence of solutions and gases. Water, 

with dissolved gases and ions, is the main reinforcing, corrosive, and oxidizing force. 

Groundwater level fluctuations and precipitation penetrate geogenic material in the critical zone 

and thus chemical reactions are triggered. Biological processes significantly accelerate 

chemical weathering. 

The example of acid mine waters makes this particularly obvious: AMD, as an international 

environmental pollution of great importance, is caused by oxidation of sulfidic ores exposed to 

the atmosphere and hydrosphere, resulting in waters with high metal and acid contents (Blowes 

et al., 2003). These environmental impacts occur during the mining and processing of ores, but 

also during tunnelling operations. Of course, weathering of sediments enriched with sulfides 

has some impact (Nordstrom & Southam, 1997; Blowes et al., 2014). However, pure chemical 

oxidation would be too slow to produce the quantities of AMD that exist today - microbial, 

biogeochemical processes are crucial. This statement has been made since the 1910s (Powell, 

1918; Carpentor & Herndon, 1933) and later confirmed (Blowes et al., 2014). However, 

weathering should not be viewed negatively: Weathering releases elements that also serve as 

nutrients for animals and plants and has a major impact on the biogeochemical cycles of various 
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ecosystems on our planet (Frings & Buss, 2019). In general, weathering also serves to store 

atmospheric CO2 and can be seen as a geochemical thermostat (Eiler, 2019; Frings & Buss, 

2019). Another aspect, why weathering is essential for life is: weathering products form soils, 

which build up and influence food chains by their dissolved nutrients and gases in their cavities. 

Chemical weathering includes processes such as dissolution, precipitation, hydration, oxidation 

and reduction. 

Weathering of sulfides occurs in three zones: oxidation zone, cementation zone and primary 

ore zone. These in turn are divided into seven stages: The oxidation zone includes the leaching 

zone, the iron cap (gossan), the transformation zone and the transition zone. The cementation 

zone is subdivided into groundwater table zone and enrichment zone. The primary ore zone 

stands alone and limits the weathering zone downwards.  

There are numerous definitions of ore, but they all have one thing in common: the economic 

interest. Ores are raw materials and the starting materials from which metals can be extracted 

profitably to make them available to the metal industry. This type of ore is called elemental raw 

material and one important example is copper. There are also energy raw materials. These 

include hydrocarbons (petroleum, natural gas, bitumen, etc.), fossil fuels (hard coal, lignite, 

peat), uranium ores and, in the broadest sense, geothermal and solar energy. Property raw 

materials include industrial minerals (kaolin, magnesite, quartz, baryte, etc.), stones and earths 

(granite, limestone, colored earths, gravel, sand, etc.) and precious stones (diamond, emerald, 

aquamarine, ruby, amber, etc.). Due to its international importance, water is also counted among 

the raw materials of our time. For all raw materials there are figures on their availability, their 

quantity and their economic importance. The value for a resource is the largest possible 

available quantity and is independent of the actual mining possibility. Frequently, the element 

concentration in the earth's crust is given here in simplified form. Reserves, on the other hand, 

are the fractions of resources that are economically mineable according to the current state of 

research and development, i.e. current technical mining and production practices. If demand 

and thus price or technical standards change, uneconomic resources can also become reserves 

and vice versa.  

The European Union (EU) has published a list of 27 critical raw materials in 2017 (nine more 

than in 2014): Antimony, baryte, beryllium, bismuth, borates, cobalt, coking coal, fluorite, 

gallium, germanium, hafnium, helium, indium, magnesium, graphite, rubber, niobium, 

phosphorus, scandium, silicon metal, tantalum, tungsten, vanadium, platinum group elements 

(palladium, platinum, rhodium, ruthenium, iridium), heavy (dysprosium, erbium, europium, 
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gadolinium, holmium, lutetium, terbium, thulium, ytterbium, yttrium) and light (lanthanum, 

cerium, praseodymium, neodymium, samarium) rare earth elements (EU Com, 2017a). This list 

contains the most critical raw materials from a study with 75 raw materials, 41 of which are 

considered critical and 34 non-critical (EU Com, 2017b, cf. Fig. I-2).  

The ores that are important both economically and for this work are sulfides and sulfosalts. The 

group of sulfides and sulfosalts includes selenides, tellurides, arsenides, antimonides, 

bismuthides, sulfoarsenides, sulfoantimonides, sulfobismuthides, etc. - thus all compounds of 

metals with chalcogenic elements (VI. main group or 16. IUPAC group: O, S, Se, Te, Po and 

ununhexium, with oxygen occupying a special position). Some physicochemical properties are 

the same for most minerals of this group: metallic luster and brittle fracture, high specific 

gravity, mostly opaque, high metal content, easily extractable metals and therefore high 

efficiency. The subdivision within the group is based on the metal-sulfur ratio. According to 

Strunz & Nickel (2001) the II. main group of sulfides and sulfosalts is divided into two 

subgroups and a total of ten groups, which are listed in Table I-1.
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Figure I-2: Economic importance and supply risk, plotted against their import relevance (modified according to EU Com, 2017b). For abbreviations see the abbreviation list. 
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Due to the content of antimony and arsenic, the sulfo salts play a decisive role in this work. The 

tetraedrite-tennantite solid solution series is one of the most intensively researched mineral 

groups: Many authors have dealt with their chemistry and crystallography (e.g. Dmitrieva & 

Bojik, 1988; George et al., 2017; Kalbskopf, 1972 & 1974; Karup-Møller & Makovicky, 1999 

& 2004; Karup-Møller, 2003; Keim et al., 2018; Klünder et al., 2003a & b; Makovicky & 

Karup-Møller, 1994 & 2017; Makovicky et al., 1990; Makovicky, 2006; Moëlo et al., 2008; 

Peterson & Miller, 1986; Pfitzner, Evain & Petricek, 1997; Trudu & Knittel, 1998; Wuensch et 

al., 1966; Wuensch, 1964; and many others).  

The following formulas refer to the IMA List of Minerals (IMA, 2020) updated in July 2020 

by the Commission on New Minerals, Nomenclature and Classification of the International 

Mineralogical Association. Accordingly, there are ten stable endmembers:  

Tetraedrit-Fe Cu6(Cu4Fe2)Sb4S13 

Tetraedrit-Hg Cu6(Cu4Hg2)Sb4S13 

Tetraedrit-Zn Cu6(Cu4Zn2)Sb4S13 

Rozhdestvenskayait-(Zn) Ag6(Ag4Zn2)Sb4S13 

Argentotetraedrit-(Fe) Ag6(Cu4Fe2)Sb4S13 

Argentotennantit-(Zn) Ag6(Cu4Zn2)As4S13 

Tennantit-(Fe)  Cu6(Cu4Fe2)As4S13 

Tennantit-(Zn)  Cu6(Cu4Zn2)As4S13 

Goldfieldite  (Cu4☐2)Cu6Te4S13 

Giraudite-(Zn)  Cu6(Cu4Zn2)As4Se13 

 

The comprehensive crystallographic formula of the complex group of fahlores (also known as 

sulfosalts or tennantite group) shows the variability of the solid solutions within the group and 

the variability of the metals that can be incorporated into the structure. Crystallographic 

vacancies are not considered here, but can occur. It is as follows:  (𝐶𝑢, 𝐴𝑔)6[3][(𝐶𝑢, 𝐴𝑔)(𝐹𝑒, 𝑍𝑛, 𝑃𝑏, 𝐻𝑔, 𝐶𝑑,𝑀𝑛,𝑀𝑒2+)]6[4](𝑆𝑏, 𝐴𝑠, 𝐵𝑖, 𝑇𝑒)4[3](𝑆, 𝑆𝑒)12[4](𝑆, 𝑆𝑒)1−𝑋[8]  

In the above formula, the numbers in square brackets represent the crystallographic orientation 

within the crystal. A more general, simplified form is: 𝐴6[3][𝐵, 𝐶]6[4]𝑋4[3]𝑌12[4]𝑍1−𝑥[8]  

where A and B stand for copper and silver, which occur in triangular and tetrahedral 

coordination. C represents divalent metals in tetrahedral coordination. X represents antimony 
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and arsenic (more rarely bismuth and tellurium) in trigonal-pyramidal coordination. Y and Z 

are occupied by selenium or sulfur, which may occur in tetrahedral or a special octahedral 

coordination (Moëlo et al., 2008; George et al., 2017).  

Table I: Excerpt from Strunz & Nickel (2001) for the subdivision of sulfides and sulfosalts by their composition, 
crystallography and chemistry. Frequently occurring minerals of this work have been added to some groups in 
brackets. 

 

A complex, contemporary classification of the tetrahedron group was carried out by Biagioni 

et al. (2020). 

 

 

No. Group Subdivision  

I Elements   

II Sulfides and Sulfosalts Sulfides, etc. Alloys and alloy-like compounds 

  Metal sulfides with Me:S >1:1 (mostly 2:1) 
(chalcocite, carlinite) 

  Metal sulfides with Me:S = 1:1 (and similar) 
(chalcopyrite, cinnabar, covellite) 

  Metal sulfides with Me:S = 3:4 and 2:3 

  Metal sulfides with Me:S ≤ 1:2 
(arsenopyrite, gersdorffite, pyrite) 

  arsenic and alkali rich sulfides, sulfides with 
halides, oxides, hydroxides and H2O groups 

  Sulfosalts Sulfoarsenides, sulfoantimonides, 
Sulfobismuthides 
(tennantite-group: tennantite, tetrahedrite, 

freibergite, hakite, etc.) 

  Sulfosalts after SnS  

  Sulfosalts after PbS  

  Sulfarsenates 

III Halogenides   

IV Oxides   

V Carbonates and Nitrates   

VI Borates   

VII Sulfates   

VIII Phosphates, Arsenates, Vanadates   

IX Silicates und Germanates   

X Organic compounds   
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ZUSAMMENFASSUNG 
Die Böden der Erzmatt in der Nähe des Dorfes Buus im Schweizer Jura sind Teil der 

Oxidationszone eines kleinen hydrothermalen Fe-As-Tl-reichen Erzvorkommens in 

Dolomitgestein. Gepuffert durch Dolomit und Kalkstein zeichnen sich die Böden durch nahezu 

neutrale pH-Werte aus. Die Konzentrationen von As und Tl in den Bodenprofilen steigen mit 

der Tiefe und erreichen Höchstwerte von etwa 20 000 mg/kg As und etwa 10 000 mg/kg Tl in 

stark verwitterten Erzkrusten. Mit einer Kombination aus mineralogischen, geochemischen und 

spektroskopischen Methoden wurden Bodenproben aus der Erzmatt mittels 

Polarisationsmikroskopie, Totalaufschluss (ICP-OES, ICP-MS), Röntgendiffraktion (XRD), 

Röntgenabsorptionsspektroskopie (XAS), Elektronenstrahl-Mikrosondenanalytik (EMP), 

Raster- und Transmissionselektronenmikroskopie (SEM, TEM) untersucht; besonders in 

Hinblick auf die Charakterisierung von As- und Tl-haltigen Sekundärmineralen. XAS-Daten 

der Arsen-K-Kante zeigen eine geringe Variabilität im Gesamtboden und deuten darauf hin, 

dass das meiste Arsen in Form von Arsenat an Eisenoxide und Eisenhydroxide gebunden ist. 

Proben mit As-Gehalten über einem Gewichtsprozent As2O5 enthalten in dieser Lokalität 

Bariopharmakosiderit [Ba0,5Fe4(OH)4(AsO4)3 ·  nH2O] in den Hohlräumen der Bodenmatrix. 

Weniger häufig wurden Ca-Fe-Arsenate (bspw. Arseniosiderit [Ca2Fe3
3+[O2|(AsO4)3] ·  3H2O]) 

identifiziert. Eine frühere Studie (Voegelin et al., 2015) identifizierte auch Tl-haltigen Jarosit 

und Avicennit [Tl2O3] als sekundäre Tl-haltige Minerale. Die EMP-Analysen zeigen die 

Diversität der Mischreihe von Jarosit und Dorallcharit [(K,Tl)Fe3(SO4)(OH)6] und die 

Anwesenheit einer Tl2O3-Phase mit variablen Gehalten an As und P (evtl. ein Vertreter der 

Bixbyit-Gruppe). Unter Verwendung der Präzessionselektronenbeugung (PED) wurde Tl2O3 

als Avicennit identifiziert. Die Plättchenmorphologie der Tl2O3-Aggregate ist nicht mit der 

kubischen Struktur von Avicennit kompatibel, was darauf hindeutet, dass es sich um eine 

Pseudomorphose nach einem unbekannten primären Mineral, möglicherweise primärem 

Carlinit [Tl2S], handelt. Die Identifizierung von Bariopharmakosiderit, Jarosit und Avicennit in 

nahezu neutralen Böden weist auf ihre Stabilität bei nahezu neutralem Boden-pH-Wert (im 

Gegensatz zu Skorodit [Fe3+[AsO4] ·  2H2O]) und ihr Potenzial für die Aufnahme und 

Speicherung von toxischen Elementen, wie As und Tl, in Bergbauabfällen und kontaminierten 

Umgebungen hin. Die Mineralisierung auf der Erzmatt könnte ein weiteres Beispiel für eine 

geochemische Anomalie sein, ähnlich der berühmten Lagerstätte Lengenbach, die ebenfalls in 

der Schweiz liegt – allerdings im Stadium vor der metamorphen Überprägung.  
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ABSTRACT 
Soils at the locality Erzmatt near the village of Buus in the Swiss Jura Mountains are part of the 

oxidation zone of a small hydrothermal Fe-As-Tl ore occurrence in dolomite rock. The soils are 

characterized mostly by near-neutral pH values, buffered by the dolomite and limestone 

bedrock. The concentrations of As and Tl in the soil profiles increase with depth and attain 

maximum values of ∼ 20 000 mg/kg for As and ∼ 10 000 mg/kg for Tl. Using a combination 

of mineralogical, geochemical, and spectroscopic techniques, we investigated soil samples from 

the Erzmatt with respect to the characterization of As- and Tl-bearing secondary minerals using 

total digestions, powder X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), 

polarized light microscopy, electron microprobe analysis (EMP), scanning and transmission 

electron microscopy (SEM, TEM). Arsenic K edge XAS data reveal little variation in bulk soil 

As speciation and suggest that most As is arsenate bound to iron oxides. Samples with As 

contents exceeding ∼ 1 wt. % As2O5 contain abundant crystals of bariopharmacosiderite 

[Ba0.5Fe4(OH)4(AsO4)3 ·  nH2O] in the voids in the soil matrix. Less commonly, Ca-Fe arsenates 

(like arseniosiderite [Ca2Fe3
3+[O2|(AsO4)3] ·  3H2O]) were identified. An earlier study also 

identified Tl(I)-containing jarosite and avicennite [Tl2O3] as secondary Tl-bearing minerals. 

The EMP analyses reveal the degree of jarosite-dorallcharite solid solution 

[(K,Tl)Fe3(SO4)2(OH)6] formation, and indicate the presence of Tl2O3 with variable contents of 

As and P. Using electron diffraction, Tl2O3 with low As content was positively identified as 

avicennite. The platy morphology of the Tl2O3 aggregates is not compatible with the cubic 

morphology of avicennite, indicating that they may be pseudomorphs after an unknown primary 

mineral, possibly carlinite [Tl2S]. The identification of bariopharmacosiderite, jarosite and 

avicennite in near-neutral soils points to their stability at near-neutral soil pH (in contrast to 

scorodite [Fe3+[AsO4] ·  2H2O]) and indicates their potential for the storage and retention of 

toxic As and Tl in mine wastes and contaminated environments. The mineralization on the 

Erzmatt could be an example of a geochemical anomaly similar to the famous Lengenbach 

deposit (Switzerland) before the metamorphic overprint at Lengenbach. 
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INTRODUCTION 
Soils are the fundamental basement of life on continents as they store nutrients, provide physical 

support for plants and water percolation, ensure food production, and facilitate oxygen and 

carbon dioxide exchange within the critical zone. About a half of the soil material consists of 

minerals, the remaining parts being made of organic matter, living organisms, aqueous fluids, 

and air. Weathering of minerals is an integral part of soil formation but also releases inorganic 

nutrients or contaminants that may be lost to the aqueous solution or retained by adsorption, 

cation exchange, and precipitation. The quality of soils around the globe can deteriorate by 

introduction of inorganic contaminants, either naturally or by human action. For both cases, the 

number of contaminated sites in both developing and industrial countries rises steadily (e.g., 

Matschullat, 2000; Murcott, 2012 and authors therein). In addition to the anthropogenic 

contamination, the natural input of contaminants should not be underestimated. This includes 

weathering, alteration, and lixiviation of untreated rocks without human influence (Matschullat, 

2000). The concentration of toxic elements in natural environments strongly depends on their 

concentration in the bedrock, the nature of primary minerals, the environmental parameters 

(e.g., pH, Eh, humidity, temperature), and soil type (Smith et al., 1998; Matschullat, 2000; 

Reimann & Garrett, 2005). Mobility of these elements is controlled by their speciation in the 

soils, either into the inorganic solids (minerals), biological material, or soil solution and gas, 

and the interactions between these compartments.  

Arsenic (As) is an element of concern and, due to the epidemic-like health problems over nearly 

three decades in south-eastern Asia related to As (e.g., Chatterjee et al., 1995), its geochemistry 

and toxicology are still an area of intensive research (e.g., Alloway, 1995; Matschullat, 2000; 

Welsh & Stollenwerk, 2002; Henke, 2009; Matschullat & Deschamps, 2011; Majzlan et al., 

2014). The lethal dosage of arsenic is set to 1.4 mg/kg body weight. Up to this dose, As induces 

a wide variety of health issues such as cardiovascular disease, bladder cancer, skin, lung, and 

gastrointestinal problems (Emsley, 2011). Chronic As, poisoning over a long time leads to 

thick-callused skin and strong pigmentation, up to the gangrene and amputation of lower 

extremities (black foot disease).  

The typical range of As in uncontaminated soils, which also can be seen roughly as the global 

geochemical background, varies between 0.1-55 mg/kg (Matschullat, 2000; Smedley et al., 

2000; Mahimairaja et al., 2005; Matschullat & Deschamps, 2011). Arsenic occurs in several 

oxidation states, including As3+ in reduced environments and in many sulfides and sulfosalts, 

and As5+ in a few sulfides (e.g., enargite [Cu3As5+S4]) and under oxidizing conditions in 
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arsenate minerals, most of them secondary (Majzlan et al., 2014). The principal interaction 

mechanism between As5+ and soil minerals is adsorption, particularly on Fe oxides and clay 

minerals (Matschullat, 2000). Soil contamination by As occurs in rural areas by the use of 

herbicides and pesticides, caused by the growing demand of food and shortened agricultural 

fallow times (Adriano, 1986; Nriagu, 1994; Hartley et al., 2013). This agricultural 

contamination leads to relatively low As concentrations in the soils in comparison to the 

weathering of arsenical ores, but can enter the food chain easily due to the intensive land use. 

Roxarsone, an organoarsenic compound which is banned in the European Union, is used in 

poultry feeding to increase the feed efficiency and the meat weight, due to the appetizing and 

stimulant effect of As in small doses, and to control the parasitic load (Fu et al., 2016). Natural 

weathering of rocks generates contamination with higher elemental load but also with 

restriction to smaller areas. In such processes, secondary arsenates are formed. They can 

positively affect the mobility of As and fix this and other toxic elements. Intense land use, 

however, can efficiently mobilize many inorganic contaminants, including As (Henke, 2009; 

Matschullat & Deschamps, 2011; Majzlan et al., 2014).  

Another element of interest for this study is thallium, a non-essential element with very high 

acute toxicity and high chronic target organ toxicity (Nriagu, 1998). Significant accumulations 

of Tl-bearing minerals are rare in nature – the most famous ones are Jas Roux (France), Allchar 

(former Yugoslav Republic of Macedonia), Lengenbach (Switzerland) and Skrikerum 

(Sweden). Recently, rich thallium-containing mineralizations were also described from the 

Tolbachik volcano in Kamchatka, Russia (Siidra et al., 2014; Pekov et al., 2015; Okrugin et al., 

2017) and the Monte Arsiccio mine, Tuscany, Italy (Biagioni et al., 2014a and b; D’Orazio et 

al., 2017). Thallium is a litho- and chalcophile trace element with an estimated mean 

concentration of 1 mg/kg in the lithosphere (Adriano, 1986; Kaplan & Mattigold, 1998; Nriagu, 

1998). Bowen (1979) specified the median Tl content in the Earth’s crust to be 0.2 mg/kg. The 

average concentration of Tl in uncontaminated soils (background concentration) is 0.5 mg/kg 

(WHO, 1996; Heim et al., 2002). Thallium concentrations from 10 mg/kg to several 1000 

mg/kg occur at industrial sites where ore roasting, coal combustion, cement burning, and 

metallurgy are performed (Schoer, 1984; Sager, 1986; Mulkey & Oehme, 1993). Thallium can 

occur as Tl+, mostly in sulfides and as a substituting ion in K-bearing minerals, and Tl3+, which 

can be stabilized in avicennite (Zachariasen, 1926) or Mn oxides (Nriagu, 1998). Several 

minerals contain Tl as their main constituent, for example the sulfosalts hutchinsonite 

[(Tl,Pb)2As5S9] or lorandite [TlAsS2] (Nriagu, 1998). Thallium also occurs as a trace 

constituent in pyrite and other sulfides (Nriagu, 1998). In its dominant monovalent state 
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(Edwards et al., 1995), Tl can replace K+ and Rb+ in rock- and soil-forming minerals, for 

example in feldspars, clay minerals and micas (Shaw, 1952; Adriano, 1986). The similar 

biogeochemical behavior of K+ and Tl+ is the main reason for the toxicity of thallium and its 

effective uptake by plants (Logan et al., 1984).  

The site of interest for this work is a meadow called Erzmatt, near the village of Buus, about 25 

km east of Basel in Switzerland (Fig. 1-1a). Buus is a vine and arable farming village with about 

1035 inhabitants in 2017. It has been suggested that small scale medieval smelting of iron ores 

took place at the site, as confirmed by findings of slag and charcoal (Hänger, 2011). However, 

there were no further studies in this direction.  

 

Figure 1-1: Geographical orientation: a) topographical map of Buus and its surrounding (www.geo.admin.ch). 
b) Aerial photograph of sampled area with markings of sampling sites (GoogleEarth). 

 

The soils around the Erzmatt are fertile and the locally limited fertility and toxicity symptoms 

in plants on the Erzmatt have been recognized since historic times. In 1913, the area was 

fertilized with phosphoric acid and potash and the plants grew better but larger crop yields were 

not achieved (Truninger, 1922). The seedlings were yellowish and of a low stature. In 1916, 

beeches were planted on the Binzhalde (Fig. 1-1b) in the north of the Erzmatt but they also 

grew slowly and were not healthy. In 1919, the field was deeply ploughed, whereby the problem 

was aggravated, and nothing grew anymore despite natural and artificial fertilization. Up to the 

summer in 1920, the field has lain fallow and was overgrown by flat, thick bluish green sheets 

of weed species. Truninger (1922) determined in the soil high amounts of As which increased 

with depth, and connected the agricultural problems to the soil pollution. The bedrock at the 

site studied consists of dolomitic and lacustrine limestone (Suter, 1915), which makes the 
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Erzmatt geologically comparable to Lengenbach (Roth et al., 2014) or Jas Roux (Johan & 

Mantienne, 2000), two sites known for their abundant minerals of Tl and As. The entire 

stratigraphic sequence in the wide area of Buus is sub-horizontally layered (dipping at about 4° 

to 5° to south) and comprises mostly limestones, marlstones, and clay stones as well as dolomite 

with layers of oxidized iron-ore and anhydrite-gypsum. The present landscape represents a 

product of Quaternary glacial and fluvial erosion (Herzog, 1956). The Erzmatt is situated on 

the foot of Mount Staufen, about 530 m above sea level.  

In a recent study (Voegelin et al., 2015), the speciation and extractability of Tl in soils from the 

Erzmatt have been studied using X-ray absorption spectroscopy (XAS) and chemical 

extractions. The results provided evidence for the occurrence of avicennite (Tl2O3) and Tl(I)-

substituted jarosite as prominent secondary Tl-bearing minerals in the Erzmatt soils. 

Furthermore, Tl(I) bound to illite (or other micaceous phyllosilicates) was demonstrated to 

represent the dominant pedogenic Tl species. As a second pedogenic Tl species, Tl(III) sorbed 

to Mn-oxides in Mn-concretions was observed.  

In this work, we continued in this investigation by a detailed mineralogical study and compare 

this location with sites of Tl-As-Fe mineralization like Lengenbach (Roth et al., 2014), Jas Roux 

(Johan & Mantienne, 2000), Allchar (Janković, 1988) and Lanmuchang, China (Qiu et 

al., 2006). We focus on the composition and structure of secondary As- and Tl-bearing minerals 

and the speciation of As in the soil profiles from Buus by powder X-ray diffraction (XRD), the 

determination of the bulk As speciation by XAS and the characterization of As- and Tl-bearing 

secondary minerals in soil samples from the Erzmatt using electron microprobe microanalysis 

(EMPA), scanning and transmission electron microscopy (SEM, TEM) and TEM-based 

precession electron diffraction (PED). They are further interpreted in terms of the role of the 

identified minerals as potential long-term hosts for As and Tl in mine wastes and contaminated 

soils. 
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MATERIALS AND METHODS 

SOIL SAMPLES AND PREPARATION 

In 2013, the Office of Environmental Protection and Energy of the Canton Basel-Landschaft 

(Amt für Umweltschutz und Energie, Kanton Basel-Landschaft) collected topsoil (0-20 cm) 

samples on a grid across the Erzmatt site and opened three soil profiles (Fig. 1.2). The soils at 

the site have been described as cambisols (complementary to the paper: IUSS Working Group 

WRB, 2015), exhibit redoximorphic features (color differences in comparison to the matrix due 

to oxidative or reductive processes), including Mn-concretions that point to periodically 

reducing conditions, and neutral to moderately acidic pH (Voegelin et al., 2015). From profile 

1 to 3, the depth of the markedly Tl- and As-enriched soil horizon shifted to lower depths 

(Voegelin et al., 2015). The pH of the soils varied between 6.0 and 7.5, with only two exceptions 

in profile 3, where a pH of 4.5 was measured.  All parameters are listed in Table 1-1. 

 

Figure 1-2: The three soil profiles of Buus. a) Profile 1. The ore bearing layer is approximately 60-80 cm deep. 
b) Profile 2. The ore-bearing layer lies in approximately 40-60 cm depth. c) Profile 3. Ore rich aggregates are 
found throughout the soil profile from a depth of 20 cm, enriched in a depth 40 cm (Herrmann et al., 2018). 

Sample labels in the present study follow the system used in Voegelin et al. (2015). For 

example, sample P3 20-40 was collected in profile 3 at a depth of 20-40 cm. All samples were 

transported in sealed plastic bags to the laboratory and dried in an oven at 40 °C for 7–10 days. 

Once dried, the samples were prepared for further analytical work. In total, 50 bulk soil samples 

were examined in this study, and 26 petrological thin sections were prepared from selected 

samples. In addition, some aggregates were selected due to color or consistence of these bulk 

soil samples and analyzed.  
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Table 1-1: Measured and detailed soil parameters from Buus, Switzerland. 

profile name: P1 

calcareous podsol (cambisol) 

no depth 

[cm] 

horizon fabric org. 

% 

clay 

% 

silt 

% 

sand 

% 

gravel 

Vol.% 

stones 

Vol.% 

CaCO3 

% 

pH 

CaCO3 

Munsell-

color 

name 

1 16 A h,st Kr2 5 38 35 27 9 2 1 7.2 10YR4/4 P1.1 

2 69 Bst Po3 0.5 38 35 27 11 3 1 7.2 7.5YR4/3 P1.2 

3 90 Bfe(g) Po3 0 42 35 23 12 4 1 7.0 7.5YR4/4 

7.5YR4/6  

P1.3 

4 140 C1,g Po3/Ko 0 32 48 20 15 23 4 7.5 10YR6/4 

10YR6/8 

P1.4 

5 >140 C2,g Ko 0 32 48 20 15 23 4 7.5 10YR6/8 P1.5 

profile name: P2 

Podsol (cambisol) 

no depth 

[cm] 

horizon fabric org. 

% 

clay 

% 

silt 

% 

sand 

% 

gravel 

Vol.% 

stones 

Vol.% 

CaCO3 

% 

pH 

CaCO3 

Munsell-

color 

name 

1 19 A h,st Kr2 5 32 35 33 3 0 0-1 6.5 10YR3/3 P2.1 

2 44 Bst Sp2 1 35 35 30 4 0 0-1 6.3 10YR4/4 P2.2 

3 64 Bcn,fe Sp2 0.5 40 35 25 4 0 0-1 6.3 7,5YR5/4 P2.3 

4 84 Bg,cn Po4 0 48 35 17 9 0 3 7.0 10YR5/8 

10YR6/4 

P2.4 

5 104 BCgg Ko 0 58 30 12 15 12 4 7.5 10YR6/4 P2.5 

6 >104 Cgg Ko Rock 0 58 30 12 15 30 4 7.5 10YR6/5 P2.6 

profile name: P3 

(acidic) podsol (cambisol) 

no depth 

[cm] 

horizon fabric org. 

% 

clay 

% 

silt 

% 

sand 

% 

gravel 

Vol.% 

stones 

Vol.% 

CaCO3 

% 

pH 

CaCO3 

Munsell-

color 

name 

1 17 A h,st Kr2 4 32 35 33 3 0 0 6.0 10YR4/6 P3.1 

2 44 Bst Sp2 1 32 35 33 3 2 0 4.5 10YR5/6 P3.2 

3 65 B(g),fe,st Sp3 0.5 42 35 23 3 0 0 4.5 7,5YR5/6 P3.3 

4 83 BCg Po4 0 35 48 17 10 4 1 7.0 2,5Y6/2 P3.4 

5 >83 C Ko Rock 0 20 55 25 15 35 4 7.6 2,5Y8/3 P3.5 
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METHODS 

ELEMENTAL ANALYSIS OF BULK SAMPLES BY TOTAL DIGESTION.  
Total element contents in 50 soil samples were determined by total digestion and subsequent 

wet-chemical analyses. An aliquot of each sample was digested in a mixture of 2 ml HNO3, 

3 ml HF, and 3 ml HClO4 and analyzed three times, together with a blank. The digests were 

diluted as required for analysis by inductively coupled plasma mass spectrometry (ICP-MS; 

Varian 725 ES) and optical emission spectroscopy (ICP-OES; Thermo XSeriesII) at the 

Institute of Geoscience (University of Jena, Germany). The following elements were measured 

(using ICP-MS or ICP-OES as indicated in parentheses) Ag (MS), Al (OES), As (MS), Ba 

(MS), Ca (OES), Cr (MS), Cu (MS), Fe (OES), K (OES), Mg (OES), Mn (MS), Mo (MS), Na 

(OES), P (OES), Pb (MS), Rb (MS), Sr (OES), Ti (MS), Tl (MS), V (MS), and Zn (MS).  

SYNCHROTRON-BASED XAS AT THE AS K-EDGE.  
X-ray near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 

spectra of powdered bulk soil materials were collected at the XAS beamline at the 

Angströmquelle Karlsruhe (ANKA, Eggenstein-Leopoldshafen, Germany). A detailed 

description of the sample preparation and collection is given in Voegelin et al. (2015). In 

addition to spectra of bulk soil samples, reference spectra were measured on 

bariopharmacosiderite and As(V) adsorbed on iron oxide (synthesized by oxidation of 0.5 mM 

Fe2+ in aerated solution containing 4 mM Ca2+, 8 mM HCO3
- and 7 mM As(V) and adjusted to 

pH 7.0 using CO2 gas, resulting in poorly crystalline lepidocrocite with adsorbed As(V) (Senn 

et al., 2015). Other reference spectra were available from previous studies (Voegelin et al., 

2015).  

POLARIZED-LIGHT MICROSCOPY.  
To describe the soil samples and to identify spots of interest for further microscopic and 

microanalytical work, all sections were first examined by using a polarization microscope 

(Zeiss Imager.M2m) in transmitted- and reflected-light modes, which was challenging due to 

the fine-grained nature of the studied minerals.  

ELECTRON MICROPROBE ANALYSIS.  
Regions of interest in selected thin sections, identified by optical microscopy, were investigated 

by energy- and wavelength-dispersive (WDX) electron microprobe analyses. The WDX 

analyses were made with the electron microprobe Jeol JXA-8230 Superprobe (Institute of 

Geoscience of the University of Jena, Germany). Prior to the electron microscopy imaging and 

analytical work, the sections were coated with carbon. All samples were measured with an 

accelerating voltage of 15 kV; avicennite with a current of 15 nA, the other minerals with 5 nA. 
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The following standards (for an element, line, time on peak/background [s], estimated detection 

limits [wt. %]) were used: albite (Na, K, 10/5, 0.06), wollastonite (Si, K, 10/5, 0.03), 

orthoclase (K, K, 10/5, 0.03), apatite (P, K, 10/5, 0.16), baryte (Ba, L, 10/5, 0.07), baryte 

(S, K, 10/5, 0.04), ZnS (Zn, K, 10/5, 0.08), Tl(Br0.42I0.58) (Tl, M, 30/15, 0.08), apatite (Ca, 

K, 10/5, 0.04), Fe2O3 (Fe, K, 10/5, 0.07), MgO (Mg, K, 10/5, 0.05), Al2O3 (Al, K, 10/5, 

0.13), InAs (As, L, 10/5, 0.04), SrSO4 (Sr, L, 20/10, 0.15), Rb-glass (Rb, L, 30/15, 0.08), 

rhodonite (Mn, K, 10/5, 0.06) and V-metal 99.999% (V, K, 30/15, 0.05). Due to the severe 

overlap of the X-ray emission lines of Pb, S, Tl, and Mo in the EMP spectra, the peaks were 

initially fitted manually to discriminate those elements. Once it was clear that Pb and Mo were 

not present, the concentrations of these two elements were not measured anymore.  

SCANNING ELECTRON MICROSCOPY. 
Scanning electron microscopy was done with a Carl Zeiss Ultra Plus Fe-SEM with Inlens-SE-

detector (Institute of Geoscience, University of Jena, Germany). Minerals of interest were 

imaged and analyzed with an energy-dispersive detector with accelerating voltage of 15 kV and 

a current of 15 nA.  

TRANSMISSION ELECTRON MICROSCOPY.  
A few selected mineral particles with high Tl concentration, isolated from powdered soil 

samples, were investigated in a transmission electron microscope (TEM; Philips TEM CM120; 

Institute of Physics; Academy of Science CR, Prague, Czech Republic), operated at an 

acceleration voltage of 120 kV. The microscope is coupled with a CCD camera (Olympus 

Veleta) and with a precession device (Nanomegas DigiStar®). The precession method as a 

technique to obtain electron diffraction data for structure refinement from crystals smaller than 

1mm was first proposed by Vincent & Midgley (1994). Selected samples were analyzed by 

electron diffraction tomography (EDT) combined with PED. The beam is hereby rotated around 

the optical axis and re-deflected by the coils below the specimen plane, resulting in diffracted 

peaks. Combined EDT and PED can lead to a reliable and accurate structure model. The 

structure solution and refinement was done using kinematical approximation with the free 

software PETS (Palatinus, 2011) combined with JANA2006 (Petříček et al., 2014). 
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RESULTS 

TOTAL ELEMENT CONTENTS AND ELEMENT CORRELATION. 

The complete dataset of total element contents in bulk samples is given in Table AI-1 (in 

appendix I or supplementary Material linked to this article freely available at 

https://pubs.geoscienceworld.org/eurjmin), representative data in Table 1-2. Even the lowest 

concentrations of As and Tl in the studied soils are higher than the limits for an agricultural 

land defined by the World Health Organization (WHO). 

Table 1-2: Representative bulk soil analyses (ICP-MS or -OES) for selected elements. All data in mg/kg. The 

complete data set is given in Appendix I Table A1-1. 

 
Sample As Ba Cu Fe Mn P Pb Sr Tl 

LV 1-10 873 304 18 43175 1176 1613 39 415 353 

LV 60-70 5588 557 40 102277 831 4098 32 1787 1762 

P1 0-20 283 308 25 39711 1345 1341 41 322 119 

P1 20-40 577 329 22 43740 1437 1159 39 402 265 

P1 60-80 4447 522 42 93299 1463 1760 32 1190 1801 

P1 70-85 4485 544 39 96154 1432 1721 33 1095 1600 

P1 70-90 22514 1344 42 325203 849 2785 16 2289 2375 

P1 95-115 2253 270 18 42720 557 953 17 558 1120 

P1 100-120 5429 244 25 116859 606 1752 13 942 966 

P1 140-160 6125 309 37 110236 776 2303 75 614 6138 

P1 150-170 396 178 28 26529 655 426 29 162 1676 

P2 0-20 867 306 17 41355 1233 1521 39 513 438 

P2 44-64 2223 393 30 69007 1135 1246 32 815 981 

P2 60-80 1409 331 28 60041 834 735 27 371 706 

P2 95-115 365 193 19 29928 404 701 17 206 151 

P3 0-20 1786 273 26 70053 1517 1891 41 565 1142 

P3 20-40 2887 272 30 96521 1302 1533 35 575 3269 

P3 60 547 44 7 23411 490 308 7 221 105 

P3 60* 7860 16 36 535990 103 773 3 34 1444 

* Part of a soil sample with higher amount of secondary minerals. 

 

In the profiles, marked variations in the concentrations of As, Tl and other elements were found. 

Using a cluster analysis (Fig. 1-3, Ward method, Ward, 1963; Abonyi & Feil, 2007), the 

correlations of total element contents were identified. Iron associates very strongly with As, Zn, 

Cu, and Mo. Of these, Fe and As are significantly enriched in the polluted soils whereas the 

concentrations of Zn, Cu, and Mo are only subordinate. Thallium, Sr, and Ba form one group; 

they were joined together because of their high correlation. In addition, the cluster analysis 

suggests that they are accompanied by P. Magnesium and Ca form a group of their own, 

essentially separated from all other analyzed elements. The observation is easily justified by 

the chemical composition of the calcite-dolomite bedrock at Buus.  
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Figure 1-3: A dendrogram displaying results of Ward cluster analysis of bulk analytical results from soils from 
Buus. The x-axis shows the degree of dissimilarity. The y-axis shows the elements or element groups with their 
differences. Two main branches are obvious, which split at x = 25: (1) As, Zn, Fe, Cu, Mo, P, Tl, Sr, Ba, Mg, Ca 
and (2) Al, K, Rb, Ti, Ag, V, Mn, Na, Cr, Pb. These main groups can be subdivided into four subgroups (I-IV). 

 

Another group of highly correlated elements consists of Al, K, Rb, and Ti, which associate with 

V, Mn, Na, Cr, and Pb.  

The concentration of As between 50 and 90 cm depth reaches a maximum with 22 500 mg/kg 

in P1, 2220 mg/kg in P2, and 12 300 mg/kg in P3, measured on hard, compact aggregates 

consisting of dolomite fragments, quartz, and rusty iron oxides. At a depth of 150 cm in the 

profile P1, the As concentration reaches 8080 mg/kg. Thallium reaches high concentrations in 

all horizons with up to 2450 mg/kg at 80 cm and up to 6140 mg/kg at 150 cm for P1, lower 

concentrations of 980 mg/kg at 55 cm depth in P2, and at a depth of 60 cm 12 690 mg/kg in P3. 

The highest amounts of As are found in yellow and red samples, Tl on the other hand reaches 

maxima in black and dark brown coatings. For relatively low concentrations of Tl and As, the 

elements seem to correlate well (Fig. 1-4). At higher concentrations, however, the two elements 

are decoupled, reflecting the different minerals which store them. As expected, As correlates 

well with Fe (Fig. 1-5), except for a few samples which contain more Fe than supposed from 

this correlation.  

(1) 

(2) 

I 

II 

III 

IV 
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Figure 1-4: Total Tl and As concentrations of bulk soil samples and hand-picked aggregates of Fe oxides. 

 

 

 

Figure 1-5: Variation of As concentration of the bulk soils and handpicked aggregates of Fe oxides as a function 
of the Fe concentration. The size of symbols is scaled to the Ba concentration (max. Ba concentration was 2800 

mg/kg). Crosses represent samples with <200 mg/kg Ba. 

 

SPECIATION OF AS BULK SOIL BY XAS.  

The normalized As K-edge XANES and the EXAFS spectra of seven bulk soil samples from 

profiles 1 to 3 are shown in Fig. 1-6, in comparison to reference spectra of 

bariopharmacosiderite and arsenate adsorbed onto an Fe(III)-oxide. The spectra do not reveal 

any marked differences between the seven soil samples, pointing to minimal variations in bulk 

As speciation among them. The XANES spectra clearly show that As in the soil is As5+ which 
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is not surprising due to the oxidizing environment. The spectrum of bariopharmacosiderite 

reveals distinctive features in the XANES and EXAFS region that are not observed in the bulk 

soil spectra, indicating that this mineral accounts only for a minor fraction of total soil As.  

 

 

Figure 1-6: As K-edge XANES (left) and EXAFS (right) spectra of bariopharmacosiderite (solid blue line), 
As(V) adsorbed onto Fe (III)-oxide (dashed red lines) and of seven bulk soils (P1 00–20, P1 20–40, P1 60–80, 

P2 00–20, P2 44–64, P3 00–20, P3 00–20) (solid black lines). 
 

MINERALOGY OF BULK SOIL AND THIN SECTIONS.  

A few hardrock hand specimens found in the profiles were strongly silicified, deeply weathered 

carbonate rocks. The samples studied here came mostly from the soils. The soils at Buus contain 

both the usual soil-forming metal oxides and silicate minerals, as well as As- and Tl-rich 

minerals that are not expected to be commonly found in an agricultural soil environment. Here, 

we focus on the latter group. All EMPA results are listed in Tables AI-2 to AI-7 (appendix I), 

representative analyses are given in Tables 1-3 and 1-4. In the following text, the most 

important and interesting details of the mineralogical observations, including the EMPA results, 

are presented, sorted, and characterized.  

IRON OXIDES.  
The predominant secondary minerals in the soils studied are rusty Fe oxides, especially goethite 

and ferrihydrite. They fill, partially or completely, hollow spaces in the soil, form small 

concretions and coat soil particles. Chemically, the iron oxides are rather heterogeneous. They 

commonly contain appreciable amount of As, with up to 12 wt. % As2O5 (Fig. 1-7). We do not 
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know if the iron oxides with very high As concentration belong to goethite or ferrihydrite. 

Along the same lines, if the host phase should be goethite, it is not clear if and how As5+ could 

be accommodated in its structure. The Tl concentrations are much lower, mostly < 0.5 wt. % 

Tl2O3, with only six outliers with a higher Tl2O3 content, with a maximum of 3 wt. %. As for 

arsenic, the host phases for the high Tl concentrations have not been identified more closely. 

The differences in As and Tl concentrations highlight the ability of the iron oxides to adsorb 

anions such as arsenate but to a much lesser extent cations as Tl+. In general, As5+ is the most 

abundant cation other than Fe3+, followed by Al3+, Si4+, and Ca2+. The other analyzed elements 

occur in traces.  

 

 
 

Figure 1-7: Variation of As2O5 as a function of Fe2O3 content in the secondary minerals from Buus: Fe oxides – 
red squares; jarosite-dorallcharite solid solution – yellow diamonds; pharmacosiderite – green circles; Ca-Fe 

arsenates – blue stars; Tl2O3 – brown triangles. All data from spot electron-microprobe analyses. 
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Table 1-3: Representative electron-microprobe data (wt. %) for secondary minerals from Buus, and atomic 
proportions normalized as indicated for each group of minerals. All analyses are listed in supplementary Tables 

AI-2–AI-7. 

 

 

Table 1-4: Representative electron microprobe data (wt. %) for Ca–Fe arsenates and iron oxides from Buus. 
These analyses were not recalculated to atomic proportions because the nominal stoichiometry of these phases is 

not known. All analyses are listed in supplementary Tables AI-2–AI-7. 
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ARSENATES.  
In addition to the dominant association of As5+ with iron oxides, As is also stored in a variety 

of crystalline arsenates. Among those, the main arsenate in the soil studied belongs to the 

pharmacosiderite group, a series of secondary minerals with different hydration states having a 

general formula AFe4[(OH)4(AsO4)3] ·  nH2O, where A are mono- and divalent cations, 

commonly Na+, K+, Ba2+, or H3O+ (Hager et al., 2010; Mills et al., 2010a & b). The mineral 

occurs as euhedral crystals as well as veinlets and fillings of the soil cavities (Fig. 1-8). In 

transmitted light, bariopharmacosiderite could be distinguished by its light yellowish-brown 

color and excellent cleavage (Fig. 1-8).  

 

Figure 1-8: A transmitted-polarized light microphotograph of an aggregate of bariopharmacosiderite crystals in a 
pore in soil from Buus. The walls of the hollow space are made of iron oxides, seen on the margins of the 

photograph. 

 

Although the crystal structure of the pharmacosiderite group was repeatedly described as cubic 

(Hager et al., 2010; Mills et al., 2010a & b), bariopharmacosiderite from Buus is not isotropic 

under crossed nicols. This anomalous birefringence, already described by Hartley (1900) and 

Heide (1928) and more recently by Grey et al. (2014), was weak but distinct in all crystals. The 

dominance of Ba2+ at the A site is surprising, given the dominance of K (over Na and Ba) in 

the soils (Fig. 1-9). It appears that the pharmacosiderite-group minerals have a strong preference 

for Ba2+, as also determined in naturally contaminated soil profile at Mokrsko, Czech Republic 

(Drahota et al., 2009), mining waste and soils at Smolotely, Czech Republic (Drahota et al., 

2018 a & b), or in Allier, France (Morin et al., 2002). Given that K+ could occupy the A site in 
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pharmacosiderite and Tl+ is, in terms of its valence and ionic radius, very similar to K+, we 

suspected that this mineral could be an important carrier of Tl, such as in the 

thalliumpharmacosiderite from Allchar (Rumsey et al., 2014). The EMPA results, however, did 

not confirm this assumption. The Tl content in bariopharmacosiderite from Buus is only 0-

0.6 wt. % (average 0.2 wt. %). Bariopharmacosiderite occurs solely in the depths between 60 

cm and 90 cm and at 150 cm in all three soil profiles. The role of bariopharmacosiderite in the 

retention of As is obvious from figure 1-5. In this figure, the size of the symbols is scaled to the 

Ba concentration which is a measure of bariopharmacosiderite abundance in the samples. At 

lower As concentrations, iron oxides scavenge all As once the bulk As concentration exceeds ∼1 wt. %, bariopharmacosiderite becomes abundant and forms in large amounts. Another group 

of arsenates found in Buus are Ca-Fe arsenates, identified tentatively (based on EMPA) as 

arseniosiderite, nominally Ca2Fe3(AsO4)3O2 ·  3H2O. Due to its infrequent occurrence in depths 

of 150 cm in P1 and inconspicuous appearance, the Ca-Fe arsenates were only detected with 

EMPA and not seen in polarized light microscopy or detected in the XRD patterns of bulk 

samples. Aside from Ca, Fe, and As, these minerals contain minor amounts of SiO2 and Al2O3 

(mostly between 1 and 3 wt. %). The Tl2O3 concentrations reach occasionally up to 0.2 wt. %, 

but usually are lower.  

 

Figure 1-9: Relative proportions of Na, K, and Ba in pharmacosiderite (spot electron-microprobe analyses, 
circles) and bulk soils (bulk ICP-MS analyses, diamonds) in Buus. 
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SULFATES.  
Many soil samples from Buus contain minerals with intermediate compositions between 

dorallcharite [nominally TlFe3(SO4)2(OH)6] and jarosite [nominally KFe3(SO4)2(OH)6], both 

members of the alunite supergroup. There is a weak trend of Tl enrichment in the jarosite-

dorallcharite solid solution with depth (Fig. 1-10).  

  

Figure 1-10: Variation of the K/(Tl+K) (at%/at%) ratio in the jarosite–dorallcharite solid solution with depth. 
 

The Tl content, however, is limited to Tl/(K+Tl) ratios (at%/at%) of 0.4 or less (corresponding 

to less than 10% K substitution by Tl(I)). The dorallcharite-jarosite also contained As and P, 

with concentrations mostly between 0.5-1.5 wt. % As2O5 and 0.1-1.2 wt. % P2O5. Apart from 

Tl oxides (see below), illite and Mn-oxides (Voegelin et al., 2015), the jarosite-dorallcharite 

solid solution is the only phase that accumulates appreciable amounts of Tl (Fig. 1-11). A few 

analyses showed the presence of gypsum, CaSO4 ·  2H2O.  

 
Figure 1-11: Variation of Tl2O3 as a function of Fe2O3 content in the secondary minerals from Buus: Fe oxides – 

red squares; jarosite-dorallcharite solid solution – yellow diamonds; pharmacosiderite  – green circles; Ca-Fe 
arsenates  – blue stars. All data from spot electron microprobe analyses. 
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TL OXIDES.  
A mineral with platy morphology (Fig. 1-12 a and b), found by reflected-light microscopy and 

with EMPA, consisted dominantly of Tl, but contained also small amounts of As, Si, Al, Fe, 

and in some cases K and Mn.  

 

Figure 1-12: (a) Back-scattered electron (BSE) image of aggregates of platy Tl2O3 (white), embedded in a mass 
of clays and iron oxides (various shades of grey). (b) A secondary-electron (SE) image of the aggregates of platy 

Tl2O3. 

Although the analyses allowed to suspect that the composition of the mineral is near Tl2O3, the 

platy morphology of the aggregates did not comply with the cubic symmetry of avicennite. 

Figure 1-7 and 1-13 show two compositional clusters for Tl2O3, one almost devoid of As, the 

other one with elevated As (5-11 wt. % As2O5) and P (1-3 wt. % P2O5) contents.  

 

Figure 1-13: complementary to the paper: amounts of As2O5 und P2O5 in aggregates of the Tl2O3 phase. 
 

Element distribution maps collected on an As-containing Tl2O3 grain (Fig. 1-14) show that it 

also contains traces of Ca and Ba. They further revealed a thin Mn-rich rim around the grain, a 

commonly observed feature of Tl2O3 mineral grains in the studied soil. A Mn-oxide coating 

was previously observed on a needle-shaped Tl2O3 grain that was identified as avicennite by Tl 
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LIII-edge EXAFS spectroscopy and synchrotron based micro-XRD (Voegelin et al., 2015). In 

the present study, using PED, an As-free nanosized Tl2O3 grain was identified as avicennite 

(Fig. 1-15), a member of the bixbyite-group (Fe3+,Mn3+,Tl3+)2O3, with space group Ia3 and the 

lattice parameter a = 10.5803Å.  

 
Figure 1-14: BSE image and element distribution maps for an aggregate of As-containing Tl2O3. The maps 

reveal the association of As, P, Sr and Ca with the Tl2O3 grain. The maps of K, Si, and Al indicate the 
distribution of clays and quartz around the mineral grain. The Mn map reveals a thin Mn-rim around the Tl2O3 

grain. 
 

 

Figure 1-15: TEM image of As-containing and of nanoparticulate As free Tl2O3 (red circle). (b) Magnified image 
of the As-free Tl-phase consisting of at least four grains. (c) Electron diffraction images of the hk0, hk1, hk2 and 

hk3 spaces and the resulting crystal structure with the space group Ia-3, a=10.5803 Å (Herrmann et al., 2018, 
complementary to the paper).  
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PRIMARY MINERALS. 
Pyrite was found rarely between 50-90 cm depth in profiles 1 and 3. Euhedral, cubic pyrite 

occurs dominantly in euhedral quartz crystals. Accessory baryte, found in some samples, could 

have also been a part of the primary mineralization.  

ROCK-FORMING AND ACCESSORY MINERALS.  
Calcite and dolomite are common in all thin sections, their proportions increasing with depth. 

Other minerals observed in all studied soil thin sections were apatite, zircon, rutile, titanite, and 

monazite.  
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DISCUSSION 

NATURE OF THE PRIMARY MINERALIZATION. 

Owing to deep weathering at the site studied, the primary mineralization could not have been 

sampled, except for rare and tiny pyrite crystals in quartz. Hydrothermal Fe-As-Tl 

mineralization, locally with additional elements (Pb, Zn, Ag, and Sb), is known from a number 

of localities in the Alps. Undoubtedly, the most famous site is Lengenbach in the Binn valley 

(Hofmann & Knill, 1996) where many Tl sulfosalts have been discovered. In contrast to Buus, 

the mineralization at Lengenbach is hosted by metadolomites, metamorphosed in upper 

greenschist to lower-amphibolite facies during the Alpine orogeny. Another well researched 

site is Jas Roux in the French Alps (Johan & Mantienne, 2000). Here, the Tl mineralization 

occurs in a baryte-rich zone in Triassic dolomites. The ores at Jas Roux contain abundant Pb-

Sb sulfosalts and stibnite; neither Pb nor Sb was found in larger than trace amounts in Buus. 

Further, smaller sites in the Italian and Austrian Alps with similar mineralization are Trou des 

Romains, Piano dei Camosci, Greina, Dirstentritt, Zweiselbad, Moosegg, and Semmering (N. 

Meisser, pers. comm.).  

The mineralization in Buus shows some differences but also similarities to the famous 

Lengenbach deposit. The bedrock is dolomitic limestone but there is no metamorphic overprint 

in Buus. It is therefore possible that the mineralization on the Erzmatt, before weathering, was 

similar to the mineralization in Lengenbach prior to its metamorphic overprint. A recent study 

of Tl isotopes and trace elements in Lengenbach (Hettmann et al., 2014) suggested that Tl could 

have been mobilized from a pre-existing geochemical anomaly. If Buus indeed represents a 

Lengenbach-type locality before the metamorphic event, then the source of Pb and Cu in 

Lengenbach must be sought externally, since Pb and Cu are not enriched on the Erzmatt.  

We can only speculate about the primary mineralization in Buus. The secondary minerals found 

in Buus point at weathering of (As,Tl)-containing pyrite and arsenopyrite, perhaps with 

additional Tl sulfides and sulfosalts. The abundance of jarosite–dorallcharite in the soils points 

to local acidification during weathering, most easily explained by weathering of pyrite. Rarely, 

we found pyrite relics armored in quartz in our samples, but it is likely that pyrite was an 

abundant mineral in the primary ores. The frequently observed platy morphology of Tl2O3 

mineral grains could perhaps be explained as a pseudomorph after carlinite (Tl2S), in analogy 

to the occurrence of pseudomorph avicennite in the Carlin mine (Nevada, USA) (Radtke et al., 

1978). Here, avicennite is thought to be a product of oxidation of carlinite in carbonaceous gold 

ores in silicified limestones (Radtke et al., 1978). Radtke et al. (1978) mentioned also the 
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presence of Si, Al, Fe, Mg, Ag, Cr, Cu, Ni, Pb, and Ca in their analyses of avicennite; they did 

not, however, analyze for As, thus making the comparison with the analytical data for Tl2O3 

from this work difficult. Potassium, needed to crystallize jarosite, was supplied by the acid 

attack of illite. Barium in pharmacosiderite came from dissolution of baryte. 

ELEMENT REDISTRIBUTION DURING WEATHERING. 

The presumably chemically simple primary mineralization has undergone weathering under 

natural conditions and experienced redistribution of the major elements Fe, Tl, As, and S. Iron 

entered mostly iron oxides, but also abundant bariopharmacosiderite and members of the 

jarosite–dorallcharite series. Iron oxides are the largest scavenger of As at the site studied, as at 

many other similar sites around the world (e.g., Nielsen et al., 2014; Paikaray, 2015). As 

mentioned before, the occurrence of the members of the jarosite–dorallcharite series documents 

locally and temporally acidic conditions during weathering because this mineral forms only at 

very acidic conditions (pH < 2). At the same time, the absence of scorodite, a common ferric 

arsenate formed under acidic conditions, is puzzling. One possible explanation is that scorodite 

did form during pyrite weathering but was re-dissolved and converted to iron oxides once the 

locally acid-generating capacity of the primary ores was exhausted and pH was again buffered 

to near-neutral values by the carbonates in the soil. The other explanation is that in the presence 

of barium, formation of bariopharmacosiderite is favored over scorodite formation. In contrast 

to scorodite, bariopharmacosiderite seems to persist even under long-lasting circumneutral 

conditions. Hence, bariopharmacosiderite may be an alternative candidate for the 

immobilization of As at polluted sites; scorodite, because of its instability under near-neutral 

conditions, is not a good choice under those conditions. Under acidic conditions, 

natropharmacosiderite was reported to exchange the metallic cations for H3O+ but its zeolite-

like structure remained intact (Mills et al., 2010a & b). However, also the pharmacosiderite-

group minerals may become unstable and convert into poorly crystalline Fe oxides if dissolved 

Fe and As concentrations decrease (Majzlan et al., 2014, p. 34). Such stability relationships 

may be indirectly indicated by trends in Fig. 1-5, showing that bariopharmacosiderite is only 

abundant when the As concentration in the samples exceeds ∼1 wt. %. A speculative hypothesis 

about the origin of bariopharmacosiderite involves crystallization of thalliumpharmacosiderite, 

oxidation of Tl+–Tl3+, and loss of Tl3+ and its replacement by Ba2+. There are, however, no data 

to support this hypothesis.  

Microscopic observations and extensive electron microprobe analyses are also strongly 

supported by the bulk chemical composition of the soils and the cluster analysis. The strong 
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association of Fe and As (Fig. 1) can be explained by As sorption onto the iron oxides, either 

poorly crystalline (ferrihydrite) or crystalline (goethite). In terms of the total content, the cluster 

analysis shows that As is mostly bound to iron oxides, not to the secondary arsenates, even 

though these may be locally abundant. The close association and prevalence of As at iron oxides 

was also confirmed by XAS. The correlation between Ba, Sr, and P can be explained by their 

co-occurrence in bariopharmacosiderite. Another element in this group is Tl. Considering the 

low contents of Tl in bariopharmacosiderite, this relation rather reflects the combined 

accumulation of these elements during the mineralization event. In soil horizons devoid of 

secondary Tl-bearing minerals, Tl(I) adsorption onto illite (and possibly also other micaceous 

phyllosilicates) has previously been identified as the dominant Tl retention mechanism 

(Voegelin et al., 2015). In line with this earlier work, the present study shows that avicennite 

and Tl(I)-jarosite are Tl-bearing secondary weathering products at the Erzmatt site and indicates 

that the extent of Tl(I)-for-K substitution in jarosite reaches up to ∼10%. Regarding the 

abundant Tl2O3 mineral grains, the present study unequivocally identified As-free Tl2O3 as 

avicennite. Further work will be required to resolve the mineralogy of As-containing Tl2O3 and 

its structural and genetic relationship to As-free avicennite. 
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ZUSAMMENFASSUNG 
Tetraedrit [allgemein (Cu,Fe,Zn)12(Sb,As)4S13] ist ein häufig vorkommendes Mineral, sowohl 

primär in Erzvorkommen als auch in Bergbauabfällen. In diesem Kapitel soll das Verhalten der 

Elemente in Tetraedrit während der Oxidation beschrieben werden, wozu eine natürliche 

Oxidationszone in Pieksy (Slowakei) in die Betrachtung einbezogen wird. Sie dient als 

Langzeitanalogon für die Verwitterung von tetraedrit-reichen Bergbauabfällen. Durch 

Elektronenstrahl-Mikrosondenmessungen konnten vier Stadien der Verwitterung identifiziert 

werden: Das initiale Stadium umfasst die Bildung von sekundärem Covellin [CuS] und 

Chalkosin [Cu2S]. In den folgenden Stadien bilden sich Oxide, welche allgemein in grüne 

Massen und braune Adern unterteilt werden können. Hierbei handelt es sich um nanokristalline 

Mineralgemische, wobei die Massen Cu-Sb-As-reich und die Adern Fe-Sb-As-reich sind. Die 

Cu-Sb-As-reichen Mineralgemenge bestehen zu einem großen Teil aus nanokristallinen 

Mineralen der Pyrochlorgruppe, während die Fe-Sb-As-reichen Adern aus Tripuhyit 

[Fe3+Sb5+O4], Goethit [-Fe3+O(OH)] und Mineralen der Pyrochlorgruppe bestehen. 

Quantitative Elementmodelle zeigen, dass einige Elemente (bspw. Zn, S, Ni, Co) schnell 

verloren gehen, während andere (insbesondere Cu und As) zurückgehalten werden und 

Kupferarsenate bilden. Letzteres stellt das späte Stadium der Verwitterung dar. Etwa 10 % As 

und fast 50 % Sb gehen während der Verwitterung verloren, wahrscheinlich freigesetzt in eine 

wässrige Phase; restliches Sb wird in sekundären Mineralen wie Camérolait 

[Cu4Al2(HSbO4,SO4)OH10(CO3) ·  2H2O], Cualstibit [Cu2AlSb5+(OH)12] oder Tripuhyit 

gespeichert. Die leichte Kohlenstoff-Isotopenzusammensetzung (δ13C bis -11,1 ‰) 

dokumentiert einen signifikanten biologischen Beitrag von C in den Sekundärmineralen. Die 

Kupferisotopenverhältnisse werden während der Verwitterung zunehmend schwerer: von 

anfänglich δ65Cu von -2,45 ‰ in Tetraedrit bis hin zu 4,3 ‰ in Azurit, jedoch -6,3 ‰ in 

Covellin und Chalkosin. Letzteres zeigt den Einbau von leichten Kupferisotopen in Covellin 

und Chalkosin. Die Beobachtung elementarer Synergismen während der Verwitterung von 

Tetraedrit zeigt, dass die Löslichkeit und Beweglichkeit von As durch Kupferarsenate und nicht 

durch Eisenoxide in einer tetraedrit-reichen, aber pyrit-armen Umgebung gesteuert wird. 

Antimon, ein weiteres umweltbedenkliches Element, wird größtenteils ins Wasser freigesetzt 

und führt zu, wenn auch geringen, Anomalien in Flusssedimenten und Böden. 
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ABSTRACT 
Tetrahedrite [(Cu,Fe,Zn)12(Sb,As)4S13] is commonly present in many ore deposits and may be 

transferred to mining waste. Here, we describe the behavior of all elements in tetrahedrite 

during oxidative dissolution in a natural oxidation zone at Piesky (Slovakia), this being a long-

term analogue of weathering of tetrahedrite-rich mining wastes. Electron microprobe work 

identified initial, early, advanced, and mature stages of weathering. The initial stages include 

formation of secondary covellite [CuS] and chalcocite [Cu2S], the following stages only oxidic 

products, divided into greenish masses and brown veinlets. Both are nanocrystalline mixtures 

of minerals. The masses are Cu-Sb-As-rich and consist of a nanocrystalline pyrochlore phase. 

The veinlets are Fe-Sb-As rich and contain tripuhyite [Fe3+Sb5+O4], goethite [-Fe3+O(OH)], 

and pyrochlores. Quantitative elemental budgets show that some elements (Zn, S, Ni, Co) are 

rapidly lost whereas others (especially Cu and As) are retained and form copper arsenates in 

the mature stages of weathering. About 10% As and almost 50% of Sb are lost during 

weathering, likely released into water; some Sb is stored in secondary minerals such as 

camerolaite [Cu4Al2(HSbO4,SO4)OH10(CO3) ·  2H2O], cualstibite [Cu2AlSb5+(OH)12], or 

tripuhyite. Light carbon isotopic composition (δ13C down to -11.1 ‰) document significant 

biological contribution for C in the secondary minerals. Copper isotope ratios become 

progressively heavier during weathering (from initial δ65Cu of -2.45 ‰ in tetrahedrite up to 4.3 

‰ in some azurite samples but -6.3 ‰ in covellite and chalcocite), documenting cyclic removal 

of light copper isotopes into covellite and chalcocite. The observation of elemental synergies 

during weathering of tetrahedrite shows that the solubility and mobility of As is controlled by 

copper arsenates, not by iron oxides, in an environment rich in tetrahedrite but poor in pyrite. 

Antimony, another element of environmental concern, is mostly released into water and creates 

low-concentration anomalies in stream sediments and soils. 
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INTRODUCTION 
Sulfide minerals form in reducing environments from a variety of hydrothermal fluids in the 

crust. When exposed to the oxidizing and wet atmosphere, they react and alter to a wide variety 

of supergene minerals as a function of many parameters, including the chemical composition 

of the primary ores. The processes and products are of interest to mineralogists, geochemists, 

metallurgists, and environmental scientists. Although there are several studies on the 

weathering of simpler and common sulfides, such as pyrite (see below), complex matrices, such 

as tetrahedrite, were not investigated in detail (except for Borčinová Radková et al., 2017). 

Better understanding of the weathering processes of primary minerals can provide valuable 

information about geochemical coupling, that is, geochemical synergies, interferences, and 

barriers of elements that commonly pollute the environment around active and abandoned 

mining sites.  

Mineralogy of the weathering products of pyrite and pyrrhotite was established early and much 

of the work was summarized by Jambor (1994, 2003). The initial conversion of the primary 

sulfides to secondary sulfide phases was observed, for example the transformation of pyrrhotite 

to marcasite (Hammarstrom et al., 2001; Koski et al., 2008). The final products in mature 

systems are goethite, lepidocrocite or hydrous ferric oxide (e.g., Gunsinger et al., 2006; Lindsay 

et al., 2015), with occasional abundant ferric sulfates (Jamieson et al., 2005). Weathering of 

arsenopyrite in natural conditions yields mostly hydrous ferric oxide, hydrous ferric arsenate, 

or scorodite (Basu & Schreiber, 2013; Mihaljevič et al., 2010; Mandaliev et al., 2014; Lara et 

al., 2016), with rarer jarosite or pharmacosiderite (e.g., Murciego et al., 2011). Most of the 

studies document the spatially close and chemically strong association of Fe and As (e.g., 

Walker et al., 2005; Lalinská-Voleková et al., 2012). This synergy may be further enhanced by 

formation of ternary complexes by the addition of Ca, either in X-ray amorphous products 

(Voegelin et al., 2010) or in yukonite and arseniosiderite (Paktunc et al., 2003). 

Little work has been done specifically on weathering of chalcopyrite, as this mineral is usually 

a subordinate component of pyrite- or pyrrhotite-dominated ores. Koski et al. (2008) report that 

chalcopyrite is replaced by iron oxides, in agreement with a similar work of Kučerová et al. 

(2014) who identified also additional rare malachite, cuprite, and delafossite.  

Weathering of antimony sulfides was investigated mostly on stibnite, to a lesser extent on other 

Sb minerals. Common weathering products include the minerals from the pyrochlore group 

(stibiconite, roméite, and bindheimite) and tripuhyite, accompanied often by goethite and 

hydrous ferric oxide with adsorbed or incorporated Sb (Diemar et al., 2009; Okkenhaug et al., 
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2011; Mitsunobu et al., 2011; Courtin-Nomade et al., 2012; Leverett et al., 2012; Lalinská-

Voleková et al., 2012). 

To our best knowledge, there were no studies specifically designed to study the weathering 

processes and products of tetrahedrite, apart from the recent work in our group (Borčinová 

Radková et al., 2017). This lack of mineralogical investigation is compensated to a certain 

extent by the interest of materials scientists and metallurgists. The extractability of tetrahedrite 

and related minerals was studied as As, Sb, Bi, and other elements are considered to be 

“penalty” elements, which are undesired in the copper concentrates (Baláž et al., 1998; Havlik 

& Kammel, 2000; Awe et al., 2012; Lane et al., 2016). Another driving force is the wish to 

produce antimony concentrates from minerals other than stibnite (Dupont et al., 2016) because 

the market with stibnite and antimony is almost exclusively controlled by China. Mineralogical 

studies on the decomposition of tetrahedrite, either in oxidation zones or in tailings, should be 

a component of this effort. On the way to the circular economy, these studies may help the 

metallurgical work and guide the research on the re-use of mining waste, including old dumps 

and tailings.  

The synergies among multiple elements are easier to screen and understand if these elements 

are present in higher concentrations and released by weathering of a single source mineral. 

These synergies exist also in the cases where one or a few elements are much more abundant 

than other ones but, in this case, they may be difficult to track and to understand. For this reason, 

we have decided to study the processes of weathering of tetrahedrite, a common primary sulfide 

and one of the so-called “trash-bag” among minerals, that is, a mineral able to accept a wide 

variety of elements into its crystal structure. 

The crystal structure of tetrahedrite and related phases was solved and re-solved many times 

(see Makovicky, 2006 for a summary). The structure is commonly viewed as a complicated 

derivative of the sphalerite structure, and less commonly as a maximally collapsed sodalite-

type framework (Makovicky, 2006). The crystal chemical formula of the tennantite group 

(Strunz & Nickel, 2001) is (Ag,Cu)12
[3](Cu,…)6

[4](Sb,As)4
[3]S12

[4]S[6], with many substitutions 

possible. Compositions with Cu2+ are less stable than the composition without this species. Cu2+ 

is thus avoided by substitution of Zn, Fe, Hg, Cd, Mn, Co, Ni, or Pb into the tetrahedral sites; 

note that not all these metals are found in appreciable quantities in natural members of the 

tetrahedrite-tennantite series (Klünder et al., 2003a; Karup-Møller & Makovicky, 2004). The 

substitution of Bi for As/Sb is limited (Klünder et al., 2003a). At low Fe content per unit cell, 

the metal is mostly trivalent. At full Fe substitution at the tetrahedral sites (2 Fe per formula 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 41 

unit), iron converts to the divalent state (Makovicky et al., 1990). Intermediate, mixed valence 

state is observed in between these end states. In terms of terminology, the compositions with 

prevailing Sb are tetrahedrite (i.e., not only the Sb endmember) and the As-dominated 

compositions are tennantite. Compositions that are very rich in Ag or Hg have specific names, 

but they do not apply to the work reported here.  

In this work, we have investigated weathering of the complex tetrahedrite-tennantite solid 

solution and the associated elemental mobility at Piesky, a small abandoned deposit near the 

village of Špania Dolina in Slovakia. The results presented here augment those of Borčinová 

Radková et al. (2017) who focused on the fate of antimony and arsenic but paid little attention 

to the other elements. Using a suite of techniques, from field work at a meter scale, through 

electron microprobe and previous micro-X-ray diffraction and micro-X-ray absorption 

spectroscopy (Borčinová Radková et al., 2017) at a micrometer scale down to transmission 

electron microscopy at a nanometer scale, we were able to characterize the processes that 

govern weathering and elemental mobility of all elements in the tetrahedrite. Furthermore, the 

relative mobility and fate of the elements is well documented by the identification and 

investigation of supergene minerals which are not directly spatially associated with the primary 

sulfides. Stable isotopes of carbon, oxygen, and copper were investigated to evaluate the 

biological contribution to weathering and to determine the transient steps between the primary 

ores and the supergene minerals, respectively. Uranium and lead isotopes were used to 

determine the age of the oxidation zone. Water samples were taken in the abandoned 

underground spaces, analyzed for major and trace components, and examined in terms of 

saturation with respect to the supergene minerals found.  

GEOLOGICAL SETTING  
The Špania Dolina – Piesky deposit is situated 1.2 km north of the village of Špania Dolina in 

the Starohorské Mountains (Fig. 2-1), central Slovakia. The hydrothermal mineralization is 

hosted by Permian arkoses, sandstones and greywackes (Vozárová et al., 2014). At Piesky, 

these rocks are overlain by Triassic sandstones, limestones, and dolomites. Other rock types are 

present in the wider areas of the village of Špania Dolina but not at Piesky (Fig. 2-1). Sulfide 

minerals are mostly disseminated directly in the Permian siliciclastic rocks, with some 

accompanying quartz, carbonates, and baryte. Tetrahedrite is the dominant sulfide mineral 

(Sejkora et al., 2013) with minor amounts of chalcopyrite and accessory arsenopyrite, bornite, 

galena, cobaltite, pyrite and sphalerite (Michňová, 2009). The primary mineralization could be 

perhaps correlated with young (Alpine) tetrahedrite-baryte-dolomite mineralization at larger 
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Sb-Au deposits in this area (e.g., Slavkay & Chovan, 1996) but such a link has not been firmly 

established. The deposit has a well-developed oxidation zone with a variety of supergene copper 

carbonates, sulfates, arsenates, and phosphates (e.g., Figuschová, 1977; Pauliš, 1977; Řídkošil, 

1978; Řídkošil & Povondra, 1982; Števko & Sejkora, 2014), making this area popular among 

mineral collectors. Production of copper and silver flourished in the Medieval times but 

persisted, to a limited extent, until the 1990s. In the very last stages of mining, the old dumps 

were re-processed. Throughout the history, mining targeted the oxidation zone. In the early 

days of intensive underground mining, the ore was manually sorted, and no flotation was used. 

Except for a few cosmetic attempts to remediate the impressive dumps, no environmental 

measures were taken, most likely because the coarse dump material is believed not to release 

substantial amount of toxic elements into the local streams. The dumps are located in a 

mountainous terrain; the altitude of the main profile is 834 m above sea level. The average 

annual temperature in the village of Špania Dolina (704 m above sea level) is 6.0 °C, in the 

village of Staré Hory (481 m above sea level) 6.6 °C (see Fig. 2-1 for their locations). At the 

dumps at Piesky, the average annual temperature is estimated as 5.7 °C. The annual mean 

precipitation is 900-1100 mm. 

 
Figure 2-1: A geological map (after Polák et al., 2003) of the area around Špania Dolina in Slovakia. Legend: 1 - 
orthogneisses and amphibolites; 2 - Permian conglomerates, greywackes and arcoses; 3 - Cretaceous limestones 

and dolomites; 4 - Jurassic radiolarites, sandstones and limestones; 5 - Triassic sandstones, dolomites, and 
limestones; 6 - faults; 7 - thrust planes; 8 – dumps; 9 – urban areas; 10 – the main profile for this work 

(coordinates 48.817867° N, 19.131497° E). The inset shows the location of Špania Dolina in Slovakia and in 
central Europe. 
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MATERIALS AND METHODS 

SOLID SAMPLES: COLLECTION, XRD, OPTICAL OBSERVATIONS, EMP 

Samples for this study were collected in the ore field of Piesky in central Slovakia. This area 

belongs administratively to the village of Špania Dolina. The GPS coordinates of the main 

profile that was sampled for this study are 48.817867° N and 19.131497° E, the old dumps 

occur in a wide vicinity of this profile. Two types of solid samples were collected. First, using 

a small excavator, we dug out profiles through the oxidation zone down to a depth of ≈ 5 m and 

took samples in situ. The second type of samples were hand specimens collected on the old 

dumps where the precise location within the oxidation zone is not known. We have documented, 

however, from which dump each sample came and could later recognize spatial patterns in the 

occurrence of the supergene minerals. Supergene minerals were separated under binocular and 

identified by powder X-ray diffraction (XRD). These analyses were conducted with a Bruker 

D8 Advance diffractometer (University Jena) in the angular range of 5 °2θ to 90 °2θ at room 

temperature. The step size was set to 0.01 °2θ and dwell to 1 s per step. Selected samples were 

sawn and polished to prepare standard (30 μm thick) thin sections. The sections were inspected 

in transmitted and reflected polarized light. After this screening, description and photographic 

documentation, some sections were carbon-coated, and the minerals were analyzed for their 

chemical composition. The chemical composition of primary sulfides and supergene minerals 

was determined by spot wavelength dispersive (WDX) electron microprobe analyses, using two 

instruments. The details on the analytical conditions, standards and X-ray lines used are 

summarized in Table AII-1. The semi-quantitative element distribution maps were acquired 

with a beam current of 30 nA, an accelerating voltage of 20 kV, a beam size of 1 μm and a 

dwell-time of 20 s. Many of the totals were lower than 100 %, owing to the water content of 

the analyzed spots or porosity that was not detected when setting the analytical points. In several 

cases, we scanned the entire energy region of the X-ray spectrometers to detect elements which 

were not included in the analytical protocol. No missing elements, within the analytical 

capability of the electron microprobe, were found. 

AQUEOUS SAMPLES: COLLECTION AND CHEMICAL ANALYSES 

Aqueous solutions were collected underground, in an exploration adit used in the last 

exploration campaign in the 1960-1980s. Despite abundant discharges of water, only a few 

samples were taken, owing to the concrete casing in the exploration adit. Most of the discharges 

seep through the casing which modifies the chemical composition of the water, thus making the 

analytical results impossible to interpret within the context of this study. Water samples were 
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taken only at points where there is no concrete casing and only the results from these samples 

are presented and discussed in this paper. The water samples were filtered immediately after 

sampling using Whatman microfilters with a 0.45 μm mesh mounted on syringes. The electric 

conductivity, pH, and oxidation-reduction potential were measured by the GPS Aquameter 

handheld-device mounted with the Aquaread AP-700 multiparameter water quality probe. The 

acidity and alkalinity represent the molar concentrations of CO2 and HCO3
-. Acidity was 

measured by titration with 0.1 M NaOH solution, with phenolphthalein as the indicator. 

Alkalinity was titrated using 0.1 M HCl solution, with a mixed indicator of methyl red and 

bromocresol. One portion of the filtered sample was acidified with ultrapure HNO3 to pH ≈ 2, 

another one was kept in the as-filtered state; both portions were transported and maintained 

under cooling (4 °C) until further analytical work in the laboratory. The acidified sample was 

analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES) or ICP 

mass spectrometry (ICP-MS), using the Variant 725 ICP-OES instrument with a charge-couple 

device (CCD) detector or a Thermo X-Series ICP-MS instrument, respectively (University 

Jena). The filtered and acidified samples were analyzed for Ca, K, Mg, Na, P, S, Si, Sr (by ICP-

OES) and Ag, Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sb, Sn, Ti, V, Zn, Zr, Sc, 

Rb, Y, Cs, La, Ce, Pr, Nd, Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Th, U (by ICP-MS). The 

filtered and not acidified samples were analyzed for F, Cl, NO3
-, SO4

2-, NO2-, and PO4
3- by ion 

chromatography (IC), using a Dionex IC unit. The accuracy of the analyses was checked by 

calculation of the charge of the solution and by comparison of the sulfur concentration measured 

by ICP-OES and IC. Geochemical modelling with the analytical results was done with the 

program PHREEQC (Parkhurst & Appelo, 1999). 

TRANSMISSION ELECTRON MICROSCOPY 

Three representative samples were thinned down to electron transparency using a conventional 

Gatan Duomill Ar+ ion milling machine operated at 4,5 kV. Subsequently, the thin foils were 

studied by transmission electron microscopy (TEM), selected area electron diffraction (SAED), 

and energy-dispersive X-ray (EDX) emission spectroscopy using a 200 kV FEI Tecnai G2 field 

emission gun (FEG) TEM. 

ISOTOPIC MEASUREMENTS: ISOTOPES OF CU, C, O 

Copper isotopes in selected primary and secondary minerals were analyzed by a UV 

femtosecond laser ablation system coupled to a multicollector inductively coupled plasma mass 

spectrometer (UV-fsLAMC-ICP-MS) at Hannover University. The laser system (Solstice, 

Spectra Physics, USA) consists of a 100 fs Ti:sapphire regenerative amplifier system with a 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 45 

fundamental wavelength of 775 nm, which is frequency-quadrupled to provide an output beam 

in the deep UV region with a wavelength of 194 nm. The laser ablation was performed on 

polished section under a helium atmosphere. Argon carrying the Ni NIST SRM 986 standard 

solution aspirated via quartz glass spray chamber (double pass Scott design) was mixed into the 

sample-out line downstream prior to entering the torch. The sampling spots were lines with 

width of 30-40 μm and length ≈ 200 μm; during analysis, the samples were moved with a 

velocity of 15-20 μm/s. Laser pulse energy was reduced to ≈ 0.03 mJ and was regularly 

controlled during the measurement sections by analyzing the malachite or chalcopyrite (Cpp1) 

in-house standards to match the δ65Cu values reported by Lazarov & Horn (2015). Laser 

repetition rates between 3 and 35 Hz were applied to achieve signal intensities of ≈ 8 V on Cu 

mass 65. For a detail method description, see Lazarov & Horn (2015).  

All data are reported relative to the NIST SRM 976 standard (metallic copper) in the usual delta 

(δ) notation. Three sample measurements were alternated with two standard measurements. 

Monitored 62Ni/60Ni of the Ni NIST standard solution and standard (Cu NIST SRM 976) sample 

bracketing were used for the instrumental mass bias correction. Internal two standard deviations 

on the measurements were mostly better than 0.06 ‰. Reproducibility (two standard deviations) 

of the daily malachite and chalcopyrite standard measurements was better than 0.14 ‰.  

Carbon and oxygen isotopes of carbonates were measured using an automated carbonate 

preparation system Gasbench coupled to isotope ratio mass spectrometer MAT253 (Thermo) 

(Academy of Sciences, Banská Bystrica). Powdered samples of ca. 600-800 mg were flushed 

with helium in septum-sealed glass vials, then reacted with anhydrous H3PO4 for 24 h at 25 °C. 

The CO2 yield is chromatographically separated and introduced into the mass spectrometer in 

continuous flow mode (helium as carrier gas), whereby three injections of reference gas are 

followed by four injections of sample aliquots. A set of working standards, traceable to 

international standards was regularly scattered between samples to check for accuracy. Usual 

precision of the method is 0.2 ‰ for δ18O and 0.1 ‰ for δ13C. 

 The measured values are reported as δ13CVPDB and δ18O*VSMOW. The asterisk in δ18O*VSMOW has 

the same meaning as in the studies of Melchiorre et al. (1999, 2000). Only the oxygen isotopic 

composition of the CO2 liberated during dissolution in H3PO4 is measured, not the total δ18O. 

Melchiorre et al. (1999, 2000) report the fractionation factor for δ18O* as a function of 

temperature, thus allowing to extract information also from these data. 
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RADIOMETRIC (U/PB) DATING 

Uranium-Lead (U/Pb) ages were acquired in situ in polished thick section by laser ablation- 

sector field-inductively coupled plasma-mass spectrometry (LA-SF-ICP-MS) at the Goethe 

University Frankfurt (GUF). At GUF a ThermoScientific Element 2 sector field ICP-MS is 

coupled to a RESOLution S-155 (Resonetics) 193 nm ArF Excimer laser (CompexPro 102, 

Coherent) equipped with a two-volume ablation cell (Laurin Technic, Australia). Static ablation 

in a helium atmosphere (0.3 l/min) used a spot size of 213 μm and a fluence of ca. 1 Jcm−2 at 

6 Hz. Sodalime glass SRM-NIST614 was used as a reference glass together with three 

carbonate standards to bracket sample analysis. Raw data were corrected offline using a macro-

based in-house MS Excel© spreadsheet program (Gerdes & Zeh, 2009). The 207Pb/206Pb ratio 

was corrected for mass bias (0.6 % per amu) and the 206Pb/238U ratio for inter-element fraction 

(ca. 5 %). Due to the carbonate matrix an additional correction of 9 % has been applied on the 
206Pb/238U, which was determined using WC-1 carbonate reference material dated by TIMS 

(254 ± 6 Ma; Roberts et al., 2017). 
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Table 2-1: The average chemical composition of tetrahedrite (ttd), covellite (cov), chalcocite-like phase (chalc), veinlets, and masses from several samples. These analyses were 
used for the calculation of elemental budgets discussed in the text and shown graphically in Fig. 7. The analyses for the sample 2Pc-3 in this table were all done within the image 
in Fig. 6a, for the sample 2Pb-1 in Fig. 6c, and for sample 4P-1 in image in Fig. 6e. For an easier comparison, all analytical results are given in elements, not in oxides. All data 

from electron microprobe. < DL = below detection limit. 
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RESULTS 

PRIMARY MINERALIZATION 

Primary mineralization whose relics are still present in the oxidation zone consists mostly of 

tetrahedrite, lesser amount of chalcopyrite, and traces of pyrite. Other sulfide minerals are rare 

and need not to be considered here. The chemical composition of tetrahedrite is variable, but 

the As/(As+Sb) ratio is rarely higher than 0.5 in the entire ore field (Fig. 2-2, Table 2-1, Sejkora 

et al., 2013). Therefore, essentially all members of the tetrahedrite-tennantite solid solution 

belong to tetrahedrite. Tetrahedrite from the sites that were sampled within this work forms a 

tight cluster (squares in Fig. 2-2), with three outliers in which As dominates over Sb. The 

Fe/(Fe+Zn) ratio in this tetrahedrite varies between 0.7 and 0.8. Chalcopyrite is less common 

than tetrahedrite and does not deviate from the nominal composition CuFeS2. 

 
Figure 2-2: Selected elemental ratios in tetrahedrite from Piesky. Large squares – analyses from the samples used 

in this study; small diamonds – samples from the entire ore field at Piesky, data from Sejkora et al. (2013). 
 

FIELD AND OPTICAL OBSERVATIONS 

Tetrahedrite weathers to olive-green or yellowish-green masses (Fig. 2-3 and Fig. 2-4a) and to 

a number of crystalline supergene minerals of Cu, Fe, As, and other elements. The olive-green 

masses were termed trombolite in the early mineralogical literature (Cotta & Fellenberg, 1862; 

Zepharovich, 1873; Tóth, 1882; Vendl, 1939). They described trombolite as botryoidal crusts 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 49 

and masses of dark garlic-green to blackish-green color. In order to retain clarity in the 

following text, we adopt this term, noting that it is not meant to be a name of a new mineral; it 

will be shown later that trombolite is a mixture of several minerals. A view in transmitted 

polarized light (Fig. 2-4b) shows that trombolite consists of at least two components.  

 

Figure 2-3: Thin section 2Pb-2, showing trombolite that formed by weathering of tetrahedrite disseminated in the 
siliciclastic rocks. The right-hand side of the section captured a vertical fraction filled by malachite and azurite. 

This sample was used for isotopic measurements (δ65Cu in Table 5) and U/Pb dating. 
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Figure 2-4: a) Hand specimens from one of the profiles, with olive-green trombolite masses (indicated by 
arrows) and green supergene minerals along fractures; b) optical microphotograph of trombolite with its two 
major constituents, the bluish-green Cu-As-Sb masses and brown Sb-Fe veinlets. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 

There are green masses which fill most of the volume of the former tetrahedrite grains. Brown 

veinlets mark the former grain boundaries, penetrate and branch through the entire volume of 

trombolite. In the following sections, it will be shown that the masses and veinlets are two 

chemically distinct components and the terms “masses” and “veinlets” will be used to refer to 

them. There are certain patterns of the occurrence of crystalline supergene minerals (Števko, 

2014), revealed by collection of samples from profiles dug for this work, from natural profiles 

and the dumps (Fig. 2-5).  

 

Figure 2-5: Schematic profile showing the spatial distribution of secondary minerals in the studied oxidation 
zone. 
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Names and formulae of the supergene minerals mentioned in the text are summarized in 

Table 2-2. Carbonates of copper (both malachite and azurite) are very common. They 

impregnate the rocks at the top of the oxidation zones and predominate in the first 50–100 cm. 

They occur also in fractures that penetrate deeper into the oxidation zone, often without a spatial 

relationship to the primary minerals, thus documenting well the mobility of Cu in the aqueous 

fluids. Malachite precipitates also currently from the surface streams, covering rocks, pieces of 

wood and bones. In one of the old dumps, such currently formed malachite cements the rock 

fragments. Rarely, there is a thin (≈ 30 cm) zone beneath the carbonate layer. This zone contains 

minerals of the cyanotrichite group, cualstibite-1 M, Al-rich cualstibite and allophane. There is 

also a small amount of chalcophyllite in this zone. The copper arsenates, on the other hand, are 

found in the vicinity of trombolite, irrespective of whether there are still relics of tetrahedrite 

present or not. Therefore, they are commonly restricted to deeper parts of the oxidation zone 

where the trombolite masses occur. They however, may also occur together with copper 

carbonates or copper sulfates. If arsenates and carbonates associate, arsenates are always 

younger, growing on and replacing the carbonates. There are also some patterns among the 

arsenates and the rarer and structurally related phosphates. 

Table 2-2: Names and nominal formulae of the supergene minerals mentioned in the text found at the site Piesky. 
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Chalcophyllite occurs exclusively without the other arsenates. The other assemblages are the 

arsenates and phosphates: cornwallite-pseudomalachite, clinoclase, tangdanite, and libethenite. 

Within this assemblage, temporal relationships can be established by optical observations 

(which minerals grow on which ones and which ones are being replaced) between these 

arsenates and phosphates:  

tangdanite → cornwallite-pseudomalachite → clinoclase 

libethenite → cornwallite-pseudomalachite 

Note that the temporal relationship was not established for all minerals because they do not 

occur together. For example, the relationship between tangdanite and libethenite remains 

unknown because their mutual intergrowths or overgrowths were not found. Antlerite, 

brochantite, and posnjakite appear to be the youngest group of supergene minerals. This group 

of sulfates contains also the rarer jarosite. These minerals are found on fractures that penetrate 

the oxidation zone, however, not in the shallow horizons of the oxidation zone where they are 

rapidly dissolved and carried away by rainwater. They mostly accumulate between the 

carbonate and arsenate zone. These sulfates are spatially linked particularly to the Medieval 

mines. We assume that the mining disturbed the natural hydrological cycle, introduced larger 

amount of water and oxygen in the underground and triggered a new pulse of sulfide oxidation. 

These sulfate minerals are mostly the product of these changes. The supergene minerals of 

copper are commonly accompanied by euhedral, colorless crystals of supergene baryte. 

Bariopharmacosiderite occurs either by itself or together with baryte, exceptionally also with 

tangdanite. At one small site near to top of the dumps, camérolaite and cyanotrichite are 

common. These minerals, however, are very rare elsewhere on the dumps, and the reason for 

this restriction is not clear. 

OBSERVATIONS FROM EMP AND TEM 

Electron microprobe analyses, combined with optical observations, allowed to distinguish 

several weathering stages of tetrahedrite. These are the initial, early, advanced, and mature 

stage. They differ in the phase assemblages and the chemical composition thereof. For clarity, 

each stage will be described separately below. When possible, quantification of the phases or 

constituents (masses, veinlets) in trombolite was done by digital image processing. Using the 

fraction of each constituent and its chemical composition, it is possible to calculate the 

composition of the material lost during the initial stages of weathering. This procedure may be 

a subject of a systematic error because the densities of phases are not known; densities are 

necessary for calculation of mass basis. Therefore, we assumed that the densities of the Cu 
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sulfides, veinlets, and masses are identical. The calculated “missing” composition was 

normalized to 100 % and used in a linear combination procedure to reconstruct the composition 

of the original tetrahedrite. This calculation was done to check if the initially determined 

fractions of the weathering phases will change substantially or not. A few negative values were 

set to zero; negative values (calculated concentrations of -0.3 to -0.4 wt. %) were determined 

especially for Bi and Se. These two elements, however, occur in trace to minor amounts and 

have little influence on the entire elemental budget. 

INITIAL STAGES OF WEATHERING IN TETRAHEDRITE 
The initial stages of weathering of tetrahedrite include its conversion to copper sulfides and 

oxidic veinlets (Fig. 2-6a, Table 2-1). Tetrahedrite is separated from the weathering products 

by a narrow hollow zone, documenting mass loss already in this stage. Crystals and masses of 

covellite are the phase most proximal to the weathering tetrahedrite, followed by a Cu2S-like 

phase (like chalcocite, digenite, djurleite). Centers of the weathering aggregates are built by 

oxidic, Sb-Fe-Cu rich material. This material is essentially the precursor of what will become 

later the veinlets. The best fit, after normalization and linear combination analysis (see above), 

was achieved with 20.1 % covellite, 28.1 % Cu2S phase, 25.4 % of the oxidic Sb-Fe-Cu phase 

and 26.4 % of hollow spaces. Graphical representation of the data (Fig. 2-7a) shows that the 

initial weathering stages are characterized by almost complete loss of Zn. Very significant is 

the loss of As. Some of the arsenic is stored in the oxidic phase but most of it is lost. Sulfur is 

retained only in the sulfides or lost, the oxidic phase has none of it. The oxidic phase 

accumulates especially antimony and bismuth. Iron is stored in the oxidic phase or lost, 

approximately in the same proportion for each of these cases. Copper is, of course, amassed in 

the copper sulfides, but there is some copper in the oxidic phase and even more copper is lost. 

Selenium and silver are accumulated in the secondary sulfides. 

EARLY STAGES OF WEATHERING IN TETRAHEDRITE 
The initial conversion of tetrahedrite to copper sulfides and the Sb-Fe-Cu veinlets seems to 

operate only when the fractures are thin, and the supply of the oxidized aqueous solution 

limited. Once the fractures widen, the infiltrating solutions become too oxidized for copper 

sulfides to form, even if the relics of primary tetrahedrite are still present (Fig. 2-6b). The simple 

copper sulfides, formed in the initial stage, are not observed anymore. Occasionally, copper-

rich rims of the veinlets (Fig. 2-8a) may represent the remnants of the oxidation of the simple 

copper sulfides. Sulfur released from weathering tetrahedrite is mostly oxidized and carried 

away. A witness of this process is the baryte rims that form a perfect outline of some tetrahedrite 

relics (Fig. 2-8b). The aqueous solutions that circulate in the ores dissolve also feldspars in the 
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host rocks or the rare primary baryte. The simplest way to reprecipitate baryte is to supersaturate 

the solution with additional sulfate ions, in this case as a consequence of tetrahedrite 

decomposition. Some reduced sulfur is also supplied into the vicinity of the tetrahedrite relics, 

as shown by a thin, discontinuous circumference of acanthite on these relics (Fig. 2-8b). 

Mobility of silver is strongly limited by this mechanism. In the presence of reduced sulfur, 

silver can be relocated only over very short distances and upon complete weathering of 

tetrahedrite, one finds occasionally acanthite cores in the Cu-As-Sb masses (Fig. 2-8a).  

 

Figure 2-6: Back-scattered electron (BSE) images of various stages of tetrahedrite weathering. a) Initial stages, 
with large grains of the primary tetrahedrite (ttd) and chalcopyrite (ccp). The weathering products consist of 
central oxidic veinlets (ox) and a rims of a crystalline aggregate of covellite (cov) and a chalcocite-like phase 

(chalc); b) Early stages in tetrahedrite, with veinlets and incipient formation of the Cu-As-Sb masses but without 
copper sulfides; c, d) Advanced stages. No tetrahedrite relics are present. The images show the Sb-Fe veinlets 

(lighter grey) and the porous Cu-As-Sb masses (darker grey). e, f) Mature stage, with veinlets and masses whose 
chemical composition converges. Note that the masses tend to recrystallize to an acicular phase. 
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ADVANCED STAGES OF WEATHERING IN TETRAHEDRITE 
In the advanced stages, the primary tetrahedrite is completely removed and replaced by a maze 

of Sb-Fe-Cu veinlets and Cu-As-Sb masses (Fig. 2-6c, 2-6d). Sulfides, except for an occasional 

acanthite grain, are missing. The centers of the veinlets contain often small baryte aggregates, 

witnessing the mobility of Ba in the weathering solutions. Image processing of the image in 

Fig. 6c gave an estimate of 28.4 % porosity, 59.5 % of the Cu-As-Sb masses and 12.0% of the 

Sb-Fe-Cu veinlets. With these data and the known average composition of the masses and 

veinlets (Table 2-1), the elemental budget upon reaching this stage can be calculated as for the 

initial stages and is graphically presented in Fig. 2-7b. Weathering of tetrahedrite to the Cu-As-

Sb masses and Sb-Fe-Cu veinlets results in essentially complete loss of S and Zn. There is also 

substantial loss of Cu, with almost 80 % released. From other major elements, some Sb and As 

is also discharged. Among the minor elements, some Ag and Se is lost. Some of the elements 

are mostly retained in the trombolite. Arsenic and copper are kept in the masses, as easily seen 

from their measured composition (Table 2-1). Antimony is approximately evenly distributed 

between the masses and veinlets, although in absolute concentrations, veinlets are much richer 

in Sb than the masses. Silver is also present in the masses, either as sub-microscopic secondary 

sulfides (e.g., Fig. 2-8a) or the oxidized relics thereof. Masses and veinlets together bind all 

iron and bismuth released from tetrahedrite. In this respect, the masses dominate, simply 

because of their greater volume and mass fraction. 

 

Figure 2-7: Elemental budgets during weathering of tetrahedrite in the a) initial and b) advanced stage. The bars 
show the fraction of each element retained in different weathering products and lost during weathering. 
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Figure 2-8: a) Back-scattered electron (BSE) image of trombolite and the corresponding element distribution 
maps, marked by false colors. The images distinguish well between the Cu-As-Sb masses and the Sb-Fe veinlets. 
The bright core in the BSE image is secondary acanthite, not a tetrahedrite relic; b) BSE image of a tetrahedrite 
relic surrounded by supergene minerals and the corresponding element distribution for Ba and Ag, marked by 

false colors. Note how baryte and acanthite follow the outline of the weathered tetrahedrite grain; c) BSE image 
of tetrahedrite (ttd) and chalcopyrite (ccp) in an initial stage of weathering. Both minerals are weathering but 

many of the secondary features terminate at the contact of the two sulfides and do not continue into chalcopyrite; 
d) almost completely weathered pyrite (py) crystals, replaced by an oxidic phase (ox) (representative chemical 

analyses in Table 2-3) and acanthite (ac) grains. 
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MATURE STAGES OF WEATHERING IN TETRAHEDRITE 
In the mature stages, the composition of the masses and veinlets converges (Table 2-2) and 

porosity is enhanced (Fig. 2-6e,f) as a result of the continuing mass loss. Image analysis of 

different BSE images gave scattered results owing to the heterogeneity of the material in this 

stage. Some of the masses are completely carried away, leaving only hollow spaces behind 

(Fig. 2-6e). In some cases, the masses are observed to develop additional internal porosity and 

convert to an unknown phase with acicular morphology (Fig. 2-6f). Porosity increases also in 

the veinlets and only a thin central part of the veinlets retains the Sb-rich composition. The 

external parts of the veinlets are significantly Sb poorer than in the previous weathering stages. 

The image analyses indicated about 30 % porosity, with the proportions of the masses and 

veinlets varying much. Because of this variation, we refrained from a calculation of the 

elemental budget as in the previous weathering stages. 

CHEMICAL CHANGES DURING WEATHERING OF TETRAHEDRITE 

The transition from initial to the mature stages in weathering of tetrahedrite is marked by an 

increase in porosity and changes in the chemical composition of the veinlets and masses (Fig. 

2-9a). Fig. 2-9a documents well the differences in the chemical composition between veinlets 

and masses. With time, the entire system is driven towards Cu-As dominated compositions, 

hence copper arsenates, observed commonly as supergene minerals on the dumps. 

The veinlets are initially Sb-dominated. With time, they lose antimony and their composition 

changes along the arrow 1 in Fig. 2-9b. The apparent increase in Fe is caused by the fact that 

Sb and Fe are the major components and the analytical results are given in per cent, with a 

nominal sum of 100%. Hence, if one of the major components (Sb) is lost, the other one (Fe), 

even if it is immobile, appears to increase its concentration. We assume that the Sb loss is 

caused by dissolution of stibiconite or a related pyrochlore-like Sb-rich phase. The arrow 2 in 

Fig. 2-9b shows the Fe2O3/Sb2O5 ratio in stoichiometric FeSbO4 (tripuhyite), thus marking the 

path of tripuhyite loss from the material. Our data suggest that stibiconite is removed 

completely and the removal of tripuhyite commences and continues afterwards. 

The masses, upon transition from advanced to mature weathering stages, lose Sb and Cu, gain 

As, and the Fe content remains more or less constant. The most striking is the loss of Sb, from 

21 to 4 wt % Sb2O5 (rounded average values), with a mild loss of Cu from 35 to 29 wt. % CuO 

and an apparent increase of As2O5 content from 17 to 27 wt. %. Hence, the data indicate that 

the most mobile element in the masses is Sb, and the process could be described as an 
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incongruent dissolution of the pyrochlore-like phase (“partzite”), with a continuous re-

arrangement of the relationship between Cu and As. 

 

Figure 2-9: a) Chemical changes of trombolite (masses and veinlets) during the evolution from the initial to the 
advanced stages. For clarity of presentation, the data points are connected with lines to the base of the 

tetrahedron; b) Changes in the chemical composition of the veinlets and masses in trombolite in various stages of 
tetrahedrite weathering. The grey arrow 1 shows loss of Sb and associated apparent gain of Fe (details in text), 
the arrow 2 marks the Fe2O3/Sb2O5 ratio in tripuhyite, and thus shows dissolution and loss of tripuhyite. The 

black crosses show the nominal composition of the minerals roméite, partzite, and tripuhyite. Stibiconite 
contains almost exclusively antimony oxide and is not shown; this is a mixed Sb3+/Sb5+ mineral and if 

recalculated to Sb2O5, total, there is nominally > 100 % of Sb2O5 in the mineral. 

 

MINERALOGICAL COMPOSITION OF TROMBOLITE 

In the previous sections, we have described the evolution of the chemical composition of the 

weathering products but provided no information about their mineralogy. Borčinová Radková 

et al. (2017) performed micro-X-ray diffraction experiments on the veinlets and identified 

tripuhyite [FeSbO4], goethite [-FeO(OH)], and a pyrochlore-like oxide (e.g., stibiconite 

[Sb3+Sb5+
2O6(OH)]). The presence of stibiconite is also indirectly supported by the detection of 

≈ 10 % of Sb3+ in the micro-X-ray absorption spectra by Borčinová Radková et al. (2017). 

Electron microprobe data from the veinlets also show a weak positive correlation between Sb 

and Ca (up to 6.5 wt. % CaO), indicating that the pyrochlore contains also Ca (roméite 

component) in its structure. The masses, on the other hand, were X-ray amorphous. In this work, 
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we have used transmission electron microscopy (TEM) combined with energy-dispersive 

(EDX) microanalysis to address the mineralogical composition of the Cu-As-Sb masses. High 

resolution (HR) TEM images show consistently the presence of Cu-Sb-As rich (Fig. 2-10b) 

nanoparticles, with a maximum size of 30 nm. There was no truly amorphous material detected 

in the samples. The observation of lattice fringes (Fig. 2-10a) and selected-area electron 

diffraction (SAED, inset in Fig. 2-10a) document the crystallinity of these nanoparticles. The 

position of the diffraction rings, especially the diagnostic value of d = 5.9 Å, reveals that the 

nanoparticles have the pyrochlore structure, with a refined lattice parameter a = 10.2128(5) Å. 

Such a mineral, labeled partzite, has been described with a nominal composition 

Cu2Sb2(O,OH)7. Partzite was recently discredited as a mineral by Mills et al. (2016) who found 

that the type material consist of a mixture of bindheimite (Pb2Sb2O6(O,OH)) and chrysocolla 

((Cu2-xAlx)H2-xSi2O5(OH)4 ·  nH2O). In our case, such phases are unlikely as the material studied 

here contains very little Pb (up to 0.05 wt. % PbO) and little Si (up to 2.0 wt. % SiO2). Aside 

from the academic question if partzite is a valid mineral or not, the question of the position of 

arsenic in the pyrochlore in our samples remains. Neither the octahedral nor the distorted cubic 

position in pyrochlores provides a suitable crystallographic site for As5+. EDX point analyses 

(Fig. 2-10b) and elemental maps document that the pyrochlore, however, accumulates arsenic. 

 

 

Figure 2-10: a) High-resolution transmission electron microscopy image of the pyrochlore from trombolite at 
Piesky. Lattice fringes document the crystallinity of the materials, although the crystallites are smaller than 20 
nm. The inset shows the electron diffraction pattern from this area; b) energy-dispersive chemical analyses of 
pyrochlore from trombolite. The strong peaks at ≈8.0 and 8.9 keV originate from copper, both copper in the 

sample and in the TEM grid.  
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WEATHERING OF CHALCOPYRITE 

Chalcopyrite is less frequent than tetrahedrite and both minerals are commonly intergrown. Our 

observations suggest that chalcopyrite is less susceptible to oxidation and weathering than 

tetrahedrite. The small fractures in tetrahedrite, already filled by weathering products, often 

terminate at the contact of the two primary sulfides or thin down significantly in chalcopyrite 

(Fig. 2-6a, 2-8c). The incipient weathering products of chalcopyrite are simple copper sulfides 

(covellite, chalcocite), just like in tetrahedrite. The oxidic weathering products are rich in iron 

and copper, but often also in arsenic and antimony, elements foreign to chalcopyrite 

(Table 2-3). Some of the weathering products most proximal to the chalcopyrite relics are made 

of iron oxides, but the rims and fillings of fractures, exposed to the circulating aqueous solutions 

(e.g., Fig. 2-8c), are invariably enriched in As and Sb. The centers of the veinlets are often filled 

by small grains of baryte. 

Table 2-3: Average chemical composition of the oxidic weathering products of pyrite (py) and chalcopyrite 
(ccp). All data from electron microprobe. < DL = below detection limit. 

 

WEATHERING OF PYRITE 

Pyrite is a rare primary mineral in the studied samples. Upon weathering, it converts to an oxidic 

phase with high concentration of Cu, As, and Sb (Table 2-3, Fig. 2-8d). The primary pyrite, 

apart from up to 1.5 wt. % As, does not contain any elements beside Fe and S. High 

concentration of the foreign elements witness their mobility in the vicinity of the trombolite 

aggregates. In addition, weathering pyrite contains large inclusions of acanthite, confirming the 

strong affinity of silver to any source of reduced sulfur.  



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 61 

WELL CRYSTALLINE SUPERGENE MINERALS 

The well crystalline supergene minerals are those which form large crystals, seen in optical 

microscope or by an unaided eye. Hence, they differ from the nanocrystalline materials 

discussed above. They document well the retention or mobility of various elements that were 

released during weathering of tetrahedrite. The spatial and temporal patterns of their occurrence 

were described above. In this section, only well crystalline supergene minerals are described. 

Tripuhyite and the Sb pyrochlores, described above, are nanocrystalline and will not be 

considered here.  

Copper carbonates (malachite and azurite) chemically correspond to their nominal composition. 

They document well the mobility of Cu in the oxidation zone. Minerals of the malachite group 

are known to be able to incorporate substantial amount of Zn (Fehér et al., 2015) but this is not 

the case in the samples studied. Hence, the copper carbonates also document the loss of Zn 

upon weathering. The copper sulfates antlerite and brochantite are chemically pure. Only the 

elements Cu and S were detected in the EMP analyses.  

The supergene arsenates and the associated phosphates constitute chemically a much more 

variable group of minerals. In terms of the major anions, arsenate and phosphate, these minerals 

span almost the entire range from pure arsenates to phosphates (Fig. 2-11). The solid solution 

between cornwallite and pseudomalachite has the largest range of the As/(As+P) ratios, ranging 

from 0.09 up to 0.97. Large variations were detected also for chalcophyllite (As/(As+P) 

between 0.4 and 1.0) and smaller ranges for tangdanite and bariopharmacosiderite (both 0.9–

1.0). In libethenite, phosphate predominates over arsenates, with As/(As+P) ratios between 0.23 

and 0.38). The source of phosphate could lie in the accessory apatite in the host rocks or it could 

be biogenic.  

 
 

Figure 2-11: Chemical composition (in terms of selected components) of crystalline supergene minerals from 
Piesky. 
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In terms of the major elements from tetrahedrite (Cu, Sb, As, Fe, S), the sulfides covellite and 

chalcocite are transient sinks of Cu and S but disappear with time. Some of the copper arsenates 

retain a substantial amount of antimony (Fig. 2-11b). These include especially chalcophyllite, 

to a smaller extent also tangdanite and cornwallite. The arsenates-sulfates chalcophyllite and 

tangdanite (Fig. 2-11a) represent, beside the secondary baryte, the only retention option for 

sulfur in the process of tetrahedrite weathering. Regarding sulfur retention, the copper sulfates 

and the rare jarosite are probably related to a late pulse of weathering associated with mining, 

as mentioned above, and are likely ephemeral. Iron is stored in bariopharmacosiderite, goethite, 

or in the rare and young jarosite.  

Antimony-rich supergene minerals include camérolaite, cualstibite (for their nominal 

compositions, see Table 2-1), and an unnamed Cu-Al-Sb phase related to hydrotalcite. Because 

of their scarcity, they can keep only a small amount of antimony released from tetrahedrite. 

Their chemical composition, however, is of interest when tracking the fate of antimony from 

the primary tetrahedrite via trombolite to surface and underground water. There are no major 

cations in the Sb-rich supergene minerals apart from the expected Cu, Al, and Sb. In terms of 

behavior and retention of Sb, it is interesting that these phases are essentially devoid of Fe (Fig. 

2-12). We assume that if Fe is present, Sb will be captured in tripuhyite, not in the Cu-Al-Sb 

minerals. 

 

Figure 2-12: Chemical composition of camérolaite, cualstibite, and an unnamed hydrotalcite-like-phase. All 
analyses from electron microprobe. 
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GEOCHEMISTRY OF AQUEOUS SOLUTIONS IN THE UNDERGROUND 

SPACES 
Two water samples collected underground show similar chemical composition (Table AII-2). 

They are near-neutral, with temperature between 8 and 9 °C, and moderately oxidic. Ca and 

Mg dominate among cations, SO4 and HCO3 among anions. Sample P4 was water, that 

precipitated fine flocs of a bluish-green copper mineral, sample P3 was without precipitates. 

Calculation of saturation indices (Fig. 2-13) with PHREEQC (Parkhurst & Appelo, 1999) 

shows that both samples are supersaturated with respect to malachite and azurite. In addition, 

sample P3 is also slightly supersaturated with respect to olivenite and brochantite, whereas the 

sample P4 is undersaturated with respect to all supergene copper phases except the carbonates. 

Both samples are more or less in equilibrium with baryte, As-rich hydrous ferric oxide and 

quartz. The state of saturation and its magnitude agree well with the field and microscopic 

observations on the latest weathering products. These findings agree well with the fact that the 

underground and surface water at the site studied precipitate often malachite in copious 

amounts, rarely other copper minerals. 

 

Figure 2-13: Saturation indices calculated for selected minerals for the aqueous solutions at Piesky. 
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RADIOMETRIC DATING OF THE SUPERGENE MALACHITE AND AZURITE 

U/Pb dating was used to determine the age of the supergene coeval malachite and azurite. 

Several samples were analyzed, one of them the sample 2Pb-2 (Fig. 2-3). In the analyzed 

samples, the copper carbonates are located next to the trombolite and tetrahedrite relics. The 

uranium content was mostly below 20 ppm, with two outliers with 40 and 61 ppm. Lead 

concentration was also below 20 ppm. Most of the analyses, however, gave low concentrations 

of U (< 5 ppm) and Pb (often < 1 ppm). Isochrons constructed from these data gave lower 

intercept ages of 2.31 ± 0.88 Ma (sample 2Pa-2) and 2.47 ± 0.86 Ma or 2.67 ± 0.38 Ma 

(Fig. 2-14) (sample 2Pb-2, Fig. 2-3). The two ages for the sample 2Pb-2 were given by the 

selection of the analytical data. In the first case (2.47 ± 0.86 Ma), all data were taken, in the 

second case (2.67 ± 0.38), the data were sorted to arrive at the smallest uncertainty. 

 

Figure 2-14: Tera-Wasserburg diagram for the U-Pb isotope analyses on the sample 2Pb-2, showing the 
determined age for all measured points (shown with their uncertainties as ellipses) and selected points (ellipses 

with thick outlines) which define a slightly different age with smaller uncertainty. 

 

ISOTOPIC COMPOSITION OF C AND O IN COPPER CARBONATES 

The isotopic composition of carbon (δ13CVPDB) and oxygen (δ18O*
VSMOW) in malachite and 

azurite from Piesky (Table 2-4) falls in the range of a larger, global data set reported by 

Melchiorre et al. (1999, 2000) and Melchiorre & Williams (2001) (Fig. 2-15a). The isotopic 

composition of CO2 and H2O in equilibrium with the copper carbonates from Piesky are plotted 

in Fig. 2-15b, using the appropriate fractionation factors (azurite: Melchiorre et al., 2000, 

malachite: Melchiorre et al., 1999, calcite: Bottinga, 1969; O'Neil et al., 1969). In addition, the 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 65 

isotopic composition of the Triassic carbonate sediments from Piesky was also measured, used 

in such calculations, and plotted. 

 

Figure 2-15: a) comparison of measured isotopic data for azurite (grey circles), malachite (grey half circles) from 
Piesky with malachite (small crosses: Melchiorre et al., 1999, small squares: Melchiorre & Williams, 2001) and 

azurite (small diamonds: Melchiorre et al., 2000) from a number of localities from the world. b) isotopic 
composition of CO2 and H2O in equilibrium with azurite (grey circles), malachite (grey half circles) and Triassic 

dolomites (hatched field) from Piesky. The data presented here were calculated from the measured isotopic 
composition of the carbonates with fractionation factors for azurite (Melchiorre et al., 2000), malachite 

(Melchiorre et al., 1999), and calcite (Bottinga, 1969; O'Neil et al., 1969). The fractionation factor for calcite 
instead of that of dolomite was used because a) the sedimentary dolomites contain also some calcite, and b) 
Horita (2014) showed that the calcite and dolomite fractionation factors are very similar, the ones for calcite 

being much better constrained at low temperatures because of notoriously known difficulties with synthesis of 
dolomite at low temperature. Note that only the oxygen isotope fractionation factor is known for azurite; for this 
diagram, the fractionation of C was assumed to be identical for malachite and azurite. The small horizontal arrow 
RW (for rain water) shows the oxygen isotopic composition of today's meteoric water at Piesky, calculated from 
the data in IAEA (1992). The vertical arrows marked soil CO2 show the typical range of δ13C values in soil CO2 
(after Chiodini et al., 2008), with the densely spaced arrows representing the typical δ13C values, and the arrows 

wider apart the very light one’s values encountered only sporadically. The vertical arrow atm. CO2 show the δ13C 
value of pre-industrial CO2 in the atmosphere (Leuenberger et al., 1992; Trudinger et al., 1999). 
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Table 2-4: Carbon and oxygen isotopic data for azurite from Piesky (samples AP) and malachite from Piesky (samples MP) in ‰. The values in the parentheses are the 
uncertainties of the reported isotopic composition. 
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ISOTOPIC COMPOSITION OF CU 

The isotopic composition (δ65Cu) of minerals from the site studied (Table 2-5, Fig. 2-16a) 

shows a distinct shift to heavier δ65Cu values as the system evolves. Primary tetrahedrite 

(average δ65Cu of -2.45 ‰) weathers to trombolite. The trombolite aggregates embedded in the 

rock, inside the impregnation mineralization, have δ65Cu values of -1.63 ‰. When nearing the 

cracks and fractures with supergene copper minerals, the δ65Cu values in trombolite increase to 

-1.15 ‰. The simple Cu sulfides, associated with the initial phases of weathering, have very 

light composition of around -6.3 ‰. The average δ65Cu value of malachite in the fractures 

is -0.69 ‰, for azurite -0.82 ‰, with appreciable scatter (Fig. 2-16a).  

 
Figure 2-16: a) Cu isotopic composition of the primary tetrahedrite, trombolite, and various supergene copper 

minerals (as marked in the figure) at the site Piesky; b) relationship between δ65Cu and δ13C in malachite (white 
circles) and azurite (grey circles) samples. Measured values are listed in Tables 4 and 5. The error bars are one 

standard deviation, calculated from the scatter of the analytical data for each sample. 

 

The reported fractionation between Cu(II)aq-malachite is small (Maréchal & Sheppard, 2002) 

and, therefore, this composition should represent the isotopic composition of the copper 

dissolved in the aqueous phase. Malachite from samples from the dumps, without a direct 

spatial relationship to the primary tetrahedrite (crystals, crusts, and dusting on the country 

rocks) has a narrow range of δ65Cu values with a mean of -0.07 ‰ (10 analyses, sample MP1 

and MP3, Table 2-5). These measurements also include malachite that forms currently inside 

one of the dumps (sample MP3). Azurite from samples from the dumps, on the other hand, has 

positive δ65Cu values with a very significant scatter. A significant, large scatter was observed 

also in the δ13C values for azurite, suggesting that the precipitation of azurite takes place in 
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periods of fluctuations. These fluctuations could be caused by external factors, such as CO2 

supply into the oxidation zone, or by internal factors, such as varying supply of As into the 

weathering products and simultaneous crystallization of carbonates and arsenates. Yet, this 

study does not provide a good explanation for the observed scatter in δ65Cu and δ13C in azurite. 

The sulfates collected on the dumps are isotopically heavy, with fairly homogeneous values for 

a single mineral and averages 0.47 ‰ for antlerite, 1.47 ‰ for brochantite, and 0.52 ‰ for 

posnjakite. The arsenate chalcophyllite is similar, with an average δ65Cu value of 0.38 ‰. The 

arsenates tangdanite and cornwallite have very light values of -1.27 ‰ for cornwallite and -

2.98 ‰ for tangdanite. The meaning of these values is difficult to resolve without any known 

fractionation factors for Cu arsenates. An alternative explanation, combined with other 

observations, is presented below. 
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Table 2-5: Cu isotopic data for primary and supergene minerals from Piesky and water samples from the old adit at Piesky in ‰. Because of scatter in some data sets, all 
measured values are listed instead of averages. Maximal internal 2σ is given in brackets. 
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DISCUSSION AND CONCLUSIONS 

AGE OF THE OXIDATION ZONE AND THE SOURCES OF C AND O 

The radiometric ages of copper carbonates coincide roughly with the boundary between 

Neogene and Quaternary (2.588 Ma, Rio et al., 1998). This boundary marks the final build-up 

of Northern Hemisphere Glaciation. The entire age span of our data corresponds to pre-

Quaternary to the marine isotope stages 88-104 after Cohen & Gibbard (2011). The 

uncertainties of our ages do not allow for a precise assignment to Upper Pliocene or Lower 

Pleistocene, but the weathering and precipitation of supergene minerals could have actually 

taken place over a longer period of time (hundreds of thousands up to millions of years). If so, 

the uncertainties might represent the duration of the process and cannot be minimized, even if 

improved analytical protocols were available. This notion is supported by the datum measured 

on the standard in the same session, 3.00 ± 0.10 Ma. In terms of understanding the oxidation 

zone at Piesky, the intense weathering of the minerals could be probably assigned to warmer 

periods, perhaps to the uppermost parts of Pliocene. 

The oxygen isotope composition of today's meteoric water was calculated from the data in 

IAEA (1992) as δ18O= -10.1 ‰, in agreement with more recent data in Holko et al. (2012). 

Using this datum and the oxygen fractionation factors, the temperatures of crystallization for 

the currently forming malachite (sample MP3, Table 2-4) is 6.6 °C, around the mean annual 

temperature of 5.7 °C at Piesky. Melchiorre & Williams (2001) and Melchiorre & 

Enders (2003) determined that malachite and azurite from their study sites formed roughly at 

temperatures comparable with modern average annual temperatures. Slightly higher values 

were assigned to minor heat production during sulfide oxidation. 

For the “older” samples (i.e., older than the currently formed ones) from the oxidation zone 

(2.3-2.7 Ma, see above), similar temperatures can be calculated if the value of δ18O= -10.1 ‰ 

is taken. This observation could hint at a pre-glacial origin of the bulk of the oxidation zone, 

with temperatures and isotopic composition of the meteoric fluids similar to today's state. 

Rozanski (1985) reported on the isotopic composition of rainwater during the last glaciation 

periods (back to 35,000 years before present). For the Great Hungarian basin, the area closest 

to the site Piesky, he reported a δ18O = -12 ‰ for the glaciation times. Using this value and the 

appropriate fractionation factors, the temperature of crystallization of malachite and azurite 

could range between -2 and 1 °C. The oxidation zone could have been therefore partially formed 

also during the cooler periods of Pleistocene, especially because the Western Carpathians were 

not covered by the continental ice sheet but have only developed mountain glaciers instead 
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(Ehlers and Gibbard, 2004). Hence, such scenario is also possible, although intense chemical 

weathering is, of course, easier to assign to warmer and wetter periods.  

The carbon isotopic composition provides information about the sources of CO2 in the copper 

carbonates. Fig. 2-15b shows that the Triassic sedimentary carbonates could not have been the 

sole source of carbon. Instead, the data suggest mixing of carbon from the sedimentary rocks 

or atmospheric carbon with biogenic carbon. The degree of mixing varies between the 

individual samples but also within a single sample. The measurements AP5, AP6 and AP7 

(Table 2-4) were all done on an azurite crust from one hand specimen, and the δ13C varies from 

-7.25 to -0.46 ‰. Malachite associated with this azurite (sample MP4) has a δ13C value 

of -0.23‰. Malachite that is currently precipitating in one of the dumps (sample MP3) has a 

δ13C value of -8.10 ‰, indicating an appreciable biogenic contribution. The values for 

malachite and azurite mostly overlap but some of the azurite values have heavier composition. 

Without a fractionation factor for carbon in azurite, it is difficult to grasp the meaning of this 

observation. It could be related to the equilibrium fractionation factor, but it also could reflect 

the fact the partial pressure of CO2, needed to produce azurite, is higher than that of malachite, 

and the mechanisms of build-up prefers one of the carbon sources. 

FATE OF CU IN THE WEATHERING PROCESSES BY CU ISOTOPES 

Tetrahedrite from Špania Dolina is isotopically unusually light, considering the primary Cu 

sulfides (Larson et al., 2003; Markl et al., 2006), although in recent studies (e.g., Malitch et al., 

2014), light values were reported also for magmatic sulfides. The isotopic composition of 

primary Cu sulfides lies usually within the range 0 ± 1‰ and excursions from this range are 

attributed to low-temperature secondary processes. Since the tetrahedrite mineralization in the 

studied region is a product of the youngest major hydrothermal pulse (Slavkay & Chovan, 

1996), the light Cu isotopic composition of the tetrahedrite studied could be tentatively 

explained by redox-driven remobilization of older ores. The origin of the primary tetrahedrite, 

however, is not a central topic to this study, but it should be excluded that strong negative δ65Cu 

of tetrahedrite is not connected with the mineral weathering processes. Markl et al. (2006) tried 

to explain the light δ65Cu values by extraction of copper from a primary sulfide during 

weathering and fractionation associated with this process. Kimball et al. (2009) reasoned that 

the Cu isotopic fractionation on the surfaces of Cu sulfides is a consequence of redox reactions 

of Cu species on the surface of these minerals. In our case, however, the isotopic composition 

was measured on a large piece of unweathered tetrahedrite. It is very difficult to imagine that 

redox reactions in a surface layer would induce isotopic changes several centimeters inside a 
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compact, unweathered aggregate of tetrahedrite. Neither profiles of WDX analyses across the 

tetrahedrite relics in samples with advanced weathering nor elemental maps (of copper and 

other elements) carry any indication of copper gradients within the tetrahedrite grains. Our 

observations witness bulk dissolution of tetrahedrite, with the entire reservoir of copper (and 

other elements) transferred from the primary sulfide into the aqueous solution and weathering 

products. The simple copper sulfides (covellite, chalcocite) observed in this work cannot be a 

solid leftover from the dissolution of tetrahedrite and, therefore, cannot simply inherit its 

isotopic composition. They crystallized from a solution that was produced by the bulk 

dissolution of tetrahedrite. If the simple copper sulfides were a product of solid-solid 

transformation with the corresponding mass loss, one would expect them to be porous and not 

compact and well crystalline, as is the case. Considering the ideal formula of tetrahedrite as 

Cu12Sb4S13 and formation of CuS and Cu2S from such composition, the solid-state reaction 

would mean a loss of ≈ 40 % of the mass and a similar volume loss. Such loss would be 

definitely visible in the products (Fig. 2-6a) but it is not.  

Fig. 2-17 shows a simple, one-step Rayleigh fractionation model for a solution with the isotopic 

composition (δ65Cu) of the primary tetrahedrite. This solution precipitates covellite/chalcocite 

and Fe-Sb oxidic phase, as described above. The fractionation factor for aqueous Cu(II) and 

covellite was taken from Ehrlich et al. (2004).  

 

Figure 2-17: Rayleigh fractionation model for a reactant (aqueous solution with initial δ65Cu = -2.45 ‰, the 
isotopic composition of the primary tetrahedrite), and a product (covellite). 
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In order to shift the isotopic composition of this solution from the original value (-2.45 ‰) to 

the isotopic composition of trombolite (-1.63 ‰), about 23 % of the copper would have 

crystallize as covellite. In that case, however, the lightest isotopic composition of the simple 

copper sulfides would be -5.5 ‰, more than the measured -6.3 ‰ in our samples. In addition, 

the value of 23 % is smaller than ≈ 50 % of CuS+Cu2S from the analysis of the initial weathering 

stages (Fig. 2-7 and associated text). These thoughts also assume that the Cu(II)aq-trombolite 

fractionation is minimal, just as the known fractionation factors for Cu(II)aq-malachite 

(Maréchal & Sheppard, 2002). The discrepancies noted here indicate that the processes in our 

samples did not consist of a simple, single-step Rayleigh fractionation. Instead, redox cycling 

of copper and sulfur could induce repetition of isotopic fractionation and control the isotopic 

composition of various weathering products.  

With the progress of weathering, the reservoir of the isotopically light copper in the simple 

copper sulfides (average δ65Cu of -6.3 ‰) must be largely removed, in order for the entire 

system to shift to heavier isotopic values (Fig. 2-16a). Such removal could be achieved because 

the chemically pure covellite and chalcocite give a Cu(II)-sulfate solution upon oxidation, with 

all components well soluble. This is in contrast with the oxidative dissolution of tetrahedrite 

where the other elements present (Fe, As, Sb) form material that is able to retain a substantial 

amount of copper (Fig. 2-7). The isotopic signal from the dissolution of covellite and chalcocite 

could be perhaps traced in the deeper parts of the oxidation zones. Here, the solutions were not 

able to escape quickly and disperse in the surface water. Since the deeper parts of the oxidation 

zones contain predominantly arsenates, this process could be responsible for their light isotopic 

signature (for tangdanite and cornwallite, see Fig. 2-16a). Mixing of isotopically lighter 

solutions (from oxidation of covellite/chalcocite) and heavier (from dissolution of trombolite) 

could be responsible for the scatter of the isotopic signature in azurite. 

SYNERGIES OF ELEMENTS DURING WEATHERING OF TETRAHEDRITE 

Oxidative decomposition of tetrahedrite and associated less frequent sulfides generates 

microenvironments with various combinations of chemical elements. Some elements, 

especially Cu and Ag, strongly associate with reduced sulfur, if available. Such association has 

been known for a long time, especially from cementation zones of ore deposits (e.g., Guilbert 

& Park, 2007). Recently, such association was shown to control metal mobility also in 

environments not extremely rich in metals (e.g., Weber et al., 2009). In the view of the current 

knowledge on isotope fractionation of copper (Mathur et al., 2014), repeated redox cycling and 

Rayleigh fractionation of copper isotopes is the most viable alternative to explain the observed 
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isotopic trends in our samples. We assume that the shift of the supergene minerals towards 

lighter isotopic values is caused by a multicycle Rayleigh fractionation, caused by repeated 

crystallization of simple copper sulfides (chalcocite, covellite) and their dissolution in our 

samples. This redox cycle could have been driven inorganically, by episodic dissolution of the 

primary sulfides or perhaps simply by groundwater fluctuations in the oxidation zone, or by 

biological sulfate reduction. The presence and a certain role of microorganisms has been 

established here by the analysis of isotopic composition of carbon (Fig. 2-15). These 

observations, however, do not prove the existence and activity of sulfate-reducing bacteria at 

the time of mineral dissolution and formation in our samples. There is good correlation between 

copper and carbon isotopic composition in malachite and azurite (Fig. 2-16b). In the times of 

high biological activity (very light δ13C values), the oxidation of tetrahedrite or trombolite may 

have been more intense, without multiple cycle of intermediate copper sulfides formation. It is 

this redox cycling that shifts the δ65Cu towards heavier values. Such episodes are therefore 

marked by a strong drive to oxidation (of organic matter and sulfides) and are perhaps 

alternating with episodes with inorganic or biological reduction.  

Zinc is rapidly lost to the aqueous phase. The secondary silver sulfides are a minor, unimportant 

retention option for zinc. Although zinc is known to substitute for Cu2+ in many oxysalts (e.g., 

carbonates: malachite-rosasite, arsenates: olivenite-adamite), this is not the case at the site 

studied. We assume that the loss of zinc is so fast that when the supergene copper minerals 

eventually crystallize, zinc is already completely removed.  

Sulfur is probably fairly rapidly oxidized to sulfate; studies on pyrite and arsenopyrite show 

that sulfur is oxidized rapidly (cf. Rosso & Vaughan, 2006). Small amounts of sulfur can retain 

in secondary acanthite or covellite. Sulfate is lost to the solution and carried away. The only 

barrier to its loss from trombolite is the ubiquitous secondary baryte (Fig. 2-8b). Once in the 

aqueous solution, sulfate-arsenates (Fig. 2-11) or sulfates (e.g., jarosite) may form and keep 

some sulfur in the oxidation products. 

The association of Fe, Sb, and As is well documented in the veinlets in the weathering products 

of tetrahedrite. As determined previously (e.g., Lalinská-Voleková et al., 2012), Fe and Sb tend 

to combine into tripuhyite, a sparingly soluble mineral (Leverett et al., 2012). In our case, 

however, the excess of Sb is stored in stibiconite that is slowly removed as the solutions 

percolate through the weathering products. Sb may be also stored in goethite (up to 4.4 wt. % 

Sb in synthetic goethite, Bolanz et al., 2013), another mineral determined in the veinlets by 

micro-X-ray diffraction (Borčinová Radková et al., 2017). The link between Fe and As in 
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oxidized settings has been investigated in countless research projects (e.g., Smedley & 

Kinniburgh, 2002; Paikaray, 2015; Zhang et al., 2017). Arsenate associates with iron oxides via 

sorption, and therefore such oxides with higher surface area provide a better substrate. These 

are usually X-ray amorphous and were not directly determined in our samples. Yet, they may 

exist in the veinlets, mixed with the crystalline minerals found by micro-X-ray diffraction. 

The synergy between Cu and the metalloids As and Sb is not well known. In the masses, these 

three elements are retained in a pyrochlore-like phase, although, as pointed out above, the 

position of As in this phase is not clear. The pyrochlore dissolves incongruently with time and 

releases mostly Sb, to a lesser extent Cu, while As remains. This observation could be explained 

by formation of crystalline Cu arsenates as the dissolution progresses (e.g., Fig. 2-6f). They are 

spatially associated with the trombolite aggregates. Very light δ65Cu values of some of them 

(tangdanite, cornwallite, Fig. 2-16a) indicate their crystallization from Cu released from 

secondary Cu sulfides (covellite, chalcocite), while near zero δ65Cu values of chalcophyllite 

(Fig. 2-16a) direct at crystallization from Cu released from trombolite. A direct conversion of 

tetrahedrite to well crystalline phases, such as chalcophyllite, could be also an explanation for 

the variation of the δ65Cu values. Based on textural evidence, however, this option seems to be 

unlikely. Tetrahedrite relics, if present, are always armored by trombolite that slowly changes 

in terms of its mineralogy and chemistry, as described above. 

The rich and varied parageneses of supergene minerals from the oxidation zone and the dumps 

indicate synergies between Cu and other elements with different solubility and time scales. 

Copper is held in carbonates (malachite, azurite) or arsenates with some phosphate substitution 

(chalcophyllite, tangdanite, cornwallite, libethenite). Young copper sulfates are most likely the 

result of modified hydrological cycle owing to the Medieval mining and are quickly washed 

away, when exposed to circulating water. 

Copper and antimony constitute fleeting barriers for the mobility of arsenic, first in the masses 

in trombolite, then in the copper arsenates. Despite of arsenic inclusion in this reservoir, the 

element is continuously released into the environment. Our water samples from the 

underground at Piesky have 61.0 and 8.9 μg As/l. Nagyová et al. (2013) report averages of 

49.3 μg As/l in surface water and 27.5 μg As/l in groundwater (used for drinking) in the wider 

vicinity of the village of Špania Dolina, with pH values between 6.5 and 8.5. In another work, 

Andráš et al. (2014) determined up to 28 μg As/l in water used intermittently for drinking at 

Piesky. Most of these values lie above the 10 μg As/l limit recommended by the World Health 

Organization (WHO) for drinking water. 
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The behavior of antimony is even more intriguing. The chemical evolution of trombolite, as 

discussed above, documents that antimony is the element with the greatest loss from both 

veinlets and masses.  

Where does this element go? 

Leverett et al. (2012) argued that tripuhyite and schafarzikite (FeSb2O4) are the “ultimate sinks” 

for antimony in oxidized conditions in nature. We did find tripuhyite in the veinlets but not on 

the dumps. Majzlan et al. (2016) argued that tripuhyite is indeed an ultimate sink but its 

crystallization is kinetically hindered. Along the path to the ultimate sink, soluble antimony 

minerals form (e.g., Radková et al., 2016; complementary to the paper: Radková et al., 2020), 

disappear, and control the solubility of Sb. In our case, these are camérolaite and cualstibite 

(Table 2-2) found at the dumps. Some Sb is also stored in chalcophyllite and tangdanite (Fig. 

2-11). Note that all these phases are nominally iron free, with major Al or Ca in their structures. 

Just as in the case of arsenic, these are only fleeting barriers for the mobility of Sb. In the 

underground water, we have determined 195 and 1103 μg Sb/l. Nagyová et al. (2013) and 

Andráš et al. (2014) report 3–291 μg Sb/l in the surface and ground water around Špania Dolina. 

Hence, antimony is more abundant in the aqueous phase than arsenic and all contaminated water 

samples are supersaturated with respect to tripuhyite. We assume that antimony is mobile in the 

surface waters until it is bound in the slowly forming tripuhyite. Hence, antimony associates 

temporarily with Ca or Al but is slowly converted to the “ultimate sink” tripuhyite. 

The pathways and synergies of the elements are summarized in Fig. 2-18. The figure shows 

how the elements are split and recombined into the supergene products during weathering, 

eventually releasing metals and metalloids into surface waters. We believe that this figure is a 

good approximation of the long-term elemental behavior from dumps, tailings, slags, and other 

materials of tetrahedrite-near composition related to mining industry that are exposed to 

atmosphere and allowed to discharge their content into the environment. Apart from the known 

links between Fe-As and Fe-Sb, arsenic strongly associates with copper and the solubility of 

arsenic in such cases may be controlled by copper arsenates, not by ferric oxides, as universally 

assumed for all mining sites. 
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Figure 2-18: A model of elemental synergies during the oxidative dissolution of tetrahedrite from Piesky. The 
width of the arrows corresponds roughly to the element abundance in that path. Not all details can be shown, 

they are listed and discussed in the text. The waves represent aqueous solutions. 
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ZUSAMMENFASSUNG 
Wir untersuchten eine primäre Mineralisierung und deren sekundäre Verwitterungsprodukte in 

Rudňany (Slowakei), die reich an Tetraedrit, Cinnabaryt und Chalkopyrit ist. Die Tetraedrite 

zeigen vier Verwitterungsstadien, wie sie zuvor ausführlich beschrieben wurden (Majzlan et 

al., 2018a), und eine komplexe chemische Zusammensetzung mit einem As/(As+Sb+Bi)-

Verhältnis zwischen 0,14-0,47 at% und einem Fe/(Fe+Zn+Hg)-Verhältnis zwischen 0,06-0,9 

at%. Die Isotopendaten von Kupfer und Quecksilber vervollständigen zusammen mit Schwefel 

das Bild dieser komplexen Mineralisierung. Die Schwefelisotopenzusammensetzung von 

Cinnabaryt liegt bei δ34S = -5,5 ‰, Tetraedrit bei δ34S = -1,9 ‰ und Baryt zeigt δ34S von 14,9 

‰ mit δ18O = 10,2 ‰. Die Kupferisotopenzusammensetzungen (δ65Cu) der primären 

sulfidischen Proben von Rudňany zeigen mit zunehmendem Verwitterungsgrad eine 

Verschiebung zu leichteren Werten. Im Gesamten liegen die δ65Cu-Werte in einem Bereich von 

-4 ‰ bis fast 3 ‰, wobei Tetraedrite Werte von -4 bis -0,5 zeigen. Chalkopyrit ist isotopisch 

ebenso breit gefächert, mit δ65Cu-Werten zwischen -3,5 bis -0,5. Sekundäre Kupferminerale 

wie Azurit und Malachit zeigen zwei verschiedene δ65Cu-Werte, abhängig von ihrem 

Kristallisationsort und der Herkunft der Lösung. In Klüften zeigen sie niedrigere δ65Cu-Werte 

als in Hohlräumen. Um das Isotopenbild zu vervollständigen, wurden die Hg-Isotope in 

primären Tetraedriten und pulverförmigem Cinnabaryt gemessen. Die Daten zeigen einen 

deutlichen Isotopenunterschied zwischen den beiden Mineralen, sowohl in δ202Hg als auch in 

Δ199Hg: Cinnabaryt mit δ202Hg Werten um 0 und negativem Δ199Hg und Tetraedrit mit δ202Hg 

Werten um -1,5 und positivem Δ199Hg. 
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ABSTRACT 
We investigated a primary mineralization and its secondary weathering products at Rudňany 

(Slovakia), rich in tetrahedrite, cinnabar and chalcopyrite. The tetrahedrites show four 

weathering stages as described in detail above (Majzlan et al., 2018a) and a complex chemical 

composition with an As/(As+Sb+Bi) ratio between 0.14-0.47 at% and an Fe/(Fe+Zn+Hg) ratio 

between 0.06-0.9 at%. The isotope data of copper and mercury, together with sulfur, complete 

the picture of this complex mineralization. The sulfur isotopic composition of cinnabar is δ34S 

= -5.5 ‰, tetrahedrite is δ34S = -1.9 ‰ and baryte shows δ34S from 14.9 ‰ with δ18O = 10.2 

‰. The copper isotope compositions (δ65Cu) of the primary sulfide samples from Rudňany 

show a shift to lighter values with increasing degree of weathering. Overall, the δ65Cu values 

range from -4 ‰ to almost 3 ‰, with tetrahedrites showing values from -4 to -0.5. Chalcopyrite 

is isotopically just as broadly diversified, with δ65Cu values between -3.5 and -0.5. Secondary 

copper minerals such as azurite and malachite show two different δ65Cu values, depending on 

their crystallization site and the origin of the solution. In fractures, they show lower δ65Cu 

values than in masses. To complete the isotope image, we measured the Hg isotopes in primary 

tetrahedrite and powdery cinnabar. The data show a clear isotopic difference between the two 

minerals, both in δ202Hg and in Δ199Hg: cinnabar with δ202Hg values around 0 and negative 

Δ199Hg and tetrahedrite with δ202Hg values around -1.5 and positive Δ199Hg. 
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INTRODUCTION 
Weathering of ore deposits is a topic of major concern. From an environmental point of view, 

weathering of sulfides can lead to soil acidification and destruction of whole ecosystems. The 

acids and heavy metals released during weathering contaminate large areas around the deposit. 

This can happen without human influence, but not to the extent and the short span of time. In 

addition, the industrial machinery and equipment suffer from the acidic environment, not to 

mention the workers. The oxidative weathering of sulfide minerals is the main mechanism 

whereby many metals and metalloids are released into the environment. Sulfide minerals are 

extracted, processed, or disposed of by mining and then deposited in landfills. In the case of 

arsenic, for example, more arsenic is transferred from the lithosphere through mining than 

through terrestrial volcanism (Matschullat, 2011). Countless studies have described the 

mineralogical and geochemical changes in the weathering of sulfides (Drahota & Filippi, 2009), 

the composition of mine water (Saha & Sinha, 2018) and the effect of biota (Méndez-García et 

al., 2015). Many of them explained the processes that occur during and after this type of 

weathering. Despite these efforts, there are still gaps in the understanding of such systems in 

terms of metal cycle, retention, or loss to the environment. 

Isotope studies of metals, including those of copper and mercury, have become a valuable 

geochemical tool in recent years (Vance et al., 2008; Smith et al., 2008; Ferronsky & Polyakov, 

2012; Wiederhold, 2015; Moynier et al., 2017; Hoefs, 2018). In the investigation of the 

weathering of ore minerals and ore deposits, they complement more traditional methods such 

as mineralogical observations, geochemical modelling, or sequential extractions (Antivachis et 

al., 2017; Equeenuddin et al., 2017; Falteisek et al., 2020; Drahota et al., 2018a & b). Of the 

many metals studied, copper and mercury show the largest ranges of isotopic fractionation 

(Wiederhold, 2015). The isotopic fractionation of copper has been documented as a result of 

precipitation of minerals (Marechal & Sheppard, 2002; Majzlan et al., 2018a & b), 

complexation with organic matter (Babcsányi et al., 2016; Little et al., 2019), coprecipitation 

of Cu with minerals (Viers et al., 2018) or uptake by living organisms (Navarrete et al., 2011). 

Similar mechanisms have been identified as important for isotopic changes in mercury (Blum 

et al., 2014). However, in the case of mercury, its ability to form gaseous compounds, either 

metal vapor (Ghosh et al., 2013) or methylated substances (Jiménez-Moreno et al., 2013), 

increases the complexity of the chemical and isotopic changes (Sonke et al., 2010). 

In this work, we investigated the weathering of sulfides and their isotopic changes in respect to 

mercury and copper at Rudňany, Slovakia. Looking at the isotopic ratios of Cu and Hg is a new 
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approach to understand element mobility and fractionation during weathering processes. We 

present micro-analytical data of the complex primary and secondary mineralization. The goal 

was to describe the elemental and isotopic variation of mercury-rich tetrahedrites and 

chalcopyrites during weathering, the elemental mobility, and the development of secondary 

phases. The detailed investigation of the mineralogical changes, combined with the 

determination of the chemical composition, served to define several weathering stages and 

explain the isotope shifts observed in the samples. Parts of the mass transport are difficult to 

detect by direct observation, as the elements are either lost (by evaporation) or deposited as 

nanocrystals. In such cases, a combination of methods, as in this study, can be crucial for 

understanding the processes that determine the mobility of metals in the environment. 

GEOLOGICAL SETTING AND MINERALOGICAL BACKGROUND 

 

Figure 3-1: Location of Rudnany, Slovakia, relative to its situation in Europe (after Proehl, 2007). Rudnany is a 
small village in the east of Slovakia in the Hnilecké vrchy mountain range, around 11 km away from Spišská 

Nová Ves. 

The Rudňany (also known as Kotterbachy, Kotterbach or Ötösbánya) deposit or ore field is 

located about 11 km SE of Spišská Nová Ves town in the northern part of the Gemeric 

Superunit, Spišsko-Gemerské rudohorie Mountains, Slovakia (Fig. 3-1). It was one of the most 

important as well as the largest siderite-type (Fe-Ba-Cu-Hg) deposit in Slovakia, mined already 

at the prehistoric times (Dojčanský, 2017). Most of the mining activities ceased there in 1993 

(Antal, 1993). Hydrothermal siderite-quartz±baryte veins sometimes with abundant sulfidic 

mineralization strike W-E and are in the central parts hosted in the Carboniferous rocks 

(conglomerates, sandstones and black shales) of the Dobšiná Group and in the lower parts in 

the Early Paleozoic rocks (phyllites, metabasalts, amphibolites) of the Rakovec Group (Hurai 

et al., 1998 & 2002; Radvanec et al., 2004). Only uppermost parts of veins occur in Permian 

conglomerates and sandstones, which belong to the Krompachy Group (Cambel et al., 1985; 
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Vozárová & Vozár, 1988; Grecula et al., 1995). From the south to north, the Zapálenica, 

Droždiak, Hrubá, Štefan, Zlatník, Severná, Matej, Jakub, Ján, Miloj and Lendava veins were 

mined or explored at the Rudňany deposit. The most important vein was the Droždiak vein 

(Antal, 1993). With its the length of 7 km, vertical extent more than 900 m and thickness from 

7 to 40 m, it is the largest siderite vein in the Carpathian region. The Hrubá vein, which is 

situated north of the Droždiak vein is more than 1.5 km long and up to 20 m thick (Cambel et 

al., 1985; Grecula et al., 1995). The siderite veins, especially the Droždiak and Hrubá veins are 

vertically zoned; baryte is the predominant mineral in the upper parts, siderite in the central and 

quartz-sulfidic mineralization in the lower parts of the veins (Bernard, 1961; Rojkovič, 1977; 

Cambel et al., 1985). According to Rojkovič (1977) and Cambel et al. (1985) the vein filling 

was formed during the two principal mineralization stages: the siderite stage, with fuchsite and 

siderite-baryte phases, and quartz-sulfide stage with quartz-tourmaline, sulfide, and cinnabar 

phases. Siderite, ankerite, baryte and quartz are the most common gangue minerals. Ore 

minerals are irregularly distributed and are represented mainly by chalcopyrite, pyrite, 

tetrahedrite, cinnabar, arsenopyrite, Ni-Co sulfarsenides and arsenides, and hematite (Bernard, 

1955, 1961; Hurný, 1977; Hurný & Krištín, 1978; Cambel et al., 1985). Recently, supergene 

minerals like azurite, baryte, cinnabar, clinoclase, cornwallite, cuprite, delafossite and 

pyrolusite from the oxidation zone of the Hrubá vein were described by Števko et al. (2017 a 

and b; Tab. 3-2). The samples were taken 48°52’59,23’’ N and 20°41’38,91’’ E (Fig. 3-2). 

 

Figure 3-2: Location of the sampling area (qGIS). a) General location of Rudňany (OpenStreetMap) with 
distribution of ore veins (after Grecula et al., 1995) and the Západ shaft (ochre pentagon) and the 5. RP II. shaft 

(yellow triangle). The orange star marks the sampling area of this study. b) Topographical location of the 
sampling area (OpenTopoMap). c) Orientation of the sampling area (top left) and the large waste dump with the 

former mining area and the 5. RP II. shaft (ESRI Satellite).  



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 84 

Table 3-1: Main minerals found in the complex Rudňany ore field (after: Zimányi, 1904, 1922; Papp, 1919; 
Bernard, 1954, 1958, 1963; Cambel et al., 1985; Hrušovský, 1988; Ďuďa & Peterec, 1995; Grecula et al., 1995; 

Hudáček et al., 1998 and the authors therein; Zacharov & Peterec, 2005; Ďuďa & Ozdín, 2012; Števko et al., 
2015, 2017a & b; Peterec, 2002 & 2017; and this study). The formulas are after Strunz & Nickel, 2001. 

mineral name formula 

actinolite Ca2(Fe,Mg)5[OH|Si4O11]2 

amalgam-Ag Ag3Hg2 (paraschachnerite) 

anhydrite Ca[SO4] 

ankerite CaFe[CO3]2 

annabergite Ni3[AsO4]2  8H2O 

apatite Ca5[(F,OH)|(PO4)3] 

aragonite Ca[CO3] 

arsenopyrite FeAsS 

axinite (Fe) Ca2Fe2+Al2B[4][O|OH|(Si2O7)2] 

azurite Cu3[OH|CO3]2 

baryte Ba[SO4] 

bismuth Bi 

bornite Cu5FeS4 

breithauptite NiSb 

calcite Ca[CO3] 

chalcocite Cu2S 

chalcopyrite CuFeS2 

cinnabar HgS (primary and secondary) 

clinoclase Cu3[(OH)3|AsO4] 

cobaltite CoAsS 

celestine Sr[SO4] 

cornwallite Cu5[(OH)4|(PO4)2] 

covellite  CuS 

cuprite Cu2O 

delafossite CuFe3+O2 

dolomite CaMg[CO3]2 

epsomite Mg[SO4]  7H2O 

erythrite Co3[AsO4]2  8H2O 

fluorite CaF2 

fuchsite K(Al,Cr)2[(OH,F)2|AlSi3O10] 

galena PbS 

  

mineral name formula 

gersdorffite NiAsS 

goethite -FeOOH 

grumiplucite Hg[Bi2S4] 

gypsum Ca[SO4]  2H2O 

hauchecornite Sb(Ni,Bi)Ni8S8 

hematite Fe2O3 

hexahydrite Mg[SO4]  6H2O 

lepidocrokite -FeOOH 

magnetite Fe2+Fe2
3+O4 

malachite Cu2[(OH)2|CO3] 

marcasite FeS2 

mercury, native Hg 

millerite NiS 

muscovite KAl2[(OH)2|AlSi3O10] 

nickelskutterudite (Ni,Co,Fe)As3-x 

picrofarmacolite Ca4Mg[(AsO3OH)2|(AsO4)2]  11H2O 

pyrite FeS2 

pyroxmangite (Mn,Fe2+)[SiO3] 

quartz SiO2 

romanèchite (Ba,H2O)2Mn5O10 (former psilomelane) 

siderite Fe[CO3] 

sphalerite ZnS 

stibnite Sb2S3 

stibioenargite Cu3SbS4 (hypoth. polymorph of famatinite) 

stilpnomelane  K(Fe2+,Mg)8[(OH)8|(Si,Al)12O28]2H2O 

strontianite Sr[CO3] 

tennantite Cu10(Fe,Zn)2[S|(AsS3)4] 

tetrahedrite  Cu12[S|(SbS3)4], Hg-rich 

tourmaline  X[9]Y3
[6]Z6

[6][(OH,F)|(O,OH)3|(BO3)3|Si6O18] 

tripuhyite  Fe2+Sb5+O4 

ullmanite NiSbS 

violarite FeNi2S4 
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MATERIALS AND METHODS 

SAMPLING AND PREPARATION  

The samples of this study were taken from the most north-western part of the outcrop of the 

Hrubá vein (48°52’59.23’’ N; 20°41’38.91’’ E, Fig. 3-2). Sampling took place over the entire 

oxidation zone area and the samples were packed and stored in separate labelled plastic bags 

(Rud_1 to Rud_9) (Fig. 3-3). The samples were mainly selected according to optical aspects. 

This means that we selected samples from different areas of the outcrop that showed secondary 

and primary phases simultaneously, if possible. The samples were not taken from rocks lying 

around (except Rud_9). Rud_9 is an exception to this since it was clearly evident (fresh fracture) 

from which area of the outcrop the fallen rock came (Fig. 3-3). Samples labelled with Rud_01 

to Rud_04 have been taken at the sampling area in the past, but it is not distinguishable from 

which area of the outcrop they originated.  

 

Figure 3-3: Schematic map of the sampling area with the location of the samples Rud_1 to Rud_9. The colors 
characterize the most common minerals: grey - sulfides, ochre - iron oxide/hydroxides, green - malachite, 

blue - azurite. There is no macroscopic cinnabar in the front part. The star marks the place where the rock of 
Rud_9 has broken off. (The sketch is not to scale. It only illustrates the positions of the sample drawing.) 

 

After sampling, ore (Fig. 3-5) and standard thin (30 m) sections for further analyses were 

prepared, which are used for microscopy, Cu isotope measurements, and microprobe analysis. 

For Powder X-ray diffraction and Hg isotope measurements, the samples were finely ground.  

* 

* 
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LIGHT-MICROSCOPY  

To describe the ore and weathering products, to identify spots of interest for further microscopic 

and microanalytical work and to separate phases for isotopic measurements, all sections were 

first examined by using a polarization microscope (Zeiss Imager.M2m) in transmitted and 

reflected polarized light modes.  

POWDER X-RAY DIFFRACTION.  

Powder X-ray diffraction (PXRD) analyses were performed using a Bruker D8 Advance 

diffractometer in the angular range of 5–90 °2θ at room temperature. The step size was set to 

0.01°2θ and the dwell time to 1 s per step. In order to reduce the noise of the Fe fluorescence, 

excited by the Cu emission radiation from the Fe-rich samples, the energy window of the 

Lynxeye detector was set to 0.18–0.25 V.  

ELECTRON MICROPROBE ANALYSIS.  

Regions of interest in selected ore and thin sections, identified by optical microscopy, were 

investigated by energy- and wavelength-dispersive (WDX) electron microprobe analyses 

(EMP). The WDX analyses were made with the electron microprobe Jeol JXA-8230 

Superprobe (Institute of Geoscience of the University of Jena, Germany). Prior to the electron 

microscopy imaging and analytical work, the sections were coated with carbon. All samples 

were measured with an accelerating voltage of 15 kV and 5 nA. The spot size was varied 

between 1-10 m depending on size and behavior of the minerals of interest. Peak overlap 

correction was used to avoid peak interference between the lines of As and Sb, S and Co, Fe 

and Pb as well as Se and Cd. The detection limits, calculated from the peak and background 

counts, the standards, line and time on peak and background for each element, are given in 

Table 3-2.  

DETERMINATION OF THE CU AND HG ISOTOPES 

For determination of the Cu isotopy of the Cu-rich ore minerals and their secondary phases, we 

used in-situ ultraviolet-femtosecond laser ablation multicollector inductively coupled plasma 

mass spectrometry (UV-fsLA-MC-ICP-MS). The analyses were performed with the 

ThermoFinnigan Neptune coupled to a Spectra Physics SolsticeTM deep-UV (194nm) 

femtosecond (100 fs Ti:Sapphire) laser ablation system (Institute of Mineralogy, Leibniz 

University Hannover, Germany). For more detailed information use Lazarov & Horn (2015), 

Oeser et al. (2014) and Albrecht et al. (2014).  
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Table 3-2: Setup for the electron microprobe measurements. 

 

The laser ablation was performed on polished sections under helium atmosphere and the 

repetition rate was varied between 2 and 25 Hz due to the differences in the Cu concentration 

(ore/secondary mineral). Prior to entering the torch, argon was mixed into the sample-out line 

downstream from the ablation chamber. Sampling line widths were varied between 30-60 µm 

and lengths depending on the size of the mineral. A washout time of 60s between the 

measurements was fulfilled.  

For the mercury isotope measurements, a Nu Plasma II multi-collector ICP-MS (Environmental 

Geosciences, University Vienna, Austria) combined with a Cetac HGX-200 cold vapor 

introduction system and Tl doping (NIST-997 at 100 μg L−1) using a desolvating nebulizer 

(Aridus II, Cetac) were used. For more information, see Wiederhold et al., (2015) and Grigg et 

al. (2018). For this purpose the Hg-rich samples (tetrahedrite and cinnabar) were manually 

separated, powdered and dissoluted using a Aqua regia digestion procedure: 1) Weigh in 300-

500 mg (depending on the Hg-concentration in the sample) of powdered sample in 50 ml 

centrifuge tubes. 2) Add 3 ml HNO3 (69%), 8 ml HCl (37%) and 1 ml BrCl (in HCl). 3) Shake 

the tubes lateral (about 150 rpm) at room temperature for at least 18 h in fume hoods without 

Element* standard line 
time on 
peak/back-
ground [s] 

estimated 
detection 
limit  
[wt.%] 

Oxide** standard line 

time on 
peak/back-
ground  
[s] 

estimated 
detection 
limit  
[wt.%] 

Ag Ag2Te 

 

La 20/20 0.09 Ag2O Ag2Te 

 

La 20/20 0.09 

As arsenopyrite La 20/20 0.1 As2O5 arsenopyrite La 20/20 0.11 

Bi Bi-metal Ma 20/20 0.15 Bi2O3 Bi-metal Ma 20/20 0.15 

     CaO apatite Ka 20/20 0.04 

Cd CdS Ma 20/20 0.06 CdO CdS Ma 20/20 0.06 

Co Co-metal Ka 20/20 0.03 CoO Co-metal Ka 20/20 0.03 

 Cu chalcopyrite Ka 20/20 0.05 CuO cuprite Ka 20/20 0.04 

Fe pyrite Ka 20/20 0.03 FeO hematite Ka 20/20 0.04 

Hg HgS Ma 20/20 0.06 HgO HgS Ma 20/20 0.06 

     MnO rhodonite Ka 20/20 0.03 

Ni Ni-metal Ka 20/20 0.04 NiO Ni-metal Ka 20/20 0.04 

Pb PbS Ma 20/20 0.09 PbO PbS Ma 20/20 0.09 

Sb stibnite La 20/20 0.06 Sb2O5 stibnite La 20/20 0.06 

Se Se-metal La 20/20 0.13 SeO2 Se-metal La 20/20 0.13 

     SiO2 wollastonite Ka 20/20 0.03 

S pyrite Ka 20/20 0.04 SO3 barite Ka 20/20 0.04 

Zn sphalerite Ka 20/20 0.06 ZnO sphalerite Ka 20/20 0.06 

* For the element ore setup: Peak overlap correction was used to avoid peak interference between the lines of Cd - Ag as well as Bi - S.  

** For the oxide setup: Peak overlap correction was used to avoid peak interference between the lines of Cd - Ag, Ca - Ag as well as Bi - S. 

Ag2O 

As2O5 

Bi2O3 

Sb2O5 

SeO2 

SiO2 

SO3 baryte 
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lids. 4) Add 36 ml H2O-MQ and gentle mix with lids on. 5) Centrifugalize for 15 min at 3500 

rpm. 6) Decant the supernatant into syringe. 7) Filtrate with 0.45m membrane filter into acid 

cleaned glass vials with Teflon-coated lid. 8) Store digest solutions in the fridge (4°C) and keep 

away from direct sunlight. To produce bromine monochloride (BrCl) see Bloom et al., (2003). 

The purity of the minerals was controlled by PXRD. As background matrix for extractions, 

digests, standards and washing solution, we used 1 vol. % BrCl solution due to its oxidative 

power and ability to form stable complexes with oxidized Hg (Bloom et al., 2003). To ensure 

reductive power, the solution of 2.5 % SnCl2 in 1 M HCl used for cold vapor introduction, was 

made daily. The washout time was set to 180 s with subsequent background measurement for 

40 s. Following standards were used: NIST 3133 (δ0 reference standard with 10 ppb Hg) and 

an in-house standard FLUKA ETH. The difference between NIST 3133 and FLUKA is ∼ 1.4 

‰. This and the Tl correction made the measured values more stable and reproducible. For 

additional evaluation and comparison with the literature, Montana soil standard (NIST 2711, 

moderate contaminated soil with 6.25 ppm Hg) has been added for measurement.  

Cold-Vapor Atomic Fluorescence and Absorption Spectroscopy. To measure the mercury 

concentration in the samples used for MC-ICP-MS. The digests were analyzed prior to further 

analyses with the direct mercury analyzer MLS DMA-80L (Environmental Geosciences, 

University Vienna, Austria). The CV-AFS/AAS system combines atomic fluorescence with 

atomic absorption, which provides a large measuring range and lower detection limits (< 0.0002 

ng or <0.02 ng/l in 10 ml). The sample input was carried out using the cold vapor technique 

(CV: cold vapor) with tin (II) chloride as reducing agent. The digests of our samples had to be 

diluted by several orders of magnitude to be measured since the maximum measurement range 

end at 1500 ng (calibration range 0.01 to 10 ppb).  

S ISOTOPE MEASUREMENTS 

Stable sulfur isotopes were measured on a mass spectrometer MAT253 coupled with elemental 

analysis device Flash2000 HT plus (Thermo Scientific) in a continuous-flow mode (Earth 

Science Institute of the Slovak Academy of Sciences, Banká Bystrica).  
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RESULTS 

FIELD AND OPTICAL OBSERVATIONS  

The sampled area is a 30 m long and 5-25 m wide trough created by a collapse of a shallow 

drift in the Hrubá vein (Fig. 3-3 and 3-4a). A section of this trough (the “front part”) is today 

open and exposed to precipitation while another section (the “rear part”) is shielded by remnants 

of hanging wall of the former mine.  

Groups of secondary minerals can be readily identified upon visual inspection. They include 

cinnabar, azurite, malachite, and iron oxides (Fig. 3-4b and d). Cinnabar is quite common in 

the rear part but missing in the front part. It appears fine-grained, powdery, and its aggregates 

follow the relics of the primary sulfide accumulations (Fig. 3-4b). No liquid mercury droplets, 

known as a rare primary mineral, were found, which is unlikely due to temperature and 

atmospheric exposure of the sampled material. Relics of fresh looking tetrahedrite, 

chalcopyrite, siderite, and baryte can be found underneath the weathered crust (Fig. 3-4c and 

d). Trombolite, described in an earlier study (Majzlan et al., 2018a; see chapter 2) was found in 

veinlets and cavities spatially associated with the tetrahedrite relics. 

 

Figure 3-4: a) A photograph of the outcrop. The exposed part is in the left, the cave-like protected rear part can 
be seen behind the man. b) Weathered sulfide-rich veinlet in the surrounding rock with blue azurite (az) and red 
cinnabar (cin). c) Relatively fresh tetrahedrite (ttd) and chalcopyrite (ccp) from the front part (Rud_1). d) Hand-

picked sample with baryte (brt), siderite (sd), cin and ttd (Rud_7).  

rear 
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Figure 3-5: Microphotograph mappings of the ore sections from Rudňany under reflected light. 
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Microscopically, malachite and azurite were detected in nearly every section (Fig. 3-6a and b). 

Cinnabar is quite common, as powdery aggregates in veinlets and cavities, often found associated 

with iron oxides, not necessarily in the presence of sulfides (Fig. 3-4b).  

 

Figure 3-6: Microphotographs in reflected polarized light. a) Rud_2A:Iron oxides/hydroxides (FeOx), dominantly 
goethite, with fibrous malachite (mal). b) Rud_3A: FeOx with cinnabar (cin). c) Rud_3A: Chalcopyrite (ccp) with 

grains of tetrahedrite (ttd) and rims of bright blue chalcocite (cct). 

The main primary sulfides are members of the tetrahedrite group, with lesser amount of chalcopyrite 

and traces of pyrite. The associated primary gangue minerals are baryte and siderite and quartz in 

descending order, and traces of calcite. 

WEATHERING OF THE ORE MINERALS 

Consistent with previous work (Majzlan et al., 2018a; see chapter 2; Keim et al., 2018), four main 

stages of tetrahedrite weathering can be distinguished. They could be described as initial, early, 

advanced, and mature weathering stage (cf. chapter 2), with some modifications described in this 

section. Among the primary sulfides, pyrite seems to be the fastest to oxidize, followed by 

tetrahedrite and then chalcopyrite. Representative electron microprobe analyses are given in 

Table 3-3 and in Table AIII-1-9 (appendix III). 

In the initial stage of weathering, tetrahedrite and chalcopyrite are crosscut by veinlets of oxidized 

material and secondary copper sulfides (Fig. 3-7d). The contact between the weathered material and 

the primary sulfides is a narrow, porous zone with marked mass loss. Secondary covellite and 

chalcocite are restricted to chalcopyrite (Fig. 3-7 d). In tetrahedrite, the veinlets show incipient 

formation of Sb-Fe-Cu-As rich masses (Fig. 3-7 b and d).  

There is a smooth transition to the early stage of weathering, where the proportion of veinlets and 

masses further increases (Fig. 3-7). Chalcocite and covellite are no longer present. The veinlets 

accumulate Sb, Fe and less Cu and the dominant elements of the masses are Sb, Fe, Cu and As (Fig. 

3-7 b, Fig. 3-10). 
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Table 3-3: Representative electron microprobe analyses from tetrahedrite of Rudňany. All data are given in ms. %. 
< DL = below detection limit, which is given in the second line. 

 As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  
tennantite        

Rud8A_2 19.32 < DL  28.30 1.30 7.55 0.81 42.84 100.21 
Rud8A_10 15.94 2.72 27.41 2.12 6.89 1.02 41.95 98.05 
Rud8A_11 19.01 0.15 27.35 0.81 7.54 0.33 43.64 98.84 
Rud7A_14 14.05 8.01 27.32 0.42 2.63 6.29 42.33 101.04 

tetrahedrite        
initial state       

Rud1A_34 5.86 18.99 25.77 4.53 3.50 1.19 40.23 100.06 
Rud1A_31 6.01 19.15 25.86 3.86 4.06 0.50 40.54 100.00 
Rud1A_2 6.75 18.33 25.57 2.61 4.29 0.64 40.82 99.00 
Rud1A_42 3.17 23.26 25.29 4.59 3.40 0.94 39.61 100.27 
Rud1A_49 5.37 19.95 25.79 4.11 3.69 0.88 40.31 100.11 
Rud1A_55 2.67 23.97 25.31 5.12 3.29 1.06 39.34 100.77 
Rud1B_29 6,84 17,38 26,06 3,16 4,11 0,68 41,11 99,33 
Rud1B_42 6,99 16,85 26,15 2,92 4,19 0,56 41,46 99,12 
Rud5A_65 3.15 23.42 25.32 4.68 3.72 0.60 39.52 100.41 
Rud6A_2 5.72 19.80 25.64 4.32 3.17 1.62 40.08 100.36 
Rud_01_001 3.34 20.08 24.14 17.44 0.68 0.18 35.67 101.88 
Rud_01_024 3.65 19.09 24.10 16.79 0.66 0.24 35.64 100.44 

early state       
Rud3A_5 2,88 24,14 25,65 2,64 4,15 0,69 40,10 100,25 
Rud3A_14 3,16 24,29 25,65 2,15 4,16 0,73 40,33 100,49 
Rud5A_53 5.23 20.55 25.84 3.16 4.21 0.60 40.52 100.12 
Rud6A_43 3.28 23.29 25.00 5.88 3.16 0.88 38.54 100.04 
Rud6A_50 3.64 22.98 25.39 5.74 2.94 1.46 39.35 101.50 
Rud8A_7 3.10 23.74 25.23 4.91 3.00 1.87 39.17 101.02 
Rud8A_18 6.36 18.53 26.13 3.37 4.03 0.73 41.20 100.34 
Rud9A_11 3.22 23.83 25.53 4.05 3.66 0.90 39.38 100.57 
Rud9A_26 2.81 23.94 25.36 5.48 3.57 0.60 39.05 100.83 
Rud_01_061 4.28 18.33 24.25 16.75 0.78 0.33 35.86 101.07 
Rud_01_083 4.21 18,25 24,28 17,01 0,77 0,19 36,04 101,03 
Rud_02_007 6,79 17,98 25,75 17,98 4,92 0,50 41,35 99,06 
Rud_02_017 7,03 17,89 25,72 1,31 5,10 0,48 41,37 99,37 
Rud_03_6 6,04 19,54 25,5 1,01 4,82 0,54 41,46 99,28 
Rud_03_39 5,75 19,47 25,86 1,24 4,96 0,57 41,72 100,05 
Rud_04_145 4,37 18,09 24,24 16,91 0,83 0,22 36,07 101,20 

masses         
Rud1B_44 4,03 5,10 14,83 6,59 5,00 0,23 53,34 91,75 
Rud1B_45 3,94 4,28 15,19 11,10 4,85 0,11 51,87 93,59 
Rud1B_46 5,30 6,31 13,27 9,11 5,43 0,17 52,11 94,63 

veinlets         
Rud2A_13 7,03 46,48 0,04 < DL 13,01 0,13 20,54 89,46 
Rud2A_46 2,48 20,24 0,07 0,08 37,41 0,13 13,11 77,08 
Rud1A_36 2.64 14,82 3,91 0,47 27,91 < DL 9,44 59,25 

advanced and mature state         
masses/sec- filling         

Rud_02_065 13,82 5,28 0,58 3,53 10,99 < DL 17,54 53,41 
Rud_02_066 13,82 5,07 0,57 3,16 11,16 < DL 17,19 50,87 
Rud_02_067 12,15 4,63 0,73 3,80 10,40 < DL 13,91 47,31 
Rud_02_068 13,53 4,44 0,72 3,85 11,40 < DL 13,79 49,56 
Rud_02_071 12,95 5,02 0,43 2,37 12,19 < DL 14,30 48,91 

veinlets         
Rud_02_069 11,50 11,29 0,20 0,86 10,49 < DL 26,98 62,70 
Rud_02_070 4,76 32,93 0,33 1,82 10,10 0,06 13,93 65,37 
Rud_02_072 7,41 27,78 0,37 2,04 10,82 0,07 16,45 66,32 
Rud_02_073 4,56 35,44 0,37 2,07 10,29 < DL 13,55 67,42 
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Figure 3-7: BSE images of the initial to early stages of weathering in Rudňany (Rud_3A). a) Tetrahedrite (ttd) 
penetrated with Sb-Fe-Cu-As-rich veins. b) A detail of a vein in ttd. c) Pyrite (py) and chalcopyrite (ccp) with 

chemically different weathering rims. d) Detail of the ccp rims with the chemical composition of the dark rim (left), 
light veins (down right) and the dark mass ttd (up right). Chalcocite (cct) is present only in the upper left part. 

In the advanced stage of tetrahedrite weathering, no sulfides are present anymore, except for 

cinnabar (Fig. 3-8). The former tetrahedrite is replaced by a porous mass between the veins (lighter 

color in the BSE image, Fig. 3-8).  

 

Figure 3-8: BSE image of the advanced stage of weathering (Rud_02). The veins are lighter grey (Sb-Fe-Cu-As), the 
masses are darker grey (Cu-As-Fe-Sb). 

The mature stage is marked by a maze of veinlets without tetrahedrite (Fig. 3-9). Porosity further 

increases, especially in the masses which are leached and carried away. The masses are often rich 

in Cu-Fe-As, with needle-shaped to lamellar morphology. This acicular phase contains less mercury, 

bismuth, silver, and antimony than the veinlets and masses of the previous stages. Lower totals for 
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the masses measured with EMP show that they contain more volatile components, likely H2O. 

Trombolite begins locally to recrystallize and forms aggregates of minerals. For more detailed 

information see chapter two (Fig. 2-6 and text). 

 

Figure 3-9: BSE image of the mature stage of weathering (a: Rud_03, b: Rud_02). The triangles between the veins are 
recrystallized with an acicular phase (b) with Cu-Fe-As-rich composition.  

Figure 3-10 shows elemental distribution maps for Ag, As, Bi, Cu, Fe, Mn, S, Sb, Se and Zn. On 

closer examination, the different minerals, veins, and masses can be distinguished. Mercury, with 

its strong affinity to S, forms cinnabar as rims on sulfides (see also Fig. 3-12) or as grains in the 

vein centers (Fig. 3-10a). A completely weathered area (mature stage) shows Fe, Sb and As with 

less Se and Zn. The mineral in this area is malachite (Fig. 3-10g). In Fig. 3-10h, chalcopyrite shows 

a rim of Cu-rich material (chalcocite). Silver is enriched in the veins at the contact to sulfides 

(Fig. 3-10b and h). 
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Figure 3-10: False color maps of nine areas with tetrahedrite and chalcopyrite from Rudňany. Each line belongs to one BSE image (on the left) and the columns belong to the 
elements. The colors are chosen relative to the highest amount. 
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The main sulfides from the Hrubá vein of Rudňany occur together and the weathering chemistry 

is as complex as the mineralogy in the locality. Examples of all weathering stages can be found 

within microscopic areas together with relics of the primary sulfides (Figure 3-11). Pyrite 

weathers to masses of iron oxides, which contain elevated concentrations of Cu and Sb. These 

elements are not the primary constituents of pyrite and their presence in the iron oxides attests 

to their environmental mobility. Chalcopyrite (Fig. 3-11) may develop chalcocite rims but they 

may be also missing. The surrounding material, probably completely weathered tetrahedrite, is 

rich in Fe, Sb and Cu, with Fe > Sb. The lighter rims and veins have more Sb than Fe, and more 

As, typical for the weathering boundaries of tetrahedrites. The tetrahedrite shows the typical 

moat structure (Fig. 3-11). 

 

Figure 3-11: BSE image of the complex, partially weathered aggregate from Rudňany (Rud_5A). Primary 
mineral phases indicated by their abbreviations (black text, cct – chalcocite, ccp – chalcopyrite, py – pyrite, ttd – 
tetrahedrite) and rounded results of the WDX analyses of the weathered parts shown by light grey text. Positions 

of the spot WDX analyses are in the tips of the grey arrows. The orange polygons are the former grain 
boundaries of pyrite.  

mature 

early advanced 
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Another intriguing process is the enrichment of mercury around chalcopyrite. In the mature 

stage, where tetrahedrite and pyrite are gone completely, the remaining chalcopyrite is covered 

by cinnabar rims (Fig. 3-12). Chalcopyrite is less susceptible to oxidative weathering than 

tetrahedrite and pyrite in our samples. Tetrahedrite, which is rich in Hg in the samples from 

Rudňany, releases its elements through the weathering into the environment. Chalcopyrite 

serves as a chemical trap for Hg that is released from tetrahedrite. It is noteworthy that no such 

rims were found on Hg-containing tetrahedrite itself. 

 

Figure 3-12: Rud_5A: Cinnabar rims (white) around partially weathered chalcopyrite. Tetrahedrite and other 
sulfides are completely gone. 

The correlations between Sb2O5 and Fe2O3 (Fig. 3-13a) show two trends, which are 

unfortunately not distinguishable between the masses, veinlets, or weathering states. In the 

correlation between As2O5 and CuO (Fig. 3-13f) the content of HgO well fits to the trend.  



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 99 

 

Figure 3-13: Oxidic correlations of all measured veinlets and masses (ms. %) with relative spot sizes to the 
amount of As2O5 or HgO. 
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MAIN SULFIDES AND THEIR CHEMISTRY 

The tetrahedrite from the studied outcrop shows complex chemical composition. Pyrite and 

chalcopyrite do not deviate much from their nominal formulae. All measured values can be 

found in Table AIII-1 to AIII-9 (appendix III).  

Pyrite incorporates Cu (up to 0.7 ms. %), Co (1.3) and Ni (3.5), chalcopyrite takes up Hg (0.2) 

and Ag (0.1). The maximum Sb content associated with chalcopyrite is 0.3 ms. % and was 

found only in small chalcopyrite crystals in contact with tetrahedrite. Gersdorffite was 

identified only with EMP and contains, in addition to the main elements, additional Fe and Co. 

Secondary sulfides found in our samples are chalcocite and cinnabar. The chemical composition 

of chalcocite shows a deficit in the Cu amount with an average of 72.1 ms. % and 20.1 ms. % 

S. The Hg content of the common fine-grained Cinnabar ranges between 75.2 to 87.5 ms. % 

(Fig. 3-14).  

 
Figure 3-14: Visualization of the different sulfide minerals (cinnabar in this case secondary) by their main 

elements. All data in ms.%.  
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Within a few dozen meters of the outcrop studied here, the chemical composition of the 

minerals of the tetrahedrite-tennantite group varies significantly. The main elements in 

tetrahedrite in our samples are:  

 S with values between 22.2-26.6 ms. % (Se is always under the detection limit) 

 Sb and As, whereby Sb dominates in this position (Bi is negligible with max. 0.5 ms. %) 

 Cu with a mean value of 39.32 ms. % dominates over Ag with maximal 1.06 ms. % 

 Fe, Zn and Hg show large differences within the outcrop: 0.86-23.57 ms. % Hg, 0.41-

5.41 ms. % Fe and 0.16-2.78 ms. % Zn  

 Pb, Cd, Co and Ni are barely over the detection limit  

 Ag content is low, usually <0.1 ms.% 

 

Figure 3-15: Elemental As/(As+Sb+Bi) and Fe/(Fe+Zn+Hg) ratios of tetrahedrites from Rudňany. All data given 
in at%. The colors show the different samples. 

The minerals of the tennantite-tetrahedrite solid solution from Rudňany have negligible 

amounts of Cd, Pb, Co, Ni and Se. Ag and Bi show values between nothing to over 1 ms. % 
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and 0.5 ms. %, respectively. The chemical ratios for the samples from Rudňany were extended 

by Bi and Hg to As/(As+Sb+Bi) and Fe/(Fe+Zn+Hg) (Fig. 3-15). Except for four samples, the 

As/(As+Sb+Bi) ratio does not drop below 0.1 and does not exceed 0.5, meaning that these 

minerals can be classified as tetrahedrite. The four samples excluded are rare tennantites (Tab. 

3-3) with an As/(As+Sb+Bi) ratio of 0.74-1.00 and a Fe/(Fe+Zn+Hg) ratio of 0.32-0.94 (Fig. 

3-15, marked with _ten: Rud8A_ten and RUD7A_ten).  

The analyzed grains can be grouped further to those with:  

1) high Hg concentration (≈ 15 ms. %) and small As variations, samples Rud_01 and 

Rud_04  

2) Fe as the main constituent [Fe/(Fe+Zn+Hg) 0.85-0.9] with a large range of As, samples 

Rud_02 and Rud_03)  

3) Fe/(Fe+Zn+Hg) between 0.4-0.8 and As/(As+Sb+Bi) in a range from 0.14-0.47   
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SUPERGENE MINERALIZATION IN RUDŇANY 

Gangue minerals in the Hrubá vein from Rudňany are baryte, quartz and siderite. Secondary 

minerals are mostly malachite, azurite, and iron oxyhydroxides. These minerals were identified 

visually in the field and microscopically in every hand specimen. Other non-sulfidic minerals 

were found solely by electron microprobe analyses. For the chemical formulae, see Table 3-2. 

All electron microprobe analyses of the minerals are listed in appendix III-1 to 9. 

Azurite and malachite were found to contain only copper as a cation, with 52-81 ms. % CuO 

(Fig. 3-16 and 3-17). The large range reflects the difficulties on measurements of such phases 

with the electron microprobe and is a function of morphology, polishing quality, and 

surrounding minerals. Both, azurite and malachite, were found microscopically with their 

typical characteristics. Azurite shows acicular to fibro-radial blue aggregates with a very high 

relief and a biaxial positive character in transmitted light. The pleochroism is not strong, but 

present from light blue to blue. The interference colors are from high order but masked by the 

strong blue intrinsic color. Malachite is also fibrous with a moderate to high relief but optical 

biaxial negative in contrast to azurite. Its green color shows pleochroism from colorless over 

yellowish green to green in transmitted light with high order interference colors.  

 

Figure 3-16: Rud_02: Electron microprobe image of copper carbonates (az/mal) with finely dispersed, powdery 
cinnabar (cin). The carbonates are interspersed with fine veins of Fe-Cu-Sb rich material. On the left, Fe-oxides 

and -hydroxides host a concretion of Cu-Fe rich mass. 

Fe-oxides and -hydroxides are abundant and consist mainly of goethite (-FeO[OH]), as 

determined by polarized light microscopy and XRD. In transmitted light microscopy, goethite 

shows a pleochroism from yellowish brown over orange to olive with biaxial negative character 
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and abnormal interference colors. Under reflected light, the reflectance of goethite is low with 

a weak pleochroism. The anisotropy is moderate gray-yellow to brownish with abundant 

brownish yellow to reddish internal reflections. The components released from the primary 

minerals can be efficiently adsorbed by iron oxides. Goethite contains up to 3.1 ms. % SiO2, 

6.0 ms. % CuO, 2.4 ms. % MnO and 1.4 ms. % As2O5 (Fig. 3-17). Hematite was reported from 

the Rudňany ore field by several authors (Hrušovský, 1988; Peterec, 2017; Števko et al., 2017a; 

Kráčmar, 2017) but was only rarely found in our samples. Hematite occurs as aggregate of 

plates (iron rose) with blood red color. Some of the crystals occur nearly black due to the small 

size and the extremely high relief.  

Copper arsenates (Fig. 3-18) cornwallite and clinoclase are present in the samples but could not 

distinguished with EMPA. Both show chemical compositions in a range between 48.8-65.2 

ms. % CuO and 17.5-35.1 ms. % As2O5. Although there are many different copper arsenate 

minerals known, cornwallite and clinoclase are the most probable due to literature of the 

Rudňany ore field (see Table 3-2 and the authors therein).  

Cu-sulfates, as posnjakite, brochantite and antlerite, occur only in total absence of carbonate 

minerals in their surroundings. With chemical compositions of 65-72 ms. % CuO and 15-25 

ms. % SO3, the exact nature of these minerals is not clear. These minerals are rare and fine-

grained which precluded their closer analysis by powder XRD. Cu-sulfates occur rarely 

together with baryte and quartz. 

 
Figure 3-17: Relationship between As2O5 and FeO in Fe-carbonates (siderite, grey diamonds), Fe-hydroxides 

(goethite, grey circles) and Fe-oxides (hematite, black triangles). All values in ms%. 
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Mn-phases, with amounts of Sb and Cu were found mainly in the strongly weathered parts of 

the samples where tetrahedrite is absent. With values between 37-60 ms. % MnO the mineral 

is likely to be romanèchite (former psilomelane) which was described in the locality before 

(Števko et al., 2017a and others, tab. 3-2). The Cu and Sb content (max. 17.3 ms. % CuO and 

15.4 ms. % Sb2O5) could come from the residues of the totally weathered tetrahedrite.  

A member of the stibiconite group was found with an average of 65.5 ms. % Sb and 11.8 ms. % 

Ca. The phase has additional elements in small amounts (< 4 ms. %) like As, Hg, Si, Fe and 

Cu, but it is probable that these elements are impurities from the surrounding.  

 

Figure 3-18: Triangular diagrams in the system Sb-Mn-Cu-Ca-Fe-As-S with the supergene minerals of Rudňany 
(in %). 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 106 

A rare Hg-Ag-phase was found with EMPA. The phase has 49.62 ms. % Ag and 47.78 ms. % 

Hg. This phase is a silver amalgam alloy and could be paraschachnerite (Ag3Hg2), which occurs 

naturally in oxidized zones and is formed by alteration of moschellandsbergite (Seeliger & 

Mücke, 1972; Zakrzewski & Burke, 1987). The mineral Moschellandsbergite, which was 

described before (Seeliger & Mücke, 1972; Zakrzewski & Burke, 1987), was not found in the 

ore and thin sections. 

SULFUR ISOTOPES 

Sulfur isotopic composition δ34SCDT were obtained from cinnabar, baryte and tetrahedrite. The 

data are visualized in Figure 3-19.  

 

Figure 3-19: δ34SCDT isotopes (triangles) of cinnabar, baryte and tetrahedrite. For baryte, the δ18OSMOW 

(diamonds) are given. All values in ‰. 

 

Cinnabar and tetrahedrite show δ34S values with an average of -5.50 ‰ and -1.89 ‰, 

respectively. Two barytes were measured with an average of δ34SCDT = 14.92 ‰ and 

δ18OSMOW = 10.1 ‰ (Fig. 3-19). The isotopic values for the primary tetrahedrite agree well with 

those determined previously for primary tetrahedrite and chalcopyrite from Rudňany (Žák et 

al., 1991). The primary cinnabar, not measured in this work, has 34S values of +3 to +4 ‰ 

(Žák et al., 1991), much different from those measured for the secondary cinnabar. 
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COPPER ISOTOPES OF PRIMARY AND SECONDARY MINERALS 

Isotopic composition of copper was measured by laser ablation (LA) in all minerals, which 

were large enough to be included in a single LA trace. These include tetrahedrite (Fig. 3-21), 

chalcopyrite (Tab. 3-4 and images therein), malachite, and azurite. The secondary copper 

sulfides and trombolite were too small and too heterogeneous to obtain reliable data. The copper 

isotopic compositions (δ65Cu) of the samples from Rudňany show a shift to heavier values in a 

range from -4 ‰ to nearly 3 ‰ in dependence on the degree of weathering and the phase 

(Fig. 3-20-22). The complete data set of the measured δ65Cu values of copper bearing minerals 

from Rudňany is given in Table AIII-11 and 12 (appendix III).  

Tetrahedrite, as the main primary sulfide from Rudňany, occurs in different stages of 

weathering in the outcrop and its δ65Cu values support this observation (Fig. 3-20). As written 

above, the tetrahedrite weathering can be subdivided in four stages: initial, early, advanced, and 

mature (Majzlan et al., 2018a). The relatively fresh tetrahedrite (fresh to initial stage) has δ65Cu 

values lower than -0.28 ‰. Initially weathered tetrahedrite (initial to early stage) shows lighter 

copper isotopic compositions between a range of -1.15 to -0.70 ‰. Additionally, we divided 

the early stage in early, early to late early and late early (Fig. 3-20). Tetrahedrite in its early 

stage of weathering shows δ65Cu values from -1.88 to -1.20 ‰. The early to late stage is 

characterized by δ65Cu values of -2.79 to -2.12. The lightest δ65Cu values show the late early 

stage of weathering with values smaller than -2.82 (with -4,12 at its lightest). The chemical and 

isotopic compositions of the isotopically considered tetrahedrites vary both within a sample and 

between samples (Fig. 3-21 and 23). 

 
Figure 3-20: Electron microprobe analysis of the tetrahedrites, which are used for copper isotopic measurements. 

All values in %.
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Figure 3-21_1: Electron microprobe pictures of the tetrahedrites, which were used for laser 
ablation (blue lines). The red dots and corresponding numbers mark the EMP spot.  
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Figure 3-21_2: Electron microprobe pictures of the tetrahedrites, which were used for laser 
ablation (blue lines). The red dots and corresponding numbers mark the EMP spot. 
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The heavy copper isotope seems to get lost and the light copper isotope is enriched through the 

weathering processes of tetrahedrite, which causes the light isotopic signature of strongly 

weathered tetrahedrite. A similar effect can be seen with chalcopyrite, even if it is not exactly 

delimitable with chalcopyrite due to large fluctuations within a sample (Tab. 3-4). Even though 

the ranges of the copper isotopic compositions are wide, we divided all measured chalcopyrites 

in slightly and strongly weathered depending on their appearance in reflected light microscopy 

and electron microprobe images. Slightly weathered chalcopyrite has δ65Cu values between -

1.75 to -0.45 ‰. Chalcopyrite, which shows a heavier degree of weathering, has δ65Cu values 

from -3.58 to -1.96 ‰ (Fig. 3-22 and Tab. 3-4). 

Supergene, secondary copper carbonates malachite (mal) and azurite (az) show two different 

copper isotopic compositions δ65Cu in an area between 0.47 to 2.62 ‰ (Fig. 3-22). Azurites 

and malachites grown in fractures in the vicinity of primary sulfides show slightly lighter copper 

isotopic compositions (average δ65Cu of 0.86 ‰ and 0.82 ‰, respectively) than az and mal that 

precipitated further away (average δ65Cu of 2.30 ‰ and 2.22 ‰, respectively).  

 
Figure 3-22: The δ65Cu values of chalcopyrite, tetrahedrite and copper carbonates, malachite and azurite. The 

tetrahedrite and chalcopyrite from Rudňany show a wide range in their copper isotopic composition: δ65Cu 
between -4 to 0. They are divided in subgroups depending on weathering stages but note that this separation is 
subjective, and the weathering stage borders are fluently. Copper carbonates growing in fractures show lighter 
δ65Cu compositions than copper carbonates growing in the surrounding of primary minerals and weathering-

induced cavities in the rock. 
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Table 3-4: Electron microprobe analyses next to the isotopes measurement lines of some samples with the 
corresponding isotopic values and EMP images. 

  
S 
(ms. %) 

Fe 
(ms. %) 

Cu 
(ms. %) 

Total 
(ms. %) 

δ65Cu 
(‰) 

Rud3A_Iso_ccp_1 

 

34.48 30.45 34.87 99.88 -0.454 

Rud3A_Iso_ccp_2 34.41 30.72 34.87 100.12 -0.692 

Rud3A_Iso_ccp_3 34.45 30.58 34.99 100.09 -2.061 

Rud3A_Iso_ccp_4 34.28 30.55 34.86 99.73 -1.745 

Rud3A_Iso_ccp_5 34.47 30.78 35.14 100.42 -2,743 

Rud3A_Iso_ccp_6 33.97 30.16 34.04 98.21 -3.051 

Rud3A_Iso_ccp_7 34.20 30.29 34.25 98.75 -3.592 

Rud3A_Iso_ccp_8 34,30 30,46 34,65 99,46 -2.187 

Rud9A_Iso_ccp1_1 
  

34.64 30.03 34.05 98.74 

-2.062 

Rud9A_Iso_ccp1_2 34.62 29.99 34.07 98.69 

Rud9A_Iso_ccp2_1 34.68 29.93 33.69 98.31 

-0.793 

Rud9A_Iso_ccp2_2 34.61 30.05 33.80 98.45 

Rud9A_Iso_ccp3_1 34.53 29.99 33.99 98.52 

-1.072 Rud9A_Iso_ccp3_2 34.79 30.27 34.12 99.25 

Rud9A_Iso_ccp3_3 34.83 30.47 33.94 99.39 

Rud5A_Iso_ccp1_1 

 

34.77 30.77 35.15 100.76 
-2.140 

Rud5A_Iso_ccp1_2 35.01 30.90 35.18 101.14 

Rud5A_Iso_ccp1_3 35.03 31.05 35.03 101.13 
-1.358 

Rud5A_Iso_ccp1_4 35.02 31.21 35.12 101.37 

Rud5A_Iso_ccp1_5 34.86 31.21 35.05 101.17 -1.146 

Rud5A_Iso_ccp1_6 34.97 31.00 34.98 100.97 -1.315 

Rud5A_Iso_ccp1_7 35.14 30.88 35.02 101.07 
-1.783 

Rud5A_Iso_ccp1_8 35.01 30.75 34.99 100.83 

Rud5A_Iso_ccp1_9 35.23 30.77 34.98 100.98 -1.906 

Rud5A_Iso_ccp1_10 34.94 30.39 34.96 100.29 
-1.371 

Rud5A_Iso_ccp1_11 35.10 31.08 35.03 101.21 

Rud5A_Iso_ccp1_12 34.99 31.01 35.07 101.12 
-1.128 

Rud5A_Iso_ccp1_13 35.11 31.01 35.24 101.41 

Rud5A_Iso_ccp1_14 34.31 30.47 34.86 99.65 
-1.643 

Rud5A_Iso_ccp1_15 33.71 28.89 32.66 95.32 
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Secondary sulfides could not be measured in this study due to their small size. Majzlan et al. 

(2018a, see chapter 2), reported about δ65Cu values of simple sulfides covellite and chalcocite 

around -6.3 ‰. It seems that the light Cu isotopes are enriched in secondary sulfides and the 

heavy Cu isotopes are enriched in secondary carbonates. 

The samples and their values for Figures 3-20 to 22 were sorted according to optical aspects. 

This carries the risk of subjectivity, but it was not possible to separate the samples based on 

chemical composition, so the optical aspects were used. In addition, it is not possible to 

subdivide the individual samples (Fig. 3-5) specifically into the weathering stages, as each stage 

can occur simultaneously in each sample. This also makes optical differentiation necessary.  

Figure 3-23 once again plots all Cu isotope measurements of the primary and secondary 

minerals to show the unique classification. Primary minerals show lighter copper isotopic 

compositions than the secondary minerals, azurite and malachite. 

 

Figure 3-23: Plot of the δ65Cu values of primary and secondary minerals with a marked line for the isotopically 
zero value.  
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MERCURY ISOTOPES 

Mercury isotopes were measured from Hg-rich tetrahedrite and almost pure secondary cinnabar, 

which are clearly separated in the δ202Hg-199Hg space. Due to the natural fine-grained powdery 

structure of cinnabar, absolute purity could not be guaranteed. Microscopically, finest crystals 

of impurities were seen, which, however, could not be completely removed, even with the finest 

glass needles. However, the tendency of the isotopes is clearly visible and can be regarded as 

predominantly caused by cinnabar. All values are given in app. III.  

The tetrahedrites show negative δ202Hg around a mean value of -1.27 ‰ (Fig. 3-24a). Cinnabar 

shows δ202Hg values between -0.039 and 0.184 ‰ (Fig. 3-24a). The 199Hg values show a 

positive trend from cinnabar to tetrahedrite and the relationship of δ202Hg and 199Hg (Fig. 3-

24c) divides the two minerals in separated areas (quadrant II and IV).  

 

Figure 3-24: Mercury isotopic compositions δ202HgNIST-3133 and Δ199HgNIST-3133 and relationship of δ202HgNIST-3133 
and Δ199HgNIST-3133 from cinnabar (triangles) and tetrahedrite (diamonds) from Rudňany. The grey lines mark the 

zero points of the isotopic values. 
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DISCUSSION 
Samples from Rudňany, Slovakia, were analyzed for mineralogy and isotopic composition 

during weathering. The progress of weathering can be monitored by the mineralogical and 

chemical changes and the increase in porosity. During the whole process, trombolite releases 

elements that were originally contained in the tetrahedrite. These elements, carried along by 

aqueous solutions, give rise to secondary minerals – such as malachite or azurite. In the mature 

stage, secondary minerals are formed in situ in trombolite. Sb, Hg, As and Cu are found in 

primary and secondary minerals (Tab. 3-1), which shows the retention by secondary minerals 

(Tab. 3-5).  

Table 3-5: List of Minerals found in Rudňany (literature and this study) containing Hg, Cu, Sb and As. For 
literature see chapter 3, geological setting.  

mineral name formula Hg Cu Sb As 

annabergite Ni3[AsO4]2 × 8H2O    X 
arsenopyrite FeAsS    X 
cobaltite CoAsS    X 
gersdorffite NiAsS    X 
nickelskutterudite (Ni,Co,Fe)As3-x    X 
picrofarmacolite Ca4Mg[(AsO3OH)2|(AsO4)2] × 11H2O    X 
clinoclase Cu3[(OH)3|AsO4]  X  X 
azurite Cu3[OH|CO3]2  X   
chalcocite Cu2S  X   
chalcopyrite CuFeS2  X   
cornwallite Cu5[(OH)4|(PO4)2]  X   
covellite  CuS  X   
cuprite Cu2O  X   
delafossite CuFe3+O2  X   
malachite Cu2[(OH)2|CO3]  X   
amalgam-Ag Ag3Hg2 (paraschachnerite) X    
cinnabar HgS (primary and secondary) X    
grumiplucite Hg[Bi2S4] X    
mercury, native Hg X    
tetrahedrite  Cu12[S|(SbS3)4], Hg-rich X X X  
breithauptite NiSb   X  
hauchecornite Sb(Ni,Bi)Ni8S8   X  
stibnite Sb2S3   X  

stibioenargite 
Cu3SbS4 (hypoth. polymorph of 

famatinite)   X  
tripuhyite  Fe2+Sb5+O4   X  
ullmanite NiSbS   X  

 

Macroscopic and microscopic textures and the assemblages of the minerals show that 

weathering took place under almost neutral conditions, which were maintained and buffered by 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 

115 

the abundant siderite. Copper sulfates and arsenates occur only in the vicinity of trombolite. 

Elsewhere, sulfate was quickly lost to the circulating aqueous solutions and arsenate was most 

likely adsorbed to the ubiquitous iron oxides. 

ISOTOPIC GRADIENTS IN WEATHERING PRIMARY CU SULFIDES.  

Isotopic fractionation during oxidative weathering could have another consequence, which was 

found in this and some previous studies. It has been reported that the isotopic composition 

(δ65Cu) of the weathering primary mineral changes with the degree of weathering (Ripley et al., 

2015; Markl et al. 2006). Primary, fresh tetrahedrites showed δ65Cu around ±0 ‰ while the 

weathered relics were significantly lighter (Mathur & Fantle, 2015; Markl et al., 2006). Mathur 

& Fantle (2015) divide the reservoirs from which Cu can originate into leach cap, enrichment 

zone and primary ore. Accordingly, the leach caps show the lowest δ65Cu values while the 

enrichment zone shows the highest δ65Cu values (remarkable range of δ65Cu of -6 to +8‰) 

(Mathur & Fantle, 2015). The primary ores, as it was already written above, show δ65Cu around 

±0 ‰ (Mathur & Fantle, 2015; Sherman, 2013). This supports the results from our work. 

The weathering causes isotope gradients towards the surface exposed to oxygen and water.  One 

explanation is the diffusion of 65Cu from the isotopically heavier fluid into the primary sulfide 

(e.g. tetrahedrite) and the self-diffusion of Cu in the primary sulfide. Quantitative measurements 

of the self-diffusion of copper into sulfides (e.g. chalcopyrite, Chen & Harvey, 1975) support 

these ideas in that the self-diffusion of Cu is fast, about five orders of magnitude faster than that 

of Fe. The self-diffusion of copper in the Cu2-Sx phases (chalcocite, Djurleit etc.) (Cassaignon 

et al., 1998) or bornite (Berger & Bucur, 1996) is comparable in magnitude to that of 

chalcopyrite. Copper mobility in these sulfides has been compared with ion mobility in fast 

solid state ionic conductors (Berger & Bucur, 1996), which proves the possibility of a fast 

isotopic equilibrium even at the low temperatures characteristic of weathering. 

CHANGES OF CU ISOTOPES DURING INITIAL WEATHERING STAGE. 

With the advancing degree of tetrahedrite weathering, the Cu isotopes in the resulting secondary 

solids are becoming progressively lighter (Fig. 3-20). It could be therefore assumed that the 

aqueous solutions, generated in this process, were also progressively heavier. The secondary 

solids are either the X-ray amorphous trombolite or the copper carbonates malachite and azurite. 

At least for malachite, it is known that the degree of fractionation between Cu(II,aq) and 

malachite is small (Maréchal & Sheppard 2002; this study). It is likely that such statement can 

be made also for other secondary oxysalts of Cu(II). There is a general agreement in the 

literature that aqueous copper solutions are consistently isotopically heavier after oxidative 
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weathering of Cu sulfides (Fernandez & Borrok, 2009; Kimball et al., 2009; Viers et al., 2018, 

Mathur et al., 2014). The disagreement exists, however, on the explanation of this observation. 

In this work and related studies on weathering of copper sulfides (Majzlan et al., 2018a & b), 

we have identified the minerals covellite and chalcocite as the first occurring reservoirs of light 

copper isotopes. These minerals are easy to find in every polished section at the localities 

studied. In general, the most common mode of occurrence of covellite is ‘alteration product of 

many Cu-minerals’ (Uytenbogaardt & Burke, 1985). Given the strong isotopic fractionation 

among aqueous Cu(II) and covellite and chalcocite (Ehrlich et al., 2004), the isotopic shift to 

heavier values during oxidative weathering of Cu minerals would be easy to comprehend. The 

light isotopes are retained in covellite and chalcocite and the heavier ones released into the 

solution. Such strong isotopic fractionation is predicted to occur during redox changes of Cu. 

Reduction of Cu(II,aq) must occur when chalcocite, Cu2S are formed. For covellite, nominally 

CuS, it may seem that no reduction occurs. Yet, spectroscopic work (Luther et al., 2002; Pattrick 

et al., 1997) suggests that covellite possesses copper as Cu+, not Cu2+. Isotopic work (Ehrlich 

et al., 2004; Liu et al., 2015) supports this assumption. 

However, there are much more factors to consider:  

Covellite and chalcocite are only present in the initial stage of weathering and are dissolved 

again. The resulting isotopically light Cu solution in turn provides the isotopic composition of 

the secondary Cu phases (malachite, azurite) in fractures and is involved in the formation of 

trombolite. The remaining fluid, which is enriched in heavy isotopes, contributes to the 

formation of Cu-carbonate masses (Fig. 3-25). The weathering of the higher layers in the 

outcrop leads to a redistribution of Cu, both in its isotopic composition and in its quantity at 

different depths. Cu is washed out in the leach cap and accumulated in the enrichment zone. 

This enrichment zone lies at a depth of approximately 150-200 m (Mathur & Fantle, 2015). 

While the concentration of Cu in the solid withdraws to deeper depths, it is enriched in the fluid 

in the leach cap and transported to the enrichment zone. The isotopic composition first increases 

with depth and decreases to δ65Cu values around ±0 below the enrichment zone (Mathur & 

Fantle, 2015).  

In previous and this work, it was observed that first during the initial weathering of the 

tetrahedrites secondary Cu-sulfides are formed, which are isotopically light. This can be 

explained by kinetic isotope effects. The differences in velocity of the molecules, which can be 

calculated from their kinetic energy, lead to isotope fractionation. The molecule, which is 

formed from the lighter isotope, can preferably and more quickly cross phase boundaries and 
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leave the system (Thoennessen, 2016). Thus, at the beginning of weathering, the light isotopes 

can quickly migrate out of the Cu minerals and form secondary Cu-rich phases in the immediate 

vicinity of the primary minerals (in our case covellite and chalcocite). 

In order to form the isotopically heavy, environmentally stable secondary Cu carbonates, 

however, a further effect is required, called equilibrium isotope effect (Sherman, 2013). These 

effects are due to a quantum mechanical effect, which causes different ground state energies in 

the isotopes and their compounds. Ground state energies (also called zero-point energies, E0) 

are calculated, without going too deep, from the Planck constant and the angular frequency. 

The angular frequency in turn depends on the mass of the molecule and is indirectly 

proportional to each other. The molecule, which is made up of the heavier molecules, has a 

larger mass and thus a smaller angular frequency and a lower zero-point energy (Sherman, 

2013). From this, a higher binding energy of the molecules with the heavy isotope can be 

calculated, which makes the phases from heavier isotopes less reactive and more stable 

(Thoennessen, 2016). Malachite and azurite seem to prefer the heavy isotopes for this reason. 

The pure mechanisms that lead to such a large variability of δ65Cu values are still largely 

unknown (Sherman, 2013). Sherman (2013) got from his calculations a δ65Cu value of more 

than 3 ‰ for the oxidation of chalcopyrite to dissolved Cu2+, which is consistent with the 

experimental results of Ehrlich et al. (2004). The crystallization of secondary Cu-carbonates, 

which prefer heavy isotopes to form, would again make the remaining fluid isotopically lighter. 

This supports our results (Fig. 3-25).  

Atomistic explanation of the isotopic fractionation during oxidative weathering of sulfides is 

the precipitation of an isotopically light Cu-rich solid (Mathur et al., 2005). Some studies 

suggested that precipitation of cuprous substance on the surface of the weathering sulfides is 

unlikely because of undersaturation (Fernandez & Borrok, 2009). This assumption is incorrect, 

in our opinion, because precipitation occurs on the surface of the sulfides, not in the bulk 

aqueous solution. The bulk solution needs not to be supersaturated; the weathering surface of 

the sulfide provides a flux of sulfide that is able to react with aqueous copper and precipitate a 

thin film of a cuprous phase. These films are observed in our study on all primary copper 

sulfides (Figs. 3-6, 3-9, 3-10, 3-11). 
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Figure 3-25: Schematic illustration of the isotopic reaction processes. The fresh tetrahedrite is weathered in 
several stages and changes its isotopic composition to lighter values. The first secondary phases (covellite, 

chalcocite) are formed (light Cu65 values) and dissolved again. This isotopically light Cu solution influences the 
isotopic composition of the secondary phases in fractures and the composition of the trombolite. The heavy Cu-

isotopes lead to large masses of secondary azurite and malachite. 

 

Some studies do not consider precipitation of cuprous phases at all. Removal of light Cu 

isotopes in acid mine drainage settings was ascribed to Cu coprecipitation with jarosite and 

goethite (Viers et al., 2018). There are three objections to such interpretation. First, neither 

jarosite nor goethite take up a significant amount of Cu into their crystal structure. Second, 

adsorption of cations, such as Cu(II), at low pH values onto these minerals is very weak (point-

of-zero charge of goethite is ≈ 7, jarosite is usually coarse-grained). Third, the isotopic 

fractionation of this process is exceedingly small, < 0.2 ‰ (Mathur et al., 2014). The more 
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likely explanation is the precipitation of minerals of reduced copper, either covellite, chalcocite 

or native copper (see below). 

CU ISOTOPES DURING ADVANCED WEATHERING STAGE.  

Parts of our work speak against the hypothesis that the isotopic changes observed are controlled 

by secondary copper sulfides. The secondary minerals are progressively heavier in Cu isotopes 

– but also when the system lost essentially all sulfur. How should sulfides influence the system 

if no sulfur is available? 

Mineralogical work in Ľubietová (Majzlan et al., 2018b) showed that there is another mineral 

generated by redox reactions of copper, in the absence of sulfur. Abundant nanocrystals of 

native copper formed by reduction of aqueous Cu(II) in delaminated sheet silicates. 

Nanocrystals of native copper were reported from environments related to weathering and 

formation of sheet silicates – biotite (Ilton & Veblen, 1988), illite (Anh et al., 1997), or chlorite 

(Suárez et al., 2011). They were also found in ferrihydrite (Genovese & Mellini, 2007). 

We have to stress that the environment where the copper nanocrystals form is not an anoxic 

one. The samples with copper nanocrystals were collected in a small stream, only a few 

centimeters deep, with redox potential buffered by the Fe2+/Fe3+ pair (Majzlan et al., 2018b). 

Hence, there is no need for a reducing environment in order to precipitate copper from the 

aqueous solution. The reduction of copper takes place in confined spaces between the 

delaminated sheets of sheet silicates. Weathering of biotite causes ≈ 5 % expansion along the 

001 basal planes and oxidation of Fe2+ (Buss et al., 2008; Goodfellow et al., 2016). It is very 

likely, that the oxidation of Fe2+ from the structures of the sheet silicates that drives the 

reduction of copper. The isotopic fractionation between Cu(II,aq) and native copper is of similar 

magnitude as the Cu(II,aq) – covellite fractionation (Ikehata & Hirata, 2012; Qi et al., 2019). 

Copper in their experiments was reduced electrochemically and the unusual change in the 

isotopic fractionation at low temperatures should be verified by further experiments. 

ISOTOPIC CHANGES OF HG.  

There is a substantial difference between the 202Hg values of the primary tetrahedrite and the 

secondary cinnabar (Fig. 3-19), but additional difference in their 199Hg values. Because the 

odd-number isotopes are affected by the mass-independent fractionation effects (Wiederhold, 

2015), only the 202Hg, free of such effects, will be considered further. 

Much about known mechanisms of mercury isotope fractionation was summarized by Blum et 

al. (2014). Some of the mechanisms can be readily excluded because the sulfur isotopes (see 
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below) speak clearly against biological contribution during the oxidation weathering at the site 

studied.  

The most viable mechanism is the evaporation of liquid mercury from the weathering ores 

(Estrade et al., 2009). Assuming a simple Rayleigh model for equilibrium fractionation and the 

fractionation factor from Ghosh et al. (2013), approximately 60 % of liquid mercury would 

have to be evaporated to match the observed isotopic difference. It is necessary to point out that 

not all mercury was converted to Hg0. Trombolite, especially the Cu-As dominated masses, 

retain much mercury, even in the mature stage (Table 3-3). The heterogeneity of this material, 

on macro- and microscale, makes the quantification of these processes extremely difficult. 

Evaporation of mercury has been observed at former mining sites (Loredo et al., 2005; García-

Sánchez et al., 2006) but also over large areas with low mercury concentrations (Gustin et al., 

2003). Under arid to semi-arid conditions, evaporation appears to be the main release 

mechanism of mercury from sites with its higher concentration (Gustin et al., 2003). The 

mercury flux from non-disturbed mineralized rocks reach hundreds of ng·m–2·h–1, but this is 

only one order of magnitude less than the emissions from sites with mining disturbances. Hence, 

emissions from a natural source, such as the oxidation zone at Rudňany, can be significant, 

especially over geological time. They can remove substantial amount of mercury, in agreement 

with the estimates from the isotopic data. At Rudňany, the main retention option for mercury is 

its reaction with reduced sulfur and formation of the powdery secondary cinnabar. 

Mercury, when released from weathering tetrahedrite, could be reduced to Hg0 and evaporate. 

Reduction of Hg(II) is possible, e.g. through oxidation of siderite (Ha et al., 2017), vivianite 

(Etique et al., 2019), magnetite (Wiatrovski et al., 2009), or green rust (Remy et al., 2015). In 

addition, a portion of mercury can be incorporated in the form of submicroscopic inclusions of 

liquid mercury in primary sulfides, e.g., in pyrite (Manceau et al., 2018). In Rudňany, the most 

relevant pathway is the reduction of mercury by siderite, an abundant primary mineral in the 

outcrop studied. Amalgam found in Rudňany, if it was primarily formed, would confirm this.  

An alternative explanation for the observed isotopic fractionation would be adsorption of 

Hg2+(aq) onto the ubiquitous iron oxides. Such explanation is, however, not feasible. The 

concentration of Hg in the iron oxides in Rudňany is very small (usually <0.05 wt.%). Even 

though the iron oxides are abundant, the secondary cinnabar is also common and holds much 

more mercury than the iron oxides. The second problem is the relatively small isotopic 

fractionation during adsorption (Jiskra et al., 2012). 
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ISOTOPIC CHANGES OF S.  

The secondary cinnabar is isotopically (34S) somewhat lighter than the primary sulfides (Fig. 

3-19). The small difference excludes biological action which is known to cause large isotopic 

shifts for sulfur. The isotopic fractionation between H2S(aq) and sulfides is generally small 

(Seal, 2006) and is predicted to be near zero for cinnabar, even at low temperatures (Liu et al. 

2014). The small shift between the primary sulfides and secondary cinnabar could be explained 

by distribution of sulfur isotopes between sulfide and sulfate. Sulfide, released from the 

weathering sulfides, is oxidized to a small extent to sulfate or transient species of sulfur, and 

sulfide becomes isotopically lighter (Luczaj & Hhuang, 2018). 

ENVIRONMENTAL IMPLICATIONS.  

Surface precipitation of secondary Cu(I) sulfides (covellite, chalcocite, digenite, djurleite) is a 

common phenomenon that retains 63Cu. Doing so, the thin films of the secondary sulfides 

increase 65Cu of the resulting aqueous solutions and the minerals that precipitate from them. 

Isotopic disequilibrium between the fluids and the primary sulfide drives diffusion of 63Cu into 

the primary sulfide. Isotopic gradients in the primary copper sulfides during oxidative 

weathering arise by isotopic equilibration of the secondary Cu sulfide and the primary sulfide, 

mostly by fast self-diffusion of copper in the sulfides. 

The isotopically light Cu(I) sulfides dissolve and disappear eventually. The released copper is 

captured by relatively insoluble secondary minerals of copper (arsenates, phosphates) that 

precipitate in the vicinity of the weathering primary sulfides. 

The weathering sulfides lose some of their elements rapidly, one of them being sulfur. Once 

sulfur is lost, secondary Cu(I) sulfides can no longer exert any control over the isotopic 

composition of copper. In such a case, nanocrystals of copper can precipitate. The isotopic 

fractionation between Cu(II,aq) and native copper is of similar magnitude as that between 

Cu(II,aq) and Cu(I) sulfides. 

Formation of Cu(I) sulfides or native copper does not require bulk supersaturation of the 

aqueous solution, as asserted in several studies. Copper can precipitate in confined spaces in 

weathering sheet silicates. Cu(I) sulfides can form near the surface of weathering primary 

sulfides, in a gradient of sulfide released from them. Organic matter can also reduce Cu(II,aq) 

to native copper, in microenvironments in soils. We suggest that some of the isotopic shifts, 

assigned to complexation of Cu by soil organic matter, could be equally well explained by 
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formation of copper nanocrystals. Research that investigates copper behavior in soils should 

include techniques capable of locating such nanoparticles. 

A portion of mercury released from the primary sulfides is reduced by ferrous minerals, such 

as siderite, to Hg0. A portion of this pool evaporates into the atmosphere, the rest reacts with 

the available sulfide to form insoluble cinnabar. Quantification of these processes is very 

difficult, however. Some mercury remains in the heterogeneous weathering products and a 

small portion could be adsorbed onto iron oxides.  

This study shows that oxidation zones of ore deposits can be an important, albeit a local source 

of atmospheric emissions of mercury. At the same time, this study shows that the role of 

organisms in these environments is greatly suppressed, probably by the heavy toxic load of 

various metals and metalloids, and more research is needed to remediate areas with elevated 

Hg levels (Ebinghaus et al., 1999). 
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II. A: SUMMARY AND DISCUSSION 
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To investigate the weathering of ores three different localities were studied: Buus in 

Switzerland, Špania Dolina and Rudňany in Slovakia. In the following the results of this work 

will be summarized and discussed.  

BUUS IN SWITZERLAND 
An As-Tl anomaly in dolomitic limestone exists on a site in the Swiss village of Buus. Similar 

locations include the famous Lengenbach in Switzerland and Jas Roux in France. Lengenbach 

is characterized by complex mineralogy and geochemistry. The mineralization is hosted in 

metadolomites that were metamorphosed during alpine orogeny (Hofmann & Knill, 1996). The 

Tl mineralization at Jas Roux is located in a baryte-rich zone in Triassic dolomite and contains 

diverse Sb-Pb sulfosalts and stibnite (Johan & Mantienne, 2000). The surrounding rock of the 

Buus mineralization does not show metamorphic overstriking or Pb and Sb. Buus may be a 

Lengenbach type locality prior to metamorphic overprint. 

We can only speculate about the primary assemblage of ore at Buus. The primary mineralization 

could not be sampled. No primary ores could be found except for tiny pyrite crystals encased 

in quartz. Secondary minerals found at Buus indicate weathering of (As,Tl)-containing pyrite, 

arsenopyrite and possibly additional Tl sulfides and sulfosalts. The abundance of jarosite-

dorallcharite in the Buus soils indicates local acidification during weathering, which is most 

easily explained by weathering of pyrite, which is also likely given the relative abundance of 

pyrite in natural systems. Presumably, Buus was a chemically simple primary mineralization, 

which weathered under natural conditions and led to a redistribution of elements.  

The elements necessary for the formation of the secondary minerals can be well explained by 

such weathering. Potassium, which is needed for the crystallization of jarosite, came from illite, 

which was attacked by acidification in the soil due to pyrite weathering. Barium probably came 

from the dissolution of baryte. Iron was abundant and iron oxides and hydroxides were formed, 

but also bariopharmacosiderite and representatives of the jarosite-dorallcharite mixed series. 

The acidification of the soil also caused the occurrence of members of the jarosite-dorallcharite 

series, which only crystallize under very acidic conditions (pH < 2). Other iron arsenates (e.g. 

scorodite), which can form under acidic conditions, are absent. One possible explanation is that 

scorodite formed during pyrite weathering but was dissolved and converted back to iron oxides 

as soon as the local acid generating capacity of the primary ores was exhausted and the pH was 

buffered back to near neutral values by the carbonates in the soil. Another explanation is that 

the presence of barium favors the formation of bariopharmacosiderite over scorodite. In contrast 

to scorodite, bariopharmakosiderite seems to be stable even under long lasting neutral 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 

125 

conditions and can therefore be considered as a candidate for the immobilization of As at 

contaminated sites. Due to its instability under near neutral conditions, scorodite is not an option 

under these conditions. 

As at many sites worldwide, iron oxides are the main adsorbers for As (e.g. Nielsen et al., 2014; 

Paikaray, 2015). The strong link between Fe and As can be explained by As sorption on the 

iron oxides, which are either weakly crystalline (ferrihydrite) or crystalline (goethite). In terms 

of total content, the cluster analysis shows that As is mainly bound to iron oxides and not to the 

secondary arsenates, although these may be locally abundant. The close association and 

prevalence of As to iron oxides was also confirmed by XAS. The correlation between Ba, Sr 

and P can be explained by their common occurrence in bariopharmacosiderite. 

A unique mineral in Buus is avicennite, a cubic thallium oxide with good cleavage properties. 

In contrast to its crystal system, avicennite occurs in Buus with a lamellar morphology. The 

frequently observed lamellar morphology of the Tl2O3 mineral grains could be explained by the 

pseudomorph recrystallization after primary carlinite (Tl2S). This is in analogy to the 

occurrence of pseudomorphic avicennite in the Carlin Mine in Nevada, USA. Avicennite in the 

Carlin Mine is an oxidation product of carlinite in carbonaceous gold ores found in silicified 

cold rocks (Radtke et al., 1978). Similar to our analyses, Radtke et al. (1978) also mentioned 

the presence of Si, Al, Fe, Mg, Ag, Cr, Cu, Ni, Pb and Ca in their analyses of avicennite; 

however, they did not analyze for As, which does not allow a direct comparison with the 

analytical data for Tl2O3 from this work. Given the low Tl grades in bariopharmacosiderite, this 

relationship rather reflects the combined accumulation of these elements during the 

mineralization event. In soil horizons without secondary Tl containing minerals, Tl(I) 

adsorption to illite (and possibly to other micaceous phyllosilicates) has been identified earlier 

as the dominant Tl retention mechanism (Voegelin et al., 2015). In line with this earlier work, 

the present study shows that avicennite and Tl(I) jarosite are Tl-carrying secondary weathering 

products at the Erzmatt site and indicates that the extent of Tl(I) for K substitution in jarosite 

reaches up to ∼10%. With respect to the abundant Tl2O3 mineral grains, the present study 

clearly identified As-free Tl2O3 as avicennite. Further work is required to clarify the mineralogy 

of As-bearing Tl2O3 and its structural and genetic relationship to As-free avicennite. 

ŠPANIA DOLINA IN SLOVAKIA 
The overall age range of our data corresponds to pre-Quaternary to marine isotopic stages 

88-104 according to Cohen & Gibbard (2011). The radiometric age of copper carbonates 

roughly coincides with the Neogene-Quaternary boundary (2,588 Ma, Rio et al., 1998). This 
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boundary marks the final buildup of Northern Hemisphere glaciation. Intense weathering 

probably occurred during warmer periods, perhaps the upper parts of the Pliocene. 

Crystallization temperatures for present-forming malachite are 6.6 °C if the oxygen isotopic 

composition of present-day meteoric water from IAEA (1992) and Holko et al. (2012) data is 

assumed to be δ18O = -10.1 ‰, which is roughly equivalent to the mean annual temperature of 

5.7 °C at Piesky. Malachite and azurite from other study areas formed at temperatures roughly 

comparable to present-day mean annual temperatures (Melchiorre & Williams, 2001; 

Melchiorre & Enders, 2003). Rozanski (1985) reported on the isotopic composition of rainwater 

during the last glaciation periods (back to 35,000 years before present). For the Great Hungarian 

Basin, closest to the Piesky site, he reported a δ18O = -12 ‰ for the glaciation periods. With 

this value and the corresponding fractionation factors, the crystallization temperature of 

malachite and azurite could be between -2 and +1 °C. Thus, the oxidation zone could have been 

partially formed also during the cooler periods of the Pleistocene, especially because the 

Western Carpathians were not covered by the continental ice sheet, but only developed 

mountain glaciers (Ehlers & Gibbard, 2004). Therefore, such a scenario is also possible, 

although intense chemical weathering is naturally easier to assign to warmer and wetter periods. 

The isotopic composition of carbon can provide information about the sources of CO2 in the 

copper carbonates. Triassic sedimentary carbonates could not have been the only source of 

carbon. Instead, our data suggest mixing of carbon from sedimentary rocks or atmospheric 

carbon with biogenic carbon. The malachite and azurite values mostly overlap, but some of the 

azurite values have a heavier composition. Without a fractionation factor for carbon in azurite, 

it is difficult to grasp the significance of this observation. It could be related to the equilibrium 

fractionation factor, but it could also reflect the fact that the partial pressure of CO2 required to 

produce azurite is higher than that of malachite, and that the mechanism of enrichment favors 

one of the carbon sources. 

The tetrahedrites from Špania Dolina are unusually light isotopically, considering the primary 

Cu sulfides (Larson et al., 2003; Markl et al., 2006), although recent studies (e.g., Malitch et 

al., 2014) have also reported light isotopic compositions for magmatic sulfides. According to 

Slavkay & Chovan (1996), the mineralization of tetrahedrite in the studied region is a product 

of the recent main hydrothermal pulse. Thus, the light Cu isotopic composition of the studied 

tetrahedrite could be explained by remobilization of older ores.  

Markl et al. (2006) attempted to explain the light δ65Cu values by the extraction of copper from 

a primary sulfide during weathering and the fractionation associated with this process. Kimball 
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et al. (2009) argued that Cu isotopic fractionation on the surface of Cu sulfides is a consequence 

of redox reactions of Cu species on the surface of these minerals. However, in our case, the 

isotopic composition was measured on a large piece of unweathered tetrahedrite. It is very 

difficult to imagine that redox reactions on the surface can trigger isotopic changes of several 

centimeters within a compact, unweathered tetrahedrite aggregate. Neither profiles of WDX 

analyses of the tetrahedrites with advanced weathering nor elemental maps (of copper and other 

elements) contain any evidence of copper gradients within the tetrahedrites. 

Our observations in the samples show dissolution of the primary sulfide, with the entire 

reservoir of Cu (and other elements) being transferred to the aqueous solution and weathering 

products. The simple, secondary copper sulfides (covelline, chalcocite) studied in this work are 

not remnants of dissolution, but crystallize from a solution formed by the weathering of 

tetrahedrites. Assuming the fractionation factor of Ehrlich et al. (2004) for aqueous Cu(II) to 

covelline, about 23% of the copper would have to crystallize to covelline to shift the isotopic 

composition of this solution from the original value (-2.45 ‰) to the isotopic composition of 

trombolite (-1.63 ‰). In this case, however, the lightest isotopic composition of the simple 

copper sulfides would be -5.5 ‰, more than the measured -6.3 ‰ in our samples. Our data, or 

rather the determined isotopic discrepancies, indicate a complex, multistage Rayleigh 

fractionation. The redox cycling of Cu and S could induce a repeat of isotopic fractionation and 

control the isotopic composition of various weathering products. As weathering progresses, the 

reservoir of isotopically light copper in the simple copper sulfides (average -6.3 ‰) must be 

largely removed for the entire system to shift to heavier isotopic values. This can only be 

accomplished by creating a Cu(II) solution in which all components are dissolved. This is in 

contrast to simple oxidative weathering of tetrahedrite. Possibly, the isotopic signal of 

weathering in deeper parts of the oxidation zone could bring the resolution of the discrepancies, 

since solutions formed here could not escape and be mixed with surface waters. Mixing of 

isotopically lighter solutions (from oxidation of covelline/chalcocite) and heavier ones (from 

dissolution of trombolite) could be responsible for the scattering of the isotopic signature in 

azurite. 

Oxidative weathering of tetrahedrite and associated less abundant sulfides produces 

microenvironments with various combinations of chemical elements. Some elements, notably 

Cu and Ag, associate particularly strongly with reduced sulfur. Such association has long been 

known, particularly from cementation zones of ore deposits (e.g., Guilbert & Park, 2007). 

Recently, such an association has been shown to control metal mobility even in metal-poor 

environments (e.g., Weber et al., 2009). Given what is known about the isotopic fractionation 
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of copper (Mathur et al., 2014), repeated redox cycling and Rayleigh fractionation of copper 

isotopes is the most viable alternative to explain the observed isotopic trends in our samples. 

We hypothesize that the shift of supergene minerals toward lighter isotopic values is caused by 

multicycle Rayleigh fractionation induced by repeated crystallization of simple copper sulfides 

(chalcocite, covelline) and their dissolution in our samples. 

This redox cycling could have been triggered inorganically, by episodic dissolution of the 

primary sulfides, or perhaps simply by groundwater fluctuations in the oxidation zone. 

Biological sulfate reductions are also conceivable. Some role of microorganisms was noted here 

by analyzing the isotopic composition of carbon. However, these observations do not prove the 

existence and activity of sulfate-reducing bacteria at the time of mineral dissolution and 

formation in our samples. A correlation is evident between the isotopic composition of copper 

and carbon in malachite and azurite. During periods of high biological activity (very light δ13C 

values), oxidation of tetrahedrite or trombolite was probably more intense, without multiple 

cycles of intermediate copper sulfide formation. It is this redox cycling that shifts the δ65Cu 

toward higher values. Such episodes are therefore characterized by a strong drive to oxidation 

(of organic matter and sulfides), possibly alternating with episodes of inorganic and biological 

reduction. 

The rich and diverse parageneses of supergene minerals from the oxidation zone and dumps 

indicate synergisms between Cu and other elements with different solubilities and time scales. 

Copper is present in carbonates (malachite, azurite) or arsenates with some phosphate 

substitution (chalcophyllite, tangdanite, cornwallite, libethenite). Young copper sulfates are 

most likely the result of altered water circulation due to medieval mining and are rapidly 

transported away when exposed to circulating water. 

Zinc is transported away by aqueous solution. Secondary silver sulfides are an insignificant 

retention option for this purpose. Zinc can replace Cu2+ in many oxysalts (e.g., carbonates: 

malachite-rosasite, arsenates: olivenite-adamite), which is not the case at the studied site. We 

assume that zinc loss is so rapid that when the supergene copper minerals eventually crystallize, 

the zinc has already been completely removed. 

Studies on pyrite and arsenopyrite show that sulfur is rapidly oxidized (cf. Rosso & Vaughan, 

2006). Small amounts of sulfur can be retained in secondary acanthite or covellite. Sulfate is 

lost in solution and is transported away. The only barrier to its loss is the ubiquitous secondary 

baryte. Once in aqueous solution, sulfate arsenates or sulfates (e.g., jarosite) can form and retain 

some of the sulfur in the oxidation products. 
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The linkage of Fe, Sb, and As is well seen in the weathering products of tetrahedrite. As 

previously determined (e.g., Lalinská-Voleková et al., 2012), Fe and Sb tend to combine to 

form tripuhyite, a poorly soluble mineral (Leverett et al., 2012). In our case, however, the excess 

Sb is stored in stibiconite, which is slowly removed as solutions penetrate the weathering 

products. Sb can also be stored in goethite (up to 4.4 wt% Sb in synthetic goethite, Bolanz et 

al., 2013), another mineral determined in veins by micro-X-ray diffraction (Borčinová Radková 

et al., 2017). The connection between Fe and As in oxidized environments has been studied in 

countless research projects (e.g., Smedley & Kinniburgh, 2002; Paikaray, 2015; Zhang et al., 

2017). Arsenate combines with iron oxides via sorption, and therefore such oxides with a higher 

surface area provide a suitable substrate. 

The synergism between Cu and the metalloids As and Sb is not well known. In the masses, 

these three elements are contained in a pyrochlore-like phase, although the position of As in 

this phase is not clear. Pyrochlore dissolves incongruently with time, releasing mainly Sb and 

to a lesser extent Cu, while As remains. This observation could be explained by the formation 

of crystalline Cu arsenates during dissolution that are spatially associated with the trombolite 

aggregates. Very light δ65Cu values (tangdanite, cornwallite) indicate their crystallization from 

copper released from secondary Cu sulfides (covellite, chalcocite), while δ65Cu values around 

zero of chalcophyllite are present directly upon crystallization from Cu released from 

trombolite. Direct conversion of tetrahedrite to well-crystalline phases, such as chalcophyllite, 

is unlikely. Remaining tetrahedrites if present, are surrounded by trombolite, which undergoes 

slow mineralogical and chemical alteration. 

Copper in combination with antimony represents volatile barriers to the mobility of arsenic, 

first in the masses in trombolite, then in the copper arsenates. Despite the inclusion of arsenic 

in this reservoir, the element is continuously released into the environment. Our water samples 

from the subsurface near Piesky have 61.0 and 8.9 μg As/l, respectively. Nagyová et al. (2013) 

report average values of 49.3 μg As/l in surface water and 27.5 μg As/l in groundwater (used 

as drinking water) in the wider area of the village of Špania Dolina with pH values between 6.5 

and 8.5. In another paper, Andráš et al. (2014) determined up to 28 μg As/l in water used for 

drinking at times in Piesky. These values are far above the World Health Organization (WHO) 

recommended limit of 10 μg As/l for drinking water. 

The chemical evolution of trombolite documents that antimony is the element with the greatest 

loss from both veins and masses. Tripuhyite and sheep tartzite have been described as "ultimate 

sinks" for antimony under oxidized conditions in nature (Leverett et al., 2012). We found 
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tripuhyite in veins but not in stockpiles. Majzlan et al. (2016) argued that tripuhyite is indeed 

an "ultimate sink" but its crystallization is kinetically hindered. On the way to the ultimate sink, 

soluble antimony minerals (e.g., Radková et al., 2016) form, redissolve, and control the 

solubility of Sb. In our case, these are camérolaite and cualstibite found in the dumps. Some Sb 

is also stored in chalcophyllite and tangdanite. 

It should be noted that all these phases are nominally iron-free, mainly with Al or Ca in their 

structures. Just as in the case of arsenic, these are only transient impediments to the mobility of 

Sb. In groundwater, we determined 195 and 1103 μg Sb/l. Nagyová et al. (2013) and Andráš et 

al. (2014) report 3-291 μg Sb/l in surface and groundwater around Špania Dolina. Thus, 

antimony is more abundant in the aqueous phase than arsenic. Moreover, all contaminated water 

samples are supersaturated with respect to tripuhyite. We assume that Sb is mobile in surface 

waters until it is bound in the slowly forming tripuhyite. Therefore, Sb associates transiently 

with Ca or Al, but is slowly converted to tripuhyite as the "ultimate sink." Apart from the known 

associations between Fe-As and Fe-Sb, arsenic is strongly associated with copper, and the 

solubility of arsenic in such cases may be controlled by copper arsenates rather than by iron 

oxides, as is generally assumed for all mining sites. 

RUDŇANY IN SLOVAKIA 
Samples from Rudňany, Slovakia, were analyzed for mineralogy and isotopic composition 

during weathering. The progress of weathering can be followed by the mineralogical and 

chemical changes and the increase in porosity. Throughout the process, trombolite releases 

elements originally contained in the tetrahedrite. These elements, carried by aqueous solutions, 

give rise to secondary minerals - such as malachite or azurite. At maturity, secondary minerals 

are formed in situ in trombolite. Sb, Hg, As, and Cu occur in primary and secondary minerals, 

showing retention by secondary minerals.  

Macroscopic and microscopic textures and the compositions of the minerals show that 

weathering occurred under near-neutral conditions, maintained and buffered by the abundant 

siderite. Copper sulfates and arsenates occur only near the trombolite. Elsewhere, sulfate was 

rapidly lost to circulating aqueous solutions and arsenate was most likely adsorbed to the 

ubiquitous iron oxides. 

Isotopic fractionation during oxidative weathering may have another consequence found in this 

and some previous studies. It has been reported that the isotopic composition (δ65Cu) of the 

weathering primary mineral changes with the degree of weathering (Markl et al., 2006). 

Primary, fresh tetrahedrites showed δ65Cu around ±0 ‰, while the weathered relics had 
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significantly lower (lighter) values (Mathur & Fantle, 2015; Markl et al., 2006). Mathur & 

Fantle (2015) divide the reservoirs from which Cu can originate into leaching zone, enrichment 

zone, and primary ore. Accordingly, the leach zone shows the lowest δ65Cu values, while the 

enrichment zone shows the highest δ65Cu values (in a range of δ65Cu from -6 to +8‰) (Arthur 

& Fantle, 2015). The primary ores, as written above, show δ65Cu around ±0 ‰ (Arthur & 

Fantle, 2015; Sherman, 2013). This supports the results of our work. 

Weathering causes isotopic gradients. One explanation is diffusion of 65Cu from the isotopically 

heavier liquid into the primary sulfide (e.g., tetrahedrite) and self-diffusion of Cu in the primary 

sulfide. Quantitative measurements of the self-diffusion of copper in sulfides (e.g., 

chalcopyrite, Chen & Harvey, 1975) support this idea in that the self-diffusion of Cu is about 

five orders of magnitude faster than that of Fe. The self-diffusion of copper in the Cu2xS phases 

(chalcocite, djurleite, etc.) (Cassaignon et al., 1998) or bornite (Berger & Bucur, 1996) is 

comparable in magnitude to that of chalcopyrite. Copper mobility in these sulfides has been 

compared to ion mobility in fast solid-state ionic conductors (Berger & Bucur, 1996), 

demonstrating the possibility of fast isotopic equilibrium even at the low temperatures 

characteristic of weathering. 

As the degree of tetrahedrite weathering progresses, the Cu isotopes in the resulting secondary 

solids become increasingly lighter. Therefore, it could be assumed that the resulting aqueous 

solutions become increasingly heavier. The secondary minerals are either the X-ray amorphous 

trombolite or the copper carbonates malachite and azurite. At least for malachite, the degree of 

fractionation between Cu(II,aq) and malachite is known to be low (Maréchal & Sheppard, 2002; 

Plumhoff, 2020). It is likely that such a statement can also be made for other secondary oxysalts 

of Cu(II). There is general agreement in the literature that aqueous copper solutions are 

consistently isotopically heavier after oxidative weathering of Cu sulfides (Fernandez & 

Borrok, 2009; Kimball et al., 2009; Viers et al., 2018; Mathur et al., 2014). However, there is 

disagreement on the explanation of this observation. 

In this work and in related studies on the weathering of copper sulfides (Majzlan et al. 2018a & 

b), we identified the minerals covellite and chalcocite as the first occurring reservoirs of light 

copper isotopes. They are easily found in any polished rock section at the studied localities. In 

general, the most common type of occurrence of covellite is the "alteration product of many Cu 

minerals". Given the strong isotopic fractionation between aqueous Cu(II) and covellite and 

chalcocite (Ehrlich et al., 2004), the isotopic shift to higher values during oxidative weathering 

of Cu minerals would be easily understood. The lighter isotopes are retained in covellite and 
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chalcocite and the heavier ones are released into solution. Such strong isotopic fractionation is 

predicted to occur with redox changes of Cu. Reduction of Cu(II,aq) must occur upon formation 

of chalcocite, Cu2S, or related minerals (digenite, djurleite). In covellite, nominally CuS, it may 

appear that no reduction occurs. However, spectroscopic work (Luther et al., 2002; Pattrick et 

al., 1997) suggests that copper is present in covellite as Cu+ rather than Cu2+. Isotopic work 

(Ehrlich et al., 2004) supports this assumption. 

However, there are more factors to consider:  

Covellite and chalcocite are present only in the initial stage of weathering and dissolve again. 

The resulting isotopically light Cu solution, in turn, provides the isotopic composition of 

secondary Cu phases (malachite, azurite) in cracks and is involved in the formation of 

trombolite. The remaining fluid, enriched in heavy isotopes, contributes to the formation of Cu 

carbonate masses. Weathering of the higher layers in the outcrop results in a redistribution of 

Cu, both in its isotopic composition and in its quantity at different depths. Cu is leached in the 

outcrop zone (leaching zone) and enriched in the enrichment zone. This enrichment zone is 

located at depths of about 150-200 m (Mathur & Fantle, 2015). As the concentration of Cu in 

the solid recedes to deeper depths, it is depleted in the fluid in the leaching zone and transported 

to the enrichment zone. Isotopic composition initially increases with depth and decreases to 

δ65Cu values around ±0 below the enrichment zone (Mathur & Fantle, 2015). 

In previous work and this paper, it was observed that secondary Cu sulfides initially form during 

initial weathering of the tetrahedrites and are isotopically light. This can be explained by kinetic 

isotope effects. The velocity differences of the molecules, which can be calculated from their 

kinetic energy, lead to isotopic fractionation. The molecule formed from the lighter isotope can 

preferentially and more rapidly cross phase boundaries and leave the system (Thoennessen, 

2016). Thus, at the onset of weathering, the lighter isotopes can rapidly migrate out of the Cu 

minerals and form secondary Cu-rich phases in close proximity to the primary minerals (in our 

case, covellite and chalcocite). 

However, another effect is required for the formation of the isotopically heavy, environmentally 

stable secondary Cu carbonates: equilibrium isotopy effects (Sherman, 2013). They are based 

on a quantum mechanical effect that causes different ground-state energies in the isotopes and 

their compounds. Ground-state energies (also called zero-point energies, E0) are calculated 

from Planck's quantum of action and the vibrational frequency. The vibrational frequency, in 

turn, depends on the mass of the molecule and is indirectly proportional to each other. The 

molecule composed of the heavier molecules has a larger mass and thus a smaller vibrational 
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frequency and a lower zero-point energy (Sherman, 2013). From this, a higher binding energy 

of the molecules with the heavier isotope can be calculated, which makes the phases composed 

of heavier isotopes relatively unreactive and more stable (Thoennessen, 2016). Malachite and 

azurite seem to prefer the heavy isotopes for this reason. 

The pure mechanisms that lead to such large variability in δ65Cu values are still largely 

unknown (Sherman, 2013). Sherman (2013) obtained from his calculations a δ65Cu value of 

more than 3 ‰ for the oxidation of chalcopyrite to dissolved Cu2+, which is consistent with the 

experimental results of Ehrlich et al (2004). Crystallization of secondary Cu carbonates, which 

favor heavier isotopes, would again make the remaining liquid isotopically lighter. This 

supports our results. 

Atomistic explanation for isotopic fractionation during oxidative weathering of sulfides is 

precipitation of an isotopically light Cu-rich solid (Mathur et al., 2005). Some studies suggested 

that precipitation of the copper-bearing substance on the surface of weathering sulfides is 

unlikely because of undersaturation (Fernandez & Borrok, 2009). In our opinion, this 

assumption is incorrect because precipitation of the sulfides occurs on the surface and not in 

the aqueous solution. The solution need not be supersaturated; the weathering surface of the 

sulfide provides a sulfide flux capable of reacting with aqueous copper and precipitating a thin 

film of a copper phase. These films are observed on all primary copper sulfides in our study. 

Some studies do not consider precipitation of copper-bearing phases. The removal of light Cu 

isotopes in acid mine drainages has been attributed to Cu coprecipitation with jarosite and 

goethite (Viers et al., 2018). There are three objections to such an interpretation. First, neither 

jarosite nor goethite incorporate a significant amount of Cu into their crystal structure. Second, 

adsorption of cations, such as Cu(II), to these minerals is very weak at low pH (zero-point 

charge of goethite is ≈ 7, jarosite is usually coarse-grained). Third, since this process is 

extremely small, isotopic fractionation is < 0.2 ‰ (Mathur et al., 2014). The more likely 

explanation is precipitation of minerals of reduced copper, either covellite, chalcocite, or native 

copper (see below). 

Parts of our work argue against the hypothesis that the observed isotopic changes are controlled 

by secondary copper sulfides. The secondary minerals are increasingly heavier in Cu isotopes 

- but even when the system has lost essentially all sulfur. How should sulfides affect the system 

when sulfur is not available? 

Mineralogical work in Ľubietová (Majzlan et al., 2018) shows that there is another mineral 

formed by redox reactions of copper in the absence of sulfur: Nanocrystals of native copper 
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formed by reduction of aqueous Cu(II) in delaminated layered silicates. These Cu nanocrystals 

have been reported from environments related to weathering and formation of phyllosilicates, 

such as biotite (Ilton & Veblen, 1988), illite (Anh et al., 1997), or chlorite (Suárez et al., 2011). 

They have also been found in ferrihydrite (Genovese & Mellini, 2007). 

We must emphasize that the environment in which the copper nanocrystals form is not anoxic. 

The samples with copper nanocrystals were collected in a small stream, only a few centimeters 

deep, whose redox potential is buffered by the Fe2+/Fe3+ pair (Majzlan et al., 2018). Therefore, 

there is no need for a reducing environment to precipitate copper from the aqueous solution. 

Reduction of copper occurs in confined spaces between delaminated layers of silicates. 

Weathering of biotite causes ≈ 5% expansion along 001-base planes and oxidation of Fe2+ (Buss 

et al., 2008; Goodfellow et al., 2016). It is very likely that oxidation of Fe2+ from phyllosilicate 

structures drives the reduction of copper. Isotopic fractionation between Cu(II,aq) and native 

copper is of similar order to Cu(II,aq) - covellite fractionation (Qi et al., 2019). Copper was 

electrochemically reduced in their experiments, and the unusual change in isotopic fractionation 

at low temperatures should be verified by further experiments. 

There is a significant difference in δ202Hg values between the primary tetrahedrite and the 

secondary cinnabar, but an additional difference in their Δ199Hg values. Since the odd-

numbered isotopes are affected by the mass-independent fractionation effects (Wiederhold, 

2015), only the δ202Hg values that are free of such effects are considered further. 

Much on known mechanisms of mercury isotope fractionation has been summarized by Blum 

et al. (2014). Some of the mechanisms can be easily ruled out, as the sulfur isotopes (see below) 

clearly argue against a biological contribution during weathering at the studied site. 

The best approach is to evaporate liquid mercury from the weathering ores. Assuming a simple 

Rayleigh model for equilibrium fractionation and the fractionation factor of Ghosh et al. (2013), 

about 60 % of the liquid mercury would have to be vaporized to match the observed isotopic 

difference. It should be noted that not all of the mercury was converted to Hg0. Trombolite, 

especially the Cu-As-dominated masses, retains much mercury, even in the advanced stages of 

weathering. The heterogeneity of this material at macro and micro levels makes quantification 

of these processes extremely difficult. 

Mercury evaporation has been observed at former mining sites (Loredo et al., 2005, García-

Sánchez et al., 2006), but also over large areas with low mercury concentrations (Gustin et al., 

2003). Under arid to semiarid conditions, evaporation appears to be the main mechanism for 

mercury release from sites with its higher concentration (Gustin et al., 2003). Mercury flux 
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from undisturbed mineralized rocks reaches hundreds of ng m-2 h-1, but this is only an order of 

magnitude less than emissions from sites with mining disturbances. Therefore, emissions from 

a natural source, such as the Rudňany oxidation zone, can be significant, especially over 

geologic time. They can remove significant amounts of mercury, consistent with estimates from 

isotopic data. In Rudňany, the main retention option for mercury is its reaction with reduced 

sulfur and the formation of the powdery secondary cinnabar. 

Mercury, if released from weathering tetrahedrite, could be reduced to Hg0 and vaporize. 

Reduction of Hg(II) is possible, e.g., by oxidation of siderite (Ha et al., 2017), vivianite (Etique 

et al., 2019), magnetite (Wiatrovski et al., 2009), or green rust (Remy et al., 2015). In addition, 

some mercury may be intercalated as submicroscopic inclusions of liquid mercury in primary 

sulfides, e.g., pyrite (Manceau et al., 2018). In Rudňany, the most plausible pathway is the 

reduction of mercury by siderite, an abundant primary mineral in the studied outcrop. The 

amalgam found in Rudňany would confirm this if it was primary formed. 

An alternative explanation for the observed isotopic fractionation would be the adsorption of 

Hg2+(aq) on the ubiquitous iron oxides. However, the concentration of Hg in the iron oxides in 

Rudňany is very low (typically <0.05 wt.%). Although the iron oxides are abundant, the 

secondary cinnabar is also abundant and contains much more mercury than the iron oxides. The 

second problem is the relatively small isotopic fractionation upon adsorption (Jiskra et al., 

2012). 

The secondary cinnabar is slightly lighter isotopically (δ34S) than the primary sulfides. The 

small difference excludes a biological effect known to cause large isotopic shifts for sulfur. 

Isotopic fractionation between H2S(aq) and sulfides is generally small (Seal, 2006) and is 

predicted to be close to zero for cinnabar even at low temperatures (Liu et al., 2014). The small 

shift between the primary sulfides and the secondary cinnabar could be explained by the 

distribution of sulfur isotopes between sulfide and sulfate. Sulfide released from the weathering 

sulfides undergoes minor oxidation to sulfate or transient sulfur species, and the sulfide 

becomes isotopically lighter. 

Surface precipitation of secondary Cu(I) sulfides (covellite, chalcosite, digenite, djurleite) is a 

common phenomenon that retains 63Cu. In this case, the thin films of secondary sulfides 

increase 65Cu of the resulting aqueous solutions and the minerals that precipitate from them. 

The isotopic imbalance between the fluids and the primary sulfide drives the diffusion of 63Cu 

into the primary sulfide. Isotopic gradients in the primary copper sulfides during oxidative 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 

136 

weathering result from isotopic equilibrium of the secondary Cu sulfide and the primary sulfide, 

mostly due to rapid self-diffusion of copper in the sulfides. 

The isotopically light Cu(I) sulfides dissolve and eventually disappear. The released copper is 

trapped by relatively insoluble secondary copper minerals (arsenates, phosphates) that 

precipitate near the weathering primary sulfides. 

The weathering sulfides quickly lose some of their elements, one of which is sulfur. Once sulfur 

is lost, secondary Cu(I) sulfides can no longer control the isotopic composition of copper. In 

such a case, nanocrystals of copper may precipitate. The isotopic fractionation between 

Cu(II,aq) and native copper is of similar magnitude as that between Cu(II,aq) and Cu(I) sulfides. 

The formation of Cu(I) sulfides or native copper does not require mass supersaturation of the 

aqueous solution, as hypothesised in several studies. Copper can precipitate in confined spaces 

in weathering phyllosilicates. Cu(I) sulfides can form near the surface of weathering primary 

sulfides in a gradient of sulfides released from them. Organic material can also reduce Cu(II,aq) 

to native copper in microenvironments in soils. We suggest that some of the isotopic shifts 

attributed to complexation of Cu by soil organic matter could be equally well explained by the 

formation of copper nanocrystals. Research investigating the behavior of copper in soils 

includes techniques capable of localizing such nanoparticles. This would be an approach for 

further research in our field and at Rudňany. 

Some of the mercury released from the primary sulfides is reduced to Hg0 by iron-bearing 

minerals, such as siderite. Part of this pool evaporates into the atmosphere, and the rest reacts 

with the available sulfide to form insoluble cinnabar. However, quantification of these 

processes is very difficult. Some mercury remains in the heterogeneous weathering products, 

and a small fraction could be adsorbed onto iron oxides.  

This study shows that oxidation zones of ore deposits can be an important, albeit local, source 

of atmospheric mercury emissions. At the same time, this study shows that the role of organisms 

in these environments is strongly suppressed, probably by the strong toxic load of various 

metals and metalloids. 
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II. B: ZUSAMMENFASSUNG UND DISKUSSION 
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Um die Verwitterung von Erzen zu erforschen, wurden drei unterschiedliche Lokalitäten 

untersucht: Buus in der Schweiz, Špania Dolina und Rudňany in der Slowakei. Im Folgenden 

sollen die Ergebnisse dieser Arbeit noch einmal zusammenfassend erläutert und diskutiert 

werden.   

BUUS IN DER SCHWEIZ  
Auf einem Feld im schweizerischen Dorf Buus existiert eine As-Tl-Anomalie in dolomitischem 

Kalkstein. Ähnliche Lokalitäten sind unter anderem das bekannte Lengenbach in der Schweiz 

und Jas Roux in Frankreich. Lengenbach zeichnet sich durch eine komplexe Mineralogie und 

Geochemie aus. Die Mineralisierung befindet sich in Metadolomiten, die während der alpinen 

Orogenese metamorph überprägt wurden (Hofmann & Knill, 1996). Die Tl-Mineralisation in 

Jas Roux befindet sich in einer barytreichen Zone in triassischem Dolomit und enthält 

vielfältige Sb-Pb-Sulfosalze und Stibnit (Johan & Mantienne, 2000). Das Umgebungsgestein 

der Mineralisation in Buus weist weder eine metamorphe Überprägung noch Pb und Sb auf. 

Buus könnte eine Lokalität des Typs Lengenbach vor der metamorphen Überprägung sein.  

Über die primäre Erzzusammensetzung in Buus können wir nur spekulieren. Die primäre 

Mineralisierung konnte nicht beprobt werden. Bis auf winzige Pyritkristalle eingeschlossen in 

Quarz konnten keine primären Erze gefunden werden. In Buus gefundene sekundäre Minerale 

deuten auf eine Verwitterung von (As,Tl)-haltigem Pyrit, Arsenopyrit und möglicherweise 

zusätzlichen Tl-Sulfiden und Sulfosalzen hin. Die Häufigkeit von Jarosit-Dorallcharit in den 

Böden von Buus weist auf eine lokale Versauerung während der Verwitterung hin, die sich am 

einfachsten durch die Verwitterung von Pyrit erklären lässt, was anhand der relativen 

Häufigkeit von Pyrit in natürlichen Systemen auch wahrscheinlich ist. Vermutlich handelte es 

sich in Buus um eine chemisch einfache primäre Mineralisation, welche unter natürlichen 

Bedingungen verwittert ist und zu einer Umverteilung der Elemente führte.  

Die nötigen Elemente, die zur Bildung der sekundären Minerale notwendig sind, lassen sich 

durch eine solche Verwitterung gut erklären. Kalium, welches zur Kristallisation von Jarosit 

benötigt wird, kam von Illit, welcher durch die Versauerung im Boden durch die 

Pyritverwitterung angegriffen wurde. Barium stammt vermutlich aus der Auflösung von Baryt. 

Eisen war reichlich vorhanden und es bildeten sich Eisenoxide und -hydroxide, aber auch 

Bariopharmakosiderit und Vertreter der Jarosit-Dorallcharit-Mischreihe. Die Versauerung des 

Bodens bedingt auch das Vorkommen der Mitglieder der Jarosit-Dorallcharit-Reihe, die nur bei 

sehr sauren Bedingungen (pH < 2) kristallisieren. Andere Eisenarsenate (bspw. Skorodit), die 

sich unter sauren Bedingungen bilden können, fehlen. Eine mögliche Erklärung ist, dass sich 
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Skorodit zwar während der Pyritverwitterung bildete, aber wieder aufgelöst und in Eisenoxide 

umgewandelt wurde, sobald die lokal säureerzeugende Kapazität der primären Erze erschöpft 

war und der pH-Wert durch die Karbonate im Boden wieder auf nahezu neutrale Werte 

gepuffert wurde. Eine weitere Erklärung ist, dass bei Vorhandensein von Barium die Bildung 

von Bariopharmakosiderit gegenüber der Bildung von Skorodit begünstigt wird. Im Gegensatz 

zu Skorodit scheint Bariopharmakosiderit auch unter langanhaltenden neutralen Bedingungen 

stabil zu sein und kann damit als Kandidat für die Immobilisierung von As an verunreinigten 

Standorten in Betracht gezogen werden. Skorodit ist wegen seiner Instabilität unter nahezu 

neutralen Bedingungen unter diesen Bedingungen keine Alternative. 

Wie an vielen Standorten weltweit sind Eisenoxide die Hauptadsorber für As (z.B. Nielsen et 

al., 2014; Paikaray, 2015). Die starke Verknüpfung von Fe und As lässt sich durch As-Sorption 

an den Eisenoxiden erklären, die entweder schwach kristallin (Ferrihydrit) oder kristallin 

(Goethit) sind. In Bezug auf den Gesamtgehalt zeigt die Clusteranalyse, dass As hauptsächlich 

an Eisenoxide und nicht an die sekundären Arsenate gebunden ist, auch wenn diese lokal 

reichlich vorhanden sein können. Die enge Assoziation und Prävalenz von As an Eisenoxiden 

wurde auch durch XAS bestätigt. Die Korrelation zwischen Ba, Sr und P lässt sich durch ihr 

gemeinsames Vorkommen in Bariopharmakosiderit erklären. 

Ein seltenes Mineral in Buus ist Avicennit, ein kubisches Thalliumoxid mit guter Spaltbarkeit. 

Im Gegensatz zu seinem Kristallsystem tritt Avicennit in Buus mit plättchenförmiger 

Morphologie auf. Die häufig beobachtete plättchenförmige Morphologie der Tl2O3-

Mineralkörner könnte pseudomorph nach Carlinit (Tl2S) erklärt werden. Dies steht in Analogie 

zum Vorkommen von pseudomorphem Avicennit in der Carlin-Mine in Nevada, USA. In der 

Carlin-Mine ist Avicennit ein Oxidationsprodukt von Carlinit in kohlenstoffhaltigen Golderzen, 

welche sich in verkieselten Kalksteinen befinden (Radtke et al., 1978). Ähnlich zu unseren 

Analysen erwähnten Radtke et al. (1978) auch das Vorhandensein von Si, Al, Fe, Mg, Ag, Cr, 

Cu, Ni, Pb und Ca in ihren Analysen von Avicennit; sie analysierten jedoch nicht für As, was 

den Vergleich mit den analytischen Daten für Tl2O3 aus dieser Arbeit nicht direkt ermöglicht. 

In Anbetracht der geringen Tl-Gehalte in Bariopharmakosiderit spiegelt diese Beziehung eher 

die kombinierte Anhäufung dieser Elemente während des Mineralisierungsereignisses wider. 

In Bodenhorizonten ohne sekundäre Tl-haltige Minerale wurde die Tl(I)-Adsorption an Illit 

(und möglicherweise auch an andere glimmerhaltige Phyllosilikate) bereits früher als der 

dominierende Tl-Retentionsmechanismus identifiziert (Voegelin et al., 2015). In 

Übereinstimmung mit dieser früheren Arbeit zeigt die vorliegende Studie, dass Avicennit und 

Tl(I)-Jarosit am Standort Erzmatt Tl-tragende sekundäre Verwitterungsprodukte sind, und 
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weist darauf hin, dass das Ausmaß der Tl(I)-für-K-Substitution in Jarosit bis zu ∼10% erreicht. 

In Bezug auf die reichlich vorhandenen Tl2O3-Mineralkörner identifizierte die vorliegende 

Studie As-freies Tl2O3 eindeutig als Avicennit. Es sind weitere Arbeiten erforderlich, um die 

Mineralogie des As-haltigen Tl2O3 und seine strukturelle und genetische Beziehung zum As-

freien Avicennit zu klären. 

ŠPANIA DOLINA IN DER SLOWAKEI 
Die gesamte Altersspanne unserer Daten entspricht den vorquartären bis marinen 

Isotopenstadien 88-104 nach Cohen & Gibbard (2011). Das radiometrische Alter von 

Kupferkarbonaten fällt ungefähr mit der Grenze zwischen Neogen und Quartär zusammen 

(2.588 Ma, Rio et al., 1998). Diese Grenze markiert den endgültigen Aufbau der 

Vergletscherung der nördlichen Hemisphäre. Die intensive Verwitterung geschah vermutlich 

in wärmeren Perioden, vielleicht den oberen Teilen des Pliozäns.  

Die Kristallisationstemperaturen für den sich gegenwärtig bildenden Malachit liegt bei 6,6 °C, 

wenn man die Sauerstoffisotopenzusammensetzung des heutigen Meteorwassers aus den Daten 

der IAEA (1992) und Holko et al. (2012) als δ18O = -10.1 ‰ annimmt, was in etwa der mittleren 

Jahrestemperatur von 5,7 °C in Piesky entspricht. Malachit und Azurit aus anderen 

Untersuchungsgebieten bildeten sich ungefähr bei Temperaturen, die mit den heutigen 

Jahresdurchschnittstemperaturen vergleichbar sind (Melchiorre & Williams, 2001; Melchiorre 

& Enders, 2003). Rozanski (1985) berichtete über die Isotopenzusammensetzung des 

Regenwassers während der letzten Vereisungsperioden (zurück bis 35.000 Jahre vor der 

Gegenwart). Für das Große Ungarische Becken, das dem Standort Piesky am nächsten gelegen 

ist, berichtete er eine δ18O = -12 ‰ für die Vergletscherungszeiten. Mit diesem Wert und den 

entsprechenden Fraktionierungsfaktoren könnte die Kristallisationstemperatur von Malachit 

und Azurit zwischen -2 und +1 °C liegen. Die Oxidationszone könnte also teilweise auch 

während der kühleren Perioden des Pleistozäns entstanden sein, insbesondere, weil die 

Westkarpaten nicht vom Kontinentaleisschild bedeckt waren, sondern nur Gebirgsgletscher 

entwickelt haben (Ehlers & Gibbard, 2004). Daher ist auch ein solches Szenario möglich, 

obwohl sich intensive chemische Verwitterung natürlich leichter den wärmeren und feuchteren 

Perioden zuordnen lässt. 

Die Isotopenzusammensetzung des Kohlenstoffs kann Aufschluss über die Quellen von CO2 in 

den Kupferkarbonaten geben. Sedimentäre Karbonate der Trias können nicht die einzige 

Kohlenstoffquelle gewesen sein. Stattdessen deuten unsere Daten auf eine Vermischung von 

Kohlenstoff aus den Sedimentgesteinen oder atmosphärischem Kohlenstoff mit biogenem 
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Kohlenstoff hin. Die Werte für Malachit und Azurit überschneiden sich meistens, aber einige 

der Azuritwerte haben eine schwerere Zusammensetzung. Ohne einen Fraktionierungsfaktor 

für Kohlenstoff in Azurit ist es schwierig, die Bedeutung dieser Beobachtung zu erfassen. Sie 

könnte mit dem Gleichgewichts-Fraktionierungsfaktor zusammenhängen, aber sie könnte auch 

die Tatsache widerspiegeln, dass der Partialdruck von CO2, der für die Herstellung von Azurit 

benötigt wird, höher ist als der von Malachit, und dass der Mechanismus der Anreicherung eine 

der Kohlenstoffquellen bevorzugt. 

Die Tetraedrite aus Špania Dolina sind isotopisch ungewöhnlich leicht, wenn man die primären 

Cu-Sulfide berücksichtigt (Larson et al., 2003; Markl et al., 2006), obwohl in neueren Studien 

(z.B. Malitch et al., 2014) auch für magmatische Sulfide leichte isotopische 

Zusammensetzungen berichtet wurden. Nach Slavkay & Chovan (1996) ist die Mineralisation 

von Tetraedrit in der untersuchten Region ein Produkt des jüngsten hydrothermalen 

Hauptimpulses. So könnte die leichte Cu-Isotopenzusammensetzung des untersuchten 

Tetraedrits durch eine Remobilisierung älterer Erze erklärt werden.  

Markl et al. (2006) versuchten, die leichten δ65Cu Werte durch die Extraktion von Kupfer aus 

einem primären Sulfid während der Verwitterung und der mit diesem Prozess verbundenen 

Fraktionierung zu erklären. Kimball et al. (2009) argumentierten, dass die Cu-

Isotopenfraktionierung auf der Oberfläche von Cu-Sulfiden eine Folge von Redoxreaktionen 

von Cu-Spezies auf der Oberfläche dieser Minerale ist. In unserem Fall wurde die 

Isotopenzusammensetzung jedoch an einem großen Stück unverwitterten Tetraedrits gemessen. 

Es ist sehr schwer vorstellbar, dass Redoxreaktionen auf der Oberfläche Isotopenveränderungen 

von mehreren Zentimetern innerhalb eines kompakten, unverwitterten Tetraedrit-Aggregats 

auslösen können. Weder Profile von WDX-Analysen der Tetraedrite mit fortgeschrittener 

Verwitterung noch Elementkarten (von Kupfer und anderen Elementen) enthalten einen 

Hinweis auf Kupfergradienten innerhalb der Tetraedrite. 

Unsere Beobachtungen in den Proben zeigen eine Auflösung des primären Sulfids, wobei das 

gesamte Reservoir an Cu (und anderen Elementen) in die wässrige Lösung und 

Verwitterungsprodukte überführt wird. Die einfachen, sekundären Kupfersulfide (Covellin, 

Chalkosin), die in dieser Arbeit untersucht wurden, sind keine Überreste der Auflösung, 

sondern kristallisieren aus einer Lösung, die durch die Verwitterung von Tetraedriten 

entstanden ist. Wenn man den Fraktionierungsfaktor von Ehrlich et al. (2004) für wässriges 

Cu(II) zu Covellin annimmt, müssten etwa 23 % des Kupfers zu Covellin kristallisieren, um 

die Isotopenzusammensetzung dieser Lösung vom ursprünglichen Wert (-2,45 ‰) auf die 
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Isotopenzusammensetzung von Trombolit (-1,63 ‰) zu verschieben. In diesem Fall würde 

jedoch die leichteste Isotopenzusammensetzung der einfachen Kupfersulfide -5,5 ‰ betragen, 

mehr als die gemessenen -6,3 ‰ in unseren Proben. Unsere Daten, bzw. vielmehr die 

ermittelten isotopischen Diskrepanzen, weisen vielmehr auf eine komplexe, mehrstufige 

Rayleigh-Fraktionierung hin. Der Redoxzyklus von Cu und S könnte eine Wiederholung der 

Isotopenfraktionierung induzieren und die Isotopenzusammensetzung verschiedener 

Verwitterungsprodukte kontrollieren. Mit fortschreitender Verwitterung muss das Reservoir 

des isotopisch leichten Kupfers in den einfachen Kupfersulfiden (durchschnittlich -6,3 ‰) 

weitgehend entfernt werden, damit sich das gesamte System zu schwereren Isotopenwerten 

verschieben kann. Dies kann nur dadurch erreicht werden, dass eine Cu(II)-Lösung entsteht, in 

der alle Komponenten gelöst sind. Dies steht im Gegensatz zu einer einfachen oxidativen 

Verwitterung von Tetraedrit. Möglicherweise könnte das Isotopensignal der Verwitterung in 

tieferen Teilen der Oxidationszone die Auflösung der Diskrepanzen bringen, da hier 

entstandenen Lösungen nicht entweichen und mit Oberflächenwässern vermischt werden 

konnten. Das Mischen von isotopisch leichteren Lösungen (aus der Oxidation von 

Covellin/Chalkosin) und schwereren (aus der Auflösung von Trombolit) könnte für die 

Streuung der Isotopensignatur in Azurit verantwortlich sein. 

Die oxidative Verwitterung von Tetraedrit und den damit verbundenen weniger häufigen 

Sulfiden erzeugt Mikroumgebungen mit verschiedenen Kombinationen chemischer Elemente. 

Einige Elemente, insbesondere Cu und Ag, assoziieren besonders stark mit reduziertem 

Schwefel. Eine solche Assoziation ist seit langem bekannt, insbesondere aus 

Zementierungszonen von Erzlagerstätten (z.B. Guilbert & Park, 2007). Kürzlich konnte gezeigt 

werden, dass eine solche Assoziation die Metallmobilität auch in metallarmen Umgebungen 

kontrolliert (z.B. Weber et al., 2009). Angesichts des Wissensstandes über die 

Isotopenfraktionierung von Kupfer (Mathur et al., 2014) ist die wiederholte Redox-Zyklus- und 

Rayleigh-Fraktionierung von Kupferisotopen die brauchbarste Alternative, um die 

beobachteten Isotopentrends in unseren Proben zu erklären. Wir gehen davon aus, dass die 

Verschiebung der supergenen Minerale hin zu leichteren Isotopenwerten durch eine 

mehrzyklische Rayleigh-Fraktionierung verursacht wird, die durch wiederholte Kristallisation 

einfacher Kupfersulfide (Chalkosin, Covellin) und deren Auflösung in unseren Proben 

verursacht wird.  

Dieser Redox-Zyklus könnte anorganisch, durch episodische Auflösung der primären Sulfide 

oder vielleicht einfach durch Grundwasserschwankungen in der Oxidationszone ausgelöst 

worden sein. Auch biologische Sulfatreduktionen als Auslöser sind denkbar. Eine gewisse 
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Rolle von Mikroorganismen wurde hier durch die Analyse der Isotopenzusammensetzung des 

Kohlenstoffs festgestellt. Diese Beobachtungen beweisen jedoch nicht die Existenz und 

Aktivität von Sulfat reduzierenden Bakterien zum Zeitpunkt der Mineralauflösung und -bildung 

in unseren Proben. Zwischen der Isotopenzusammensetzung von Kupfer und Kohlenstoff in 

Malachit und Azurit ist eine Korrelation erkennbar. In Zeiten hoher biologischer Aktivität (sehr 

leichte δ13C Werte) war die Oxidation von Tetraedrit oder Trombolit vermutlich intensiver, 

ohne mehrfachen Zyklus der intermediären Kupfersulfidbildung. Es ist dieser Redox-Zyklus, 

der die δ65Cu zu höheren Werten hin verschiebt. Solche Episoden sind daher durch einen 

starken Antrieb zur Oxidation (von organischer Substanz und Sulfiden) gekennzeichnet und 

wechseln sich möglicherweise mit Episoden anorganischer und biologischer Reduktion ab. 

Die reichhaltigen und vielfältigen Paragenesen der supergenen Minerale aus der 

Oxidationszone und den Deponien weisen auf Synergismen zwischen Cu und anderen 

Elementen mit unterschiedlicher Löslichkeit und Zeitskala hin. Kupfer ist in Karbonaten 

(Malachit, Azurit) oder Arsenaten mit einer gewissen Phosphatsubstitution (Chalkophyllit, 

Tangdanit, Cornwallit, Libethenit) enthalten. Junge Kupfersulfate sind höchstwahrscheinlich 

das Ergebnis eines veränderten Wasserkreislaufs infolge des mittelalterlichen Bergbaus und 

werden schnell abtransportiert, wenn sie zirkulierendem Wasser ausgesetzt sind. 

Zink wird durch die wässrige Lösung abtransportiert. Sekundäre Silbersulfide sind hierfür eine 

unbedeutende Retentionsmöglichkeit. Zink kann Cu2+ in vielen Oxysalzen (z.B. Karbonate: 

Malachit-Rosasit, Arsenate: Olivenit-Adamit) ersetzen, was am untersuchten Standort nicht der 

Fall ist. Wir gehen davon aus, dass der Zinkverlust so schnell erfolgt, dass, wenn die supergenen 

Kupferminerale schließlich kristallisieren, das Zink bereits vollständig entfernt ist. 

Untersuchungen an Pyrit und Arsenopyrit zeigen, dass Schwefel schnell oxidiert wird (vgl. 

Rosso & Vaughan, 2006). Geringe Mengen an Schwefel können in sekundärem Akanthit oder 

Covellit zurückgehalten werden. Sulfat geht in der Lösung verloren und wird abtransportiert. 

Die einzige Barriere gegen seinen Verlust ist der allgegenwärtige sekundäre Baryt. Einmal in 

der wässrigen Lösung können sich Sulfat-Arsenate oder Sulfate (z.B. Jarosit) bilden und einen 

Teil des Schwefels in den Oxidationsprodukten zurückhalten. 

Die Verknüpfung von Fe, Sb und As ist in den Verwitterungsprodukten von Tetraedrit gut zu 

erkennen. Wie zuvor bestimmt (z.B. Lalinská-Voleková et al., 2012), neigen Fe und Sb dazu, 

sich zu Tripuhyit, einem schwer löslichen Mineral, zu verbinden (Leverett et al., 2012). In 

unserem Fall jedoch wird der Überschuss an Sb in Stibiconit gespeichert, das langsam entfernt 

wird, wenn die Lösungen die Verwitterungsprodukte durchdringen. Sb kann auch in Goethit 
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gespeichert werden (bis zu 4,4 Gew.-% Sb in synthetischem Goethit; Bolanz et al., 2013), einem 

weiteren Mineral, das in den Adern durch Mikro-Röntgenbeugung bestimmt wird (Borčinová 

Radková et al., 2017). Die Verbindung zwischen Fe und As in oxidierten Umgebungen wurde 

in unzähligen Forschungsprojekten untersucht (z.B. Smedley & Kinniburgh, 2002; Paikaray, 

2015; Zhang et al., 2017). Arsenat verbindet sich über die Sorption mit Eisenoxiden, und daher 

bieten solche Oxide mit einer höheren Oberfläche ein geeignetes Substrat. 

Die Synergismen zwischen Cu und den Metalloiden As und Sb ist nicht gut bekannt. In den 

Massen sind diese drei Elemente in einer pyrochlorähnlichen Phase enthalten, obwohl die 

Position von As in dieser Phase nicht klar ist. Pyrochlor löst sich inkongruent mit der Zeit auf 

und setzt hauptsächlich Sb und in geringerem Maße Cu frei, während As verbleibt. Diese 

Beobachtung könnte durch die Bildung von kristallinen Cu-Arsenaten im Verlauf der 

Auflösung erklärt werden, die räumlich mit den Trombolit-Aggregaten assoziiert sind. Sehr 

leichte δ65Cu Werte (Tangdanit, Cornwallit) weisen auf ihre Kristallisation aus Kupfer hin, das 

aus sekundären Cu-Sulfiden (Covellit, Chalkocit) freigesetzt wurde, während δ65Cu Werte um 

Null von Chalkophyllit direkt bei der Kristallisation aus Cu, das aus Trombolit freigesetzt 

wurde, vorliegen. Eine direkte Umwandlung von Tetraedrit in gut kristalline Phasen, wie z.B. 

Chalkophyllit, ist unwahrscheinlich. Verbleibende Tetraedrite, falls vorhanden, sind von 

Trombolit umgeben, welcher sich mineralogisch und chemisch langsam verändert. 

Kupfer in Verbindung mit Antimon stellt flüchtige Barrieren für die Mobilität von Arsen dar, 

zuerst in den Massen im Trombolit, dann in den Kupferarsenaten. Trotz des Arseneinschlusses 

in diesem Reservoir wird das Element kontinuierlich in die Umwelt freigesetzt. Unsere 

Wasserproben aus dem Untergrund bei Piesky haben 61,0 und 8,9 μg As/l. Nagyová et al. 

(2013) berichten von Durchschnittswerten von 49,3 μg As/l im Oberflächenwasser und 27,5 μg 

As/l im Grundwasser (als Trinkwasser verwendet) in der weiteren Umgebung des Dorfes 

Špania Dolina mit pH-Werten zwischen 6,5 und 8,5. In einer anderen Arbeit ermittelten Andráš 

et al. (2014) bis zu 28 μg As/l in Wasser, das in Piesky zeitweise zum Trinken verwendet wurde. 

Diese Werte liegen weit über dem von der Weltgesundheitsorganisation (WHO) empfohlenen 

Grenzwert von 10 μg As/l für Trinkwasser.  

Die chemische Entwicklung von Trombolit dokumentiert, dass Antimon das Element mit dem 

größten Verlust sowohl aus den Venen als auch aus den Massen ist. Tripuhyit und Schafarzikit 

wurden als "ultimative Senken" für Antimon unter oxidierten Bedingungen in der Natur 

beschrieben (Leverett et al., 2012). Wir fanden Tripuhyit in den Adern, aber nicht auf den 

Halden. Majzlan et al. (2016) argumentierten, dass Tripuhyit tatsächlich eine "ultimative 
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Senke" ist, aber seine Kristallisation kinetisch behindert wird. Auf dem Weg zur letztendlichen 

Senke bilden sich lösliche Antimonminerale (z.B. Radková et al., 2016), werden wieder 

aufgelöst und kontrollieren die Löslichkeit von Sb. In unserem Fall sind dies Camérolait und 

Cualstibit, die auf den Deponien gefunden wurden. Etwas Sb ist auch in Chalcophyllit und 

Tangdanit gespeichert.  

Es ist zu beachten, dass alle diese Phasen nominell eisenfrei sind, hauptsächlich mit Al oder Ca 

in ihren Strukturen. Genau wie im Fall von Arsen sind dies nur kurzfristige Behinderungen für 

die Mobilität von Sb. Im Grundwasser haben wir 195 und 1103 μg Sb/l bestimmt. Nagyová et 

al. (2013) und Andráš et al. (2014) berichten 3-291 μg Sb/l im Oberflächen- und Grundwasser 

um Špania Dolina. Somit kommt Antimon in der wässrigen Phase häufiger vor als Arsen. 

Zudem sind alle kontaminierten Wasserproben in Bezug auf Tripuhyit übersättigt. Wir gehen 

davon aus, dass Sb in den Oberflächengewässern mobil ist, bis es im sich langsam bildenden 

Tripuhyit gebunden wird. Daher assoziiert Sb vorübergehend mit Ca oder Al, wird aber 

langsam in den Tripuhyit als „ultimative Senke“ umgewandelt. Abgesehen von den bekannten 

Verbindungen zwischen Fe-As und Fe-Sb ist Arsen stark mit Kupfer assoziiert, und die 

Löslichkeit von Arsen kann in solchen Fällen durch Kupferarsenate und nicht durch Eisenoxide 

kontrolliert werden, wie allgemein für alle Abbaustätten angenommen wird. 

RUDŇANY IN DER SLOWAKEI 
Proben von Rudňany, Slowakei, wurden auf Mineralogie und Isotopenzusammensetzung 

während der Verwitterung analysiert. Der Fortschritt der Verwitterung lässt sich anhand der 

mineralogischen und chemischen Veränderungen und der Zunahme der Porosität verfolgen. 

Während des gesamten Prozesses setzt Trombolit Elemente frei, die ursprünglich im Tetraedrit 

enthalten waren. Diese Elemente, die von wässrigen Lösungen mitgeführt werden, lassen 

sekundäre Minerale entstehen - wie Malachit oder Azurit. Im Reifestadium werden sekundäre 

Minerale in situ im Trombolit gebildet. Sb, Hg, As und Cu kommen in primären und sekundären 

Mineralen vor, was die Retention durch sekundäre Minerale zeigt. 

Makroskopische und mikroskopische Texturen und die Zusammensetzungen der Minerale 

zeigen, dass die Verwitterung unter nahezu neutralen Bedingungen stattfand, die durch den 

reichlich vorhandenen Siderit aufrechterhalten und gepuffert wurden. Kupfersulfate und 

Arsenate kommen nur in der Nähe des Trombolits vor. Anderswo ging Sulfat schnell an die 

zirkulierenden wässrigen Lösungen verloren und Arsenat wurde höchstwahrscheinlich an die 

allgegenwärtigen Eisenoxide adsorbiert. 
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Die Isotopenfraktionierung während der oxidativen Verwitterung könnte eine weitere 

Konsequenz haben, die in dieser und einigen früheren Studien gefunden wurde. Es wurde 

berichtet, dass sich die Isotopenzusammensetzung (δ65Cu) des verwitternden primären Minerals 

mit dem Grad der Verwitterung verändert (Markl et al., 2006). Es wurde bereits früher berichtet, 

dass die primären, frischen Tetraedrite δ65Cu um ±0 ‰ zeigen, während die verwitterten Relikte 

signifikant niedrigere (leichtere) Werte aufwiesen (Mathur & Fantle, 2015; Markl et al., 2006). 

Mathur & Fantle (2015) unterteilen die Reservoirs, aus denen Cu entstehen kann, in 

Auslaugungszone, Anreicherungszone und primäres Erz. Dementsprechend weist die 

Auslaugungszone die niedrigsten δ65Cu-Werte auf, während die Anreicherungszone die 

höchsten δ65Cu-Werte zeigt (in einem Bereich von δ65Cu von -6 bis +8‰) (Mathur & Fantle, 

2015). Die primären Erze zeigen, wie bereits oben geschrieben, δ65Cu um ±0 ‰ (Mathur & 

Fantle, 2015; Sherman, 2013). Dies stützt die Ergebnisse unserer Arbeit. 

Die Verwitterung verursacht Isotopengradienten zur Oberfläche hin, die Sauerstoff und Wasser 

ausgesetzt ist. Eine Erklärung ist die Diffusion von 65Cu aus der isotopisch schwereren 

Flüssigkeit in das primäre Sulfid (z.B. Tetraedrit) und die Selbstdiffusion von Cu im primären 

Sulfid. Quantitative Messungen der Selbstdiffusion von Kupfer in Sulfiden (z.B. Chalkopyrit, 

Chen & Harvey, 1975) unterstützen diese Idee insofern, als die Selbstdiffusion von Cu etwa 

fünf Größenordnungen schneller als die von Fe ist. Die Selbstdiffusion von Kupfer in den 

Cu2-xS-Phasen (Chalkosin, Djurleit usw.) (Cassaignon et al., 1998) oder Bornit (Berger & 

Bucur, 1996) ist in der Größenordnung vergleichbar mit der von Chalkopyrit. Die 

Kupfermobilität in diesen Sulfiden wurde mit der Ionenmobilität in schnellen Festkörper-

Ionenleitern verglichen (Berger & Bucur, 1996), was die Möglichkeit eines schnellen 

Isotopengleichgewichts auch bei den für die Verwitterung charakteristischen niedrigen 

Temperaturen beweist. 

Mit dem fortschreitenden Grad der Tetraedrit-Verwitterung werden die Cu-

Isotopenverhältnisse in den entstehenden Sekundärfeststoffen zunehmend leichter. Man könnte 

daher annehmen, dass die dabei entstehenden wässrigen Lösungen zunehmend schwerer 

werden. Die sekundären Minerale sind entweder der röntgenamorphe Trombolit oder die 

Kupferkarbonate Malachit und Azurit. Zumindest für Malachit ist bekannt, dass der 

Fraktionierungsgrad zwischen Cu(II,aq) und Malachit gering ist (Maréchal & Sheppard 2002; 

Plumhoff, 2020). Es ist wahrscheinlich, dass eine solche Aussage auch für andere sekundäre 

Oxysalze von Cu(II) gemacht werden kann. In der Literatur gibt es eine allgemeine 

Übereinstimmung darüber, dass wässrige Kupferlösungen nach oxidativer Verwitterung von 

Cu-Sulfiden durchweg isotopisch schwerer sind (Fernandez & Borrok, 2009; Kimball et al., 
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2009; Viers et al., 2018; Mathur et al., 2014). Uneinigkeit besteht jedoch über die Erklärung 

dieser Beobachtung. 

In dieser Arbeit und in verwandten Studien zur Verwitterung von Kupfersulfiden (Majzlan et 

al., 2018a & b) haben wir die Minerale Covellit und Chalkosin als die ersten vorkommenden 

Reservoire leichter Kupferisotope identifiziert. Sie sind an den untersuchten Lokalitäten in 

jedem polierten Gesteinsschnitt leicht zu finden. Im Allgemeinen ist die häufigste Art des 

Vorkommens von Covellit das "Alterationsprodukt vieler Cu-Minerale". Angesichts der 

starken Isotopenfraktionierung zwischen wässrigem Cu(II) und Covellit und Chalkosin (Ehrlich 

et al., 2004) wäre die Isotopenverschiebung zu höheren Werten während der oxidativen 

Verwitterung von Cu-Mineralen leicht nachzuvollziehen. Die leichten Isotope werden in 

Covellit und Chalkosin zurückgehalten und die schwereren in die Lösung abgegeben. Es wird 

vorhergesagt, dass eine solch starke Isotopenfraktionierung bei Redoxänderungen von Cu 

auftritt. Die Reduktion von Cu(II,aq) muss bei der Bildung von Chalkosin, Cu2S oder 

verwandten Mineralen (Digenit, Djurleit) erfolgen. Bei Covellit, nominell CuS, kann es 

scheinen, dass keine Reduktion stattfindet. Spektroskopische Arbeiten (Luther et al., 2002, 

Pattrick et al., 1997) legen jedoch nahe, dass in Covellit Kupfer als Cu+ und nicht als Cu2+ 

vorhanden ist. Isotopische Arbeiten (Ehrlich et al., 2004) stützen diese Annahme. 

Es gibt jedoch noch mehr Faktoren zu berücksichtigen:  

Covellit und Chalkosin sind nur im Anfangsstadium der Verwitterung vorhanden und lösen sich 

wieder auf. Die entstehende isotopisch leichte Cu-Lösung wiederum liefert die 

Isotopenzusammensetzung der sekundären Cu-Phasen (Malachit, Azurit) in Rissen und ist an 

der Bildung von Trombolit beteiligt. Die verbleibende Flüssigkeit, die mit schweren Isotopen 

angereichert ist, trägt zur Bildung von Cu-Karbonat-Massen bei. Die Verwitterung der höheren 

Schichten im Aufschluss führt zu einer Umverteilung von Cu, sowohl in seiner 

Isotopenzusammensetzung als auch in seiner Menge in verschiedenen Tiefen. Cu wird in der 

Auslagungszone ausgewaschen und in der Anreicherungszone angereichert. Diese 

Anreicherungszone liegt in einer Tiefe von etwa 150-200 m (Mathur & Fantle, 2015). Während 

sich die Cu-Konzentration im Feststoff in größere Tiefen zurückzieht, wird es in der Flüssigkeit 

in der Auslaugungszone abgereichert und in die Anreicherungszone transportiert. Die 

Isotopenzusammensetzung nimmt zunächst mit der Tiefe zu und sinkt auf δ65Cu Werte um ±0 

unterhalb der Anreicherungszone (Mathur & Fantle, 2015). 

In früheren und dieser Arbeit wurde beobachtet, dass sich zunächst bei der 

Anfangsverwitterung der Tetraedrite sekundäre Cu-Sulfide bilden, die isotopisch leicht sind. 
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Dies lässt sich durch kinetische Isotopeneffekte erklären. Die Geschwindigkeitsunterschiede 

der Moleküle, die sich aus ihrer kinetischen Energie berechnen lassen, führen zu einer 

Isotopenfraktionierung. Das Molekül, das aus dem leichteren Isotop gebildet wird, kann 

bevorzugt und schneller Phasengrenzen überschreiten und das System verlassen (Thoennessen, 

2016). So können die leichten Isotope zu Beginn der Verwitterung schnell aus den Cu-

Mineralen auswandern und sekundäre Cu-reiche Phasen in unmittelbarer Nähe der primären 

Minerale (in unserem Fall Covellit und Chalkokit) bilden. 

Für die Bildung der isotopisch schweren, umweltstabilen sekundären Cu-Karbonate ist jedoch 

ein weiterer Effekt erforderlich: Gleichgewichtsisotopieeffekte (Sherman, 2013). Sie beruhen 

auf einem quantenmechanischen Effekt, der unterschiedliche Grundzustandsenergien in den 

Isotopen und ihren Verbindungen bewirkt. Grundzustandsenergien (auch Nullpunktenergien, 

E0 genannt) werden aus dem Planckschen Wirkungsquantum und der Schwingungsfrequenz 

berechnet. Die Schwingungsfrequenz wiederum hängt von der Masse des Moleküls ab und ist 

indirekt proportional dazu. Das Molekül, das sich aus den schwereren Molekülen 

zusammensetzt, hat eine größere Masse und damit eine kleinere Schwingungsfrequenz und eine 

geringere Nullpunktenergie (Sherman, 2013). Daraus lässt sich eine höhere Bindungsenergie 

der Moleküle mit dem schweren Isotop berechnen, was die Phasen aus schwereren Isotopen 

relativ unreaktiv und stabiler macht (Thoennessen, 2016). Malachit und Azurit scheinen aus 

diesem Grund die schweren Isotope zu bevorzugen. 

Die reinen Mechanismen, die zu einer so großen Variabilität der δ65Cu Werte führen, sind noch 

weitgehend unbekannt (Sherman, 2013). Sherman (2013) erhielt aus seinen Berechnungen 

einen δ65Cu Wert von mehr als 3 ‰ für die Oxidation von Chalkopyrit zu gelöstem Cu2+, was 

mit den experimentellen Ergebnissen von Ehrlich et al. (2004) übereinstimmt. Die 

Kristallisation von sekundären Cu-Karbonaten, die bevorzugt schwere Isotope einbauen, würde 

das verbleibende Fluid wieder isotopisch leichter machen. Dies unterstützt unsere Ergebnisse.  

Atomistische Erklärung für die Isotopenfraktionierung bei der oxidativen Verwitterung von 

Sulfiden ist die Ausfällung eines isotopisch leichten Cu-reichen Feststoffs (Mathur et al., 2005). 

Einige Studien legten nahe, dass die Ausfällung der kupferhaltigen Substanz auf der Oberfläche 

der Verwitterungssulfide wegen der Untersättigung unwahrscheinlich ist (Fernandez & Borrok, 

2009). Diese Annahme ist unserer Meinung nach falsch, da die Ausfällung auf der Oberfläche 

der Sulfide und nicht in der wässrigen Lösung erfolgt. Die Lösung muss nicht übersättigt sein; 

die Verwitterungsoberfläche des Sulfids liefert einen Sulfidfluss, der in der Lage ist, mit 
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wässrigem Kupfer zu reagieren und einen dünnen Film einer Kupferphase auszufällen. Diese 

Filme werden in unserer Studie an allen primären Kupfersulfiden beobachtet. 

Einige Studien berücksichtigen die Ausfällung kupferhaltiger Phasen nicht. Die Entfernung 

leichter Cu-Isotope in sauren Bergwerksdrainagen wurde der Cu-Kopräzipitation mit Jarosit 

und Goethit zugeschrieben (Viers et al., 2018). Gegen eine solche Interpretation gibt es drei 

Einwände. Erstens nehmen weder Jarosit noch Goethit eine signifikante Menge Cu in ihre 

Kristallstruktur auf. Zweitens ist die Adsorption von Kationen, wie z.B. Cu(II), bei niedrigen 

pH-Werten an diese Minerale sehr schwach (Nullpunktladung von Goethit ist ≈ 7, Jarosit ist 

normalerweise grobkörnig). Drittens ist die Isotopenfraktionierung, da dieser Prozess äußerst 

gering ist, < 0,2 ‰ (Mathur et al., 2014). Die wahrscheinlichere Erklärung ist die Ausfällung 

von Kupfermineralen, in denen Kupfer in reduzierter Form vorliegt: entweder Covellit, 

Chalkosin oder nativem Kupfer (s.u.). 

Teile unserer Arbeit sprechen gegen die Hypothese, dass die beobachteten 

Isotopenveränderungen durch sekundäre Kupfersulfide kontrolliert werden. Die sekundären 

Minerale sind in Cu-Isotopen zunehmend schwerer - aber auch dann, wenn das System im 

Wesentlichen den gesamten Schwefel verloren hat. Wie sollten Sulfide das System 

beeinflussen, wenn kein Schwefel verfügbar ist? 

Mineralogische Arbeiten in Ľubietová (Majzlan et al., 2018) zeigen, dass es ein weiteres 

Mineral gibt, das durch Redoxreaktionen von Kupfer in Abwesenheit von Schwefel entsteht: 

Nanokristalle von nativem Kupfer, die durch Reduktion von wässrigem Cu(II) in delaminierten 

Schichtsilikaten gebildet werden. Diese Cu-Nanokristalle wurden aus Umgebungen berichtet, 

die mit der Verwitterung und Bildung von Schichtsilikaten zusammenhängen, wie Biotit (Ilton 

& Veblen, 1988), Illit (Anh et al., 1997) oder Chlorit (Suárez et al., 2011). Sie wurden auch in 

Ferrihydrit gefunden (Genovese & Mellini, 2007). 

Wir müssen betonen, dass die Umgebung, in der sich die Kupfernanokristalle bilden, nicht 

anoxisch ist. Die Proben mit Kupfernanokristallen wurden in einem kleinen, nur wenige 

Zentimeter tiefen Bachlauf gesammelt, dessen Redoxpotenzial durch das Fe2+/Fe3+-Paar 

gepuffert wird (Majzlan et al., 2018). Daher besteht keine Notwendigkeit für eine reduzierende 

Umgebung, um Kupfer aus der wässrigen Lösung auszufällen. Die Reduktion von Kupfer findet 

in engen Räumen zwischen den delaminierten Schichten der Silikate statt. Die Verwitterung 

von Biotit verursacht ≈5 % Ausdehnung entlang der 001-Basisebenen und Oxidation von Fe2+ 

(Buss et al., 2008; Goodfellow et al., 2016). Es ist sehr wahrscheinlich, dass die Oxidation von 

Fe2+ aus den Strukturen der Schichtsilikate die Reduktion von Kupfer antreibt. Die 



 The nature of micro-and nanocrystalline weathering products of sulfidic ores rich in As and Sb.                     
Julia Herrmann 

 

150 

Isotopenfraktionierung zwischen Cu(II,aq) und nativem Kupfer ist von ähnlicher 

Größenordnung wie die Cu(II,aq) - Covellit-Fraktionierung (Qi et al., 2019). Kupfer wurde in 

ihren Experimenten elektrochemisch reduziert, und die ungewöhnliche Änderung der 

Isotopenfraktionierung bei niedrigen Temperaturen sollte durch weitere Experimente verifiziert 

werden. 

Es besteht ein wesentlicher Unterschied zwischen den δ202Hg-Werten zwischen dem primären 

Tetraedrit und dem sekundären Cinnabaryt, aber ein zusätzlicher Unterschied in ihren Δ199Hg-

Werten. Da die ungeradzahligen Isotope von den massenunabhängigen Fraktionierungseffekten 

betroffen sind (Wiederhold, 2015), werden nur die δ202Hg-Werte, die frei von solchen Effekten 

sind, weiter betrachtet. 

Vieles über bekannte Mechanismen der Quecksilberisotopenfraktionierung wurde von Blum et 

al. (2017) zusammengefasst. Einige der Mechanismen können leicht ausgeschlossen werden, 

da die Schwefelisotope (siehe unten) deutlich gegen einen biologischen Beitrag während der 

Verwitterung am untersuchten Standort sprechen. 

Der beste Ansatz ist die Verdampfung von flüssigem Quecksilber aus den verwitternden Erzen. 

Geht man von einem einfachen Rayleigh-Modell für die Gleichgewichtsfraktionierung unter 

Verwendung des Fraktionierungsfaktors von Ghosh et al. (2013) aus, müssten etwa 60 % des 

flüssigen Quecksilbers verdampft werden, um der beobachteten Isotopendifferenz zu 

entsprechen. Es muss darauf hingewiesen werden, dass nicht das gesamte Quecksilber in Hg0 

umgewandelt wurde. Trombolit, insbesondere die Cu-As-dominierten Massen, halten viel 

Quecksilber zurück, selbst im fortgeschrittenen Stadium der Verwitterung. Die Heterogenität 

dieses Materials auf Makro- und Mikroebene macht die Quantifizierung dieser Prozesse 

allerdings extrem schwierig. 

Die Verdampfung von Quecksilber wurde an ehemaligen Abbaustätten beobachtet (Loredo et 

al., 2005; García-Sánchez et al., 2006), aber auch über große Gebiete mit niedrigen 

Quecksilberkonzentrationen (Gustin et al., 2003). Unter ariden bis semiariden Bedingungen 

scheint die Verdunstung der Hauptmechanismus für die Freisetzung von Quecksilber aus 

Standorten mit einer höheren Konzentration zu sein (Gustin et al., 2003). Der Quecksilberfluss 

aus ungestörten mineralisierten Gesteinen erreicht hunderte von ng m-2 h-1, aber das ist nur eine 

Größenordnung weniger als die Emissionen von Standorten mit bergbaulichen Störungen. 

Daher können die Emissionen aus einer natürlichen Quelle, wie z.B. der Oxidationszone 

Rudňany, beträchtlich sein, insbesondere über geologische Zeiträume hinweg. Sie können in 

Übereinstimmung mit den Schätzungen aus den Isotopendaten beträchtliche Mengen 
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Quecksilber entfernen. In Rudňany ist die wichtigste Rückhalteoption für Quecksilber seine 

Reaktion mit reduziertem Schwefel und die Bildung des pulverförmigen sekundären 

Cinnabaryt. 

Quecksilber könnte, wenn es aus verwitterndem Tetraedrit freigesetzt wird, zu Hg0 reduziert 

werden und verdampfen. Eine Reduktion von Hg(II) ist möglich, z.B. durch Oxidation von 

Siderit (Ha et al., 2017), Vivianit (Etique et al., 2019), Magnetit (Wiatrovski et al., 2009) oder 

green rust (Remy et al., 2015). Darüber hinaus kann ein Teil des Quecksilbers in Form von 

submikroskopischen Einschlüssen von flüssigem Quecksilber in primären Sulfiden, z.B. in 

Pyrit, eingelagert sein (Manceau et al., 2018). In Rudňany ist der plausibelste Weg die 

Reduktion von Quecksilber durch Siderit, ein in dem untersuchten Aufschluss reichlich 

vorhandenes primäres Mineral. Das in Rudňany gefundene Amalgam würde dies bestätigen, 

wenn es primär gebildet wurde. 

Eine alternative Erklärung für die beobachtete Isotopenfraktionierung wäre die Adsorption von 

Hg2+(aq) an den ubiquitären Eisenoxiden. Die Konzentration von Hg in den Eisenoxiden in 

Rudňany ist allerdings sehr gering (normalerweise <0,05 Gew.-%). Obwohl die Eisenoxide 

reichlich vorhanden sind, ist der sekundäre Cinnabaryt ebenfalls weit verbreitet und enthält viel 

mehr Quecksilber als die Eisenoxide. Das zweite Problem ist die relativ kleine 

Isotopenfraktionierung bei der Adsorption (Jiskra et al., 2012). 

Der sekundäre Cinnabaryt ist isotopisch (δ34S) etwas leichter als die primären Sulfide. Der 

kleine Unterschied schließt einen biologischen Einfluss weitestgehend aus, von dem bekannt 

ist, dass er große Isotopenverschiebungen für Schwefel verursacht. Die Isotopenfraktionierung 

zwischen H2S(aq) und Sulfiden ist im Allgemeinen gering (Seal, 2006) und es wird 

vorhergesagt, dass sie für Cinnabaryt auch bei niedrigen Temperaturen nahe Null liegt (Liu et 

al., 2014). Die geringe Verschiebung zwischen den primären Sulfiden und dem sekundären 

Cinnabaryt könnte durch die Verteilung der Schwefelisotope zwischen Sulfid und Sulfat erklärt 

werden. Sulfid, das aus den Verwitterungssulfiden freigesetzt wird, wird in geringem Umfang 

zu Sulfat oder vorübergehenden Schwefelphasen oxidiert, und das Sulfid wird isotopisch 

leichter. 

Die Oberflächenausfällung von sekundären Cu(I)-Sulfiden (Covellit, Chalkosit, Digenit, 

Djurleit) ist ein häufiges Phänomen, das 63Cu zurückhält. Dabei erhöhen die dünnen Filme der 

sekundären Sulfide den 65Cu-Anteil der resultierenden wässrigen Lösungen und der daraus 

ausfallenden Minerale. Das isotopische Ungleichgewicht zwischen den Flüssigkeiten und dem 

primären Sulfid treibt die Diffusion von 63Cu in das primäre Sulfid. Isotopengradienten in den 
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primären Kupfersulfiden während der oxidativen Verwitterung entstehen durch 

Isotopengleichgewicht des sekundären Cu-Sulfids und des primären Sulfids, meist durch 

schnelle Selbstdiffusion von Kupfer in den Sulfiden. 

Die isotopisch leichten Cu(I)-Sulfide lösen sich auf und verschwinden schließlich. Das 

freigesetzte Kupfer wird durch unlöslichere sekundäre Kupferminerale (Arsenate, Phosphate) 

eingefangen, die in der Nähe der verwitternden primären Sulfide ausfallen. 

Die Verwitterungssulfide verlieren schnell einige ihrer Elemente, eines davon ist Schwefel. 

Sobald Schwefel verloren ist, kontrollieren die sekundären Cu(I)-Sulfide die 

Isotopenzusammensetzung nicht mehr. In einem solchen Fall können Nanokristalle des Kupfers 

ausfallen. Die Isotopenfraktionierung zwischen Cu(II,aq) und nativem Kupfer ist von ähnlicher 

Größenordnung wie die zwischen Cu(II,aq)- und Cu(I)-Sulfiden. 

Die Bildung von Cu(I)-Sulfiden oder nativem Kupfer erfordert keine Massenübersättigung der 

wässrigen Lösung, wie in mehreren Studien behauptet wurde. Kupfer kann auf engem Raum in 

verwitternden Schichtsilikaten ausfallen. Cu(I)-Sulfide können sich nahe der Oberfläche von 

Verwitterungs-Primärsulfiden in einem Gradienten von aus ihnen freigesetzten Sulfiden bilden. 

Organisches Material kann Cu(II,aq) auch in Mikroumgebungen in Böden zu nativem Kupfer 

reduzieren. Wir vermuten, dass einige der Isotopenverschiebungen, die der Komplexbildung 

von Cu durch organische Bodensubstanz zugeordnet werden, ebenso gut durch die Bildung von 

Kupfernanokristallen erklärt werden könnten. Forschungsarbeiten, die das Verhalten von 

Kupfer in Böden untersuchen, beinhalten Techniken, die in der Lage sind, solche Nanopartikel 

zu lokalisieren. 

Ein Teil des Quecksilbers, das aus den primären Sulfiden freigesetzt wird, wird durch 

eisenhaltige Minerale, wie Siderit, zu Hg0 reduziert. Ein Teil dieses Pools verdampft in die 

Atmosphäre, der Rest reagiert mit dem verfügbaren Sulfid unter Bildung von unlöslichem 

Cinnabaryt. Die Quantifizierung dieser Prozesse ist jedoch sehr schwierig. Ein Teil des 

Quecksilbers verbleibt in den heterogenen Verwitterungsprodukten, und ein kleiner Teil könnte 

an Eisenoxide adsorbiert werden.  

Diese Studie zeigt, dass Oxidationszonen von Erzlagerstätten eine wichtige, wenn auch lokale 

Quelle für atmosphärische Quecksilberemissionen sein können. Gleichzeitig zeigt diese Studie, 

dass die Rolle der Organismen in diesen Umgebungen stark unterdrückt wird, wahrscheinlich 

durch die starke toxische Belastung mit verschiedenen Metallen und Metalloiden. 
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In particular, further investigations of the oxygen and hydrogen isotopes in Rudňany are 

necessary. The values shown in Figure III-1 are from azurites and malachites from Rudňany. 

Additionally a siderite value was added.Since the values of these measurements were difficult 

to evaluate and raised many questions, they have not yet been published. Together with the 

work of Alexandra Plumhoff (2020), who studied the fractionation factors of secondary copper 

minerals, further research should be done to get an accurate picture. 

 

Figure III: Relationship between δ18OSMOW and δDSMOW (triangles) and δ13CPDB (diamonds) for the copper 
carbonates azurite (blue lines) and malachite (green lines) from Rudňany. For a better overview, lines (green - 

times, blue - az) link identical samples. The red cross marks the isotopic composition of δ18OSMOW vs. δ13CPDB of 
a fresh siderite from Rudňany. The dotted and the dotted grey line show the relationship between δ18OSMOW and 

δDSMOW in malachites and azurites respectively. 

For further scientific consideration it is recommended to look again at the samples of Buus, 

Pieksy and Rudňany, because they represent a large scientific potential.  For this purpose, it 

would be extremely interesting to examine the samples for their specific antimony and thallium 

isotopes. It is necessary to re-sample the outcrops and, for example, to dig deeper at Rudňany 

in order to reach structures that are less exposed to weathering, or to investigate the lower 

weathering horizon. Furthermore, an undercutting with regard to the copper nanocrystals, 

which we have discussed in our discussion, is extremely useful. 

Determining the isotope fractionation of antimony would be a useful and complementary 

method to analyze Sb sources and describe the behavior of Sb in environmental systems. The 

mass difference of the two antimony isotopes 121Sb and 123Sb is very small (1.6%) and Sb(III) 
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is very volatile, which made it analytically impossible to obtain values for the Sb isotopic 

composition δ123Sb until the beginning of the 20th century. The first description of the Sb 

isotope system was made by Rouxel et al. (2003), which made it possible to describe the natural 

(paleo) redox reactions in oceanic environments. For hydrothermal sulfides, effluents and waste 

from metal production, no uniform and complete data sets for one and the same deposit are 

available so far. Wen et al (2018) give an overview of the current state of research in a review.  

In the relatively new field of Tl isotopes (δ205Tl), Aneš Vaněk from Prague with fourteen 

publications about Tl isotopy is probably one of the leading experts. He postulates that the 

isotope analysis of Tl is a promising tool for understanding Tl dynamics in environmental 

systems (Vaněk et al., 2018). In his publication of 2018 he discusses the behavior of Tl in 

contaminated soils and industrial residues associated with Zn degradation and processing. He 

found an isotopic fractionation during material processing, as fly ash showed significantly 

lighter Tl isotope compositions than slags (Vaněk et al., 2018). In the context of the 

interdisciplinary combination of different disciplines, it would also be interesting to include the 

hydro- and biosphere in the consideration. In a recent study (Vaněk et al., 2019) mustard plants 

grown in hydroponics with different Tl concentrations were investigated. It was found that the 

light 203Tl isotopes are preferentially absorbed and that Tl fractionation occurs more strongly at 

lower Tl concentrations (Vaněk et al., 2019). However, Tl isotope analyses of sulfides from 

Lengenbach, Switzerland, have been performed before (Hettmann et al., 2014) and 

fractionations during high-temperature processes were found. 

My personal interest is furthermore the exploration of Buus, especially the Binzhalde and the 

Mount Staufen. For me, the results obtained here (Voegelin et al., 2015; Herrmann et al., 2018) 

did not yet provide a complete, round story regarding the origin of this weathering horizon. If 

it is the uppermost part of an oxidation zone (possibly gossan), then it is interesting what is 

hidden deeper. However, the bureaucratic effort for such a project would be enormous and, 

since it is private land correspondingly expensive. In many sections considerable amounts of 

microscopic, native copper were found, which needs clarification. In addition, a pyrite was 

found in a quartz that needs to be examined more closely. Copper isotopes could be used for 

this purpose. A study of life expectancy and causes of death would also be of scientific interest. 

Thallium and arsenic poisoning show symptoms that may have been present for generations. 

Interdisciplinary research in this field would be conceivable in cooperation with environmental 

physicians and corresponding offices. 
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APPENDIX I – ERZMATT 
 

Table AI-1: Complete data set of the wet chemical analysis (ICP-MS and OES), including standard deviation. 

name note depth Ag (MS) Ag (SD) Al (OES) SD Al As (MS) As SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 0.39 0.01 67781 197 873 14 
LV 1-10   1 10 0.406 0.0002 68264 4 886 6 
LV 60-70   60 70 0.25 0.01 76406 14 5588 42 
LV 60-70   60 70 0.245 0.008 74509 61 6073 39 
LV 60-70   60 70 0.25 0.01 75338 178 5830 79 
LV 60-70   60 70 0.249 0.004 75939 16 5817 23 
PI 0-20 A 0 20 0.33 0.01 72674 415 283 2 
PI 20-40 A 20 40 0.299 0.004 74964.6 0.4 577 11 
PI 60-80 A 60 80 0.2722 0.0001 78451 201 4447 48 
PI 60-80   60 80 0.2834 0 81158 204 5434 0 
PI 60-80   60 80 0.28 0.01 80937 411 6098 4 
PI 70-85 A 70 85 0.28 0.02 75101 202 4485 32 
PI 70-90 ore 70 90 0.12 0.002 32608 14 22514 175 
PI 70-90 ore 70 90 0.119 0.004 33438 125 22765 241 
PI 70-90 ore 70 90 0.12 0.01 32211 20 22258 100 
PI 70-90 ore 70 90 0.119 0.004 32123 39 22326 206 
PI 95-115 A 95 115 0.126 0.004 35778 89 2253 21 
PI 100-120 red 100 120 0.113 0.008 28689 62 5429 6 
PI 100-120 red 100 120 0.1051 0.0006 28373 39 5621 76 
PI 140-160 A 140 160 0.224 0.008 66514 14 6125 97 
PI 140-160   140 160 0.231 0.005 75107 178 8081 95 
PI 140-160   140 160 0.224 0.006 74607 157 8070 25 
PI 150-170 A 150 170 0.32 0.01 72594 408 396 5 
PI 150-170 (HCl) A 150 170 0.302 0.006 72403 81 402 0 
PII 0-20 A 0 20 0.31 0.02 70656 59 867 6 
PII 0-20   0 20 0.323 0.0004 69627 162 1023 8 
PII 0-20   0 20 0.309 0.008 70148 136 861 9 
PII 44-64 A 44 64 0.2595 0 80696 198 2223 17 
PII 44-64   44 64 0.25 0.01 88140 203 1887 22 
PII 44-64   44 64 0.2672 0.0001 88760 8 1952 0 
PII 60-80 A 60 80 0.288 0.006 89537 2 1409 8 
PII 60-80 A 60 80 0.29 0.01 90099 152 1338 8 
PII 95-115 A 95 115 0.178 0.004 57893 200 365 3 
PII 95-115 A 95 115 0.169 0.0004 57923 79 364 0.6 
PIII 0-20 A 0 20 0.296 0.005 73902 5 1786 17 
PIII 0-20 (HCl) A 0 20 0.28 0.008 73630 176 1816 8 
PIII 0-20   0 20 0.288 0.007 73270 219 1879 5 
PIII 0-20   0 20 0.3 0.02 73160 216 1771 7 
PIII 20-40 A 20 40 0.227 0.007 77419 48 2887 23 
PIII 20-40_1   20 40 0.23 0.02 78170 242 2868 22 
PIII 20-40_1   20 40 0.215 0.002 77987 17 2778 20 
PIII 20-40_2   20 40 0.108 0.002 35123 7 4382 43 
PIII 20-40_2   20 40 0.109 0.007 36169 19 4407 3 
PIII 60 A 60 60 0.048 0.0002 13559 11 547 6 
PIII 60 A 60 60 0.043 0.002 13526 46 551 5 
PIII 60 ore 60 60 0.036 0.005 12865 1 7860 89 
PIII 60 ore 60 60 0.04 0.007 12828 23 7864 0 
PIII 60 ore 60 60 0.034 0.005 12981 1 7635 46 
PIII Aushub    60 60 0.153 0.004 33068 40 12580 54 
PIII Aushub   60 60 0.148 0.005 33110 7 12372 130 
PIII Aushub ore 60 60 0.15 0.01 33073 60 12567 56 
PIII Aushub ore 60 60 0.156 0.008 33216 156 12570 85 
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Table AI-1: Continued. 

name note depth Ba (MS) Ba SD Ca (OES) SD Ca Cr (MS) Cr SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 303.9 0.8 3348.5 0.4 40.1 0.6 
LV 1-10   1 10 302 1 3372.3 0.2 76 0.2 
LV 60-70   60 70 557 4 9789 40 52.11 0.02 
LV 60-70   60 70 576 6 12296 102 51.1 0.4 
LV 60-70   60 70 546.6 0.5 9888 89 53.8 0.7 
LV 60-70   60 70 555.5 0.8 11292 117 82.6 0.8 
PI 0-20 A 0 20 308.3 0.6 4906 4 33.29 0.02 
PI 20-40 A 20 40 329 2 4646 19 33.8 0.6 
PI 60-80 A 60 80 522 2 3788 6 86.46 0.04 
PI 60-80   60 80 471.6 0.1 4517 14 86 1 
PI 60-80   60 80 491 2 4735 21 80 1 
PI 70-85 A 70 85 544 3 4911 4 85.71 0.04 
PI 70-90 ore 70 90 1344 7 4910 6 39.6 0.4 
PI 70-90 ore 70 90 1431.5 0.8 4981 21 40.71 0.06 
PI 70-90 ore 70 90 1327.8 0.1 4835 18 38.6 0.4 
PI 70-90 ore 70 90 1316 9 4850 20 37.3 0.8 
PI 95-115 A 95 115 270 1 117534 533 38 0.4 
PI 100-120 red 100 120 244.4 0.8 111820 185 32.8 0.01 
PI 100-120 red 100 120 241 3 111298 6 28 0.4 
PI 140-160 A 140 160 308.6 0.1 40876 98 62.2 0.8 
PI 140-160   140 160 376.8 0 14853 71 69.2 0.4 
PI 140-160   140 160 362.2 0.1 14857 137 63 0.4 
PI 150-170 A 150 170 178.4 0.8 115406 408 28.9 0.4 
PI 150-170 (HCl) A 150 170 178.9 0.1 116173 81 25.7 0.4 
PII 0-20 A 0 20 306 3 6388 20 71.1 0.8 
PII 0-20   0 20 315.2 0.1 6212 12 71.8 0.6 
PII 0-20   0 20 301.2 0 6842 19 71 1 
PII 44-64 A 44 64 393 2 3044 2 80.3 0.4 
PII 44-64   44 64 389 2 3371 0.6 64.8 0.8 
PII 44-64   44 64 385 2 3387 2 67.5 0.6 
PII 60-80 A 60 80 331 1 5296 6 56.9 0.2 
PII 60-80 A 60 80 342 1 5135 2 88.9 0.8 
PII 95-115 A 95 115 193.1 0.2 93540 200 27.2 0.4 
PII 95-115 A 95 115 195 1 93914 397 24.6 0.6 
PIII 0-20 A 0 20 273 1 3106 2 73.3 0.2 
PIII 0-20 (HCl) A 0 20 270 4 3097 8 74.2 0.4 
PIII 0-20   0 20 264 1 3126 7 46.8 0.2 
PIII 0-20   0 20 264 1 3128 22 44.45 0.02 
PIII 20-40 A 20 40 272 3 1992 12 46.2 0.7 
PIII 20-40_1   20 40 265 1 2010 0.2 41 1 
PIII 20-40_1   20 40 263.6 0.2 2025 5 78.91 0.02 
PIII 20-40_2   20 40 105.5 0.7 954 7 58.7 0.02 
PIII 20-40_2   20 40 105.8 0.7 966 10 41.9 0.1 
PIII 60 A 60 60 44.1 0.7 174967 441 5.45 0.07 
PIII 60 A 60 60 43.4 0.1 175171 1141 5.98 0.09 
PIII 60 ore 60 60 15.8 0.2 1053.1 0.5 59.32 0 
PIII 60 ore 60 60 15.69 0.09 1056.6 0.1 58.51 0.09 
PIII 60 ore 60 60 15.79 0.01 1041 7 54.48 0.07 
PIII Aushub    60 60 2760 0 1802.4 0.8 32.59 0.06 
PIII Aushub   60 60 2746 8 1796 12 32.9 0.02 
PIII Aushub ore 60 60 2766 0 1797 12 32.8 0.4 
PIII Aushub ore 60 60 2793 16 1815 10 32.96 0 
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Table AI-1: Continued. 

name note depth Cu (MS) Cu SD Fe (OES) SD Fe K (OES) SD K 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 18.28 0.06 43175 157 35602 590 
LV 1-10   1 10 17.52 0.02 43639 122 35818 182 
LV 60-70   60 70 39.89 0.02 102277 2 47590 803 
LV 60-70   60 70 40.8 0.4 110912 16 47016 818 
LV 60-70   60 70 40.15 0 107854 533 47797 355 
LV 60-70   60 70 40.1 0.6 107950 390 47896 97 
PI 0-20 A 0 20 24.7 0.6 39711 10 41528 415 
PI 20-40 A 20 40 22.4 0.6 43740 58 42311 386 
PI 60-80 A 60 80 41.5 0.6 93299 201 49920 60 
PI 60-80   60 80 47.5 0.6 92394 61 48328 612 
PI 60-80   60 80 48.67 0.02 96754 205 48069 205 
PI 70-85 A 70 85 39.07 0.01 96154 405 46356 810 
PI 70-90 ore 70 90 42.2 0.1 325203 610 20467 122 
PI 70-90 ore 70 90 42.8 0.6 321429 627 21094 209 
PI 70-90 ore 70 90 42.4 0.4 322709 996 20538 80 
PI 70-90 ore 70 90 42.9 0.6 328845 976 20492 195 
PI 95-115 A 95 115 18.2 0.4 42720 107 22905 178 
PI 100-120 red 100 120 24.5 0.2 116859 206 17704 144 
PI 100-120 red 100 120 24.79 0.02 119284 6 17145 12 
PI 140-160 A 140 160 37 1 110236 394 29724 197 
PI 140-160   140 160 43.6 0.4 140447 178 24751 160 
PI 140-160   140 160 43 0.6 139238 393 24590 18 
PI 150-170 A 150 170 27.5 0.2 26529 102 40171 408 
PI 150-170 (HCl) A 150 170 28.3 0.2 26530 81 39694 141 
PII 0-20 A 0 20 17.39 0.02 41355 2 41937 4 
PII 0-20   0 20 18.46 0.02 46796 182 41707 122 
PII 0-20   0 20 18 0.1 41266 8 41925 388 
PII 44-64 A 44 64 29.99 0.02 69007 79 57160 593 
PII 44-64   44 64 28.8 0.6 66170 12 58083 812 
PII 44-64   44 64 28.5 0.2 65548 58 58474 192 
PII 60-80 A 60 80 27.9 0.1 60041 20 49886 16 
PII 60-80 A 60 80 28.5 0.2 59996 38 50533 38 
PII 95-115 A 95 115 18.5 0.1 29928 60 36657 2 
PII 95-115 A 95 115 18.6 0.4 30024 119 36338 397 
PIII 0-20 A 0 20 25.6 0.2 70053 145 39816 121 
PIII 0-20 (HCl) A 0 20 25.4 0.4 70282 196 39154 196 
PIII 0-20   0 20 27.1 0.1 71516 73 39230 487 
PIII 0-20   0 20 25.36 0 69719 195 39177 433 
PIII 20-40 A 20 40 29.6 0.5 96521 17 43032 192 
PIII 20-40_1   20 40 28.66 0.07 91723 242 42836 484 
PIII 20-40_1   20 40 29.1 0.2 94662 122 43193 122 
PIII 20-40_2   20 40 28.5 0.2 209218 25 17822 49 
PIII 20-40_2   20 40 28.3 0.2 214182 484 18296 121 
PIII 60 A 60 60 7.08 0.002 23411 22 7701 88 
PIII 60 A 60 60 6.8 0.2 23358 114 7710 91 
PIII 60 ore 60 60 35.7 0.5 535990 966 1256 72 
PIII 60 ore 60 60 35.1 0.5 537289 1173 1243 47 
PIII 60 ore 60 60 35.3 0.5 536617 169 1329 5 
PIII Aushub    60 60 16.62 0.06 201113 397 39130 79 
PIII Aushub   60 60 16.2 0.3 200035 349 39483 349 
PIII Aushub ore 60 60 16.98 0.04 200921 401 39203 140 
PIII Aushub ore 60 60 17.07 0.06 201210 195 39227 390 
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Table AI-1: Continued. 

name note depth Mg (OES) SD Mg Mn (MS) Mn SD Mo (MS) Mo SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 10444 18 1176 10 2.05 0.02 
LV 1-10   1 10 10494 61 1206 4 2.09 0.06 
LV 60-70   60 70 14797 1 831.3 0.6 5.446 0.002 
LV 60-70   60 70 14206 82 803 10 5.883 0.004 
LV 60-70   60 70 14534 53 852 5 5.99 0.05 
LV 60-70   60 70 14536 39 830 3 5.811 0.002 
PI 0-20 A 0 20 14659 42 1345 17 1.914 0.004 
PI 20-40 A 20 40 14084 39 1437 8 2.14 0.08 
PI 60-80 A 60 80 11817 40 1463 8 6.994 0.002 
PI 60-80   60 80 13376 20 1532 7 6.69 0.04 
PI 60-80   60 80 13179 4 1528 9 7.15 0.02 
PI 70-85 A 70 85 11457 61 1432 10 7.2 0.1 
PI 70-90 ore 70 90 2884 14 849 5 8.258 0.002 
PI 70-90 ore 70 90 3007 21 897 13 8.4 0.1 
PI 70-90 ore 70 90 2820 4 812 3 8.1 0.1 
PI 70-90 ore 70 90 2751 20 789 3 8.3 0.2 
PI 95-115 A 95 115 77414 355 557 2 3.59 0.02 
PI 100-120 red 100 120 70898 824 606 3 5.7 0.1 
PI 100-120 red 100 120 70578 20 605 7 5.8 0.04 
PI 140-160 A 140 160 29566 138 775.5 0.4 14.421 0.004 
PI 140-160   140 160 15037 4 880.5 0.5 21.21 0.01 
PI 140-160   140 160 14866 137 884 9 21.2 0.2 
PI 150-170 A 150 170 13968 82 655 2 5.65 0.06 
PI 150-170 (HCl) A 150 170 13908 40 645 4 5.6 0.06 
PII 0-20 A 0 20 9687 12 1233 0.6 2.339 0.001 
PII 0-20   0 20 9407 20 1181 4 2.33 0.02 
PII 0-20   0 20 9551 12 1205 8 2.6 0.02 
PII 44-64 A 44 64 9513 20 1135 3 3.82 0.04 
PII 44-64   44 64 12895 41 817 4 3.68 0.06 
PII 44-64   44 64 12948 2 783 4 3.6 0.1 
PII 60-80 A 60 80 28020 61 834 6 2.543 0.004 
PII 60-80 A 60 80 27722 76 855 3 2.486 0.001 
PII 95-115 A 95 115 56730 140 404 2 1.56 0.02 
PII 95-115 A 95 115 56592 199 402.6 0.4 1.53 0.06 
PIII 0-20 A 0 20 9674 24 1517 5 6.3 0.07 
PIII 0-20 (HCl) A 0 20 9631 59 1321 12 6.3 0.1 
PIII 0-20   0 20 9575 24 1384 5 6.218 0 
PIII 0-20   0 20 9566 11 1352 6 7.6 0.09 
PIII 20-40 A 20 40 9932 22 1302 7 8.79 0.05 
PIII 20-40_1   20 40 10091 48 1380 9 8.7 0.1 
PIII 20-40_1   20 40 10068 15 1391 1 8.47 0.05 
PIII 20-40_2   20 40 4596 74 713.7 0.2 13.8 0.2 
PIII 20-40_2   20 40 4743 73 718 11 14 0.1 
PIII 60 A 60 60 110988 441 490 2 1.43 0.01 
PIII 60 A 60 60 111541 456 480 3 1.369 0.007 
PIII 60 ore 60 60 883 22 102.62 0.02 12.7 0.1 
PIII 60 ore 60 60 867 16 102.86 0.02 12.8 0.1 
PIII 60 ore 60 60 924 19 104 1 12.8 0.01 
PIII Aushub    60 60 3696 20 350 2 6.9 0.1 
PIII Aushub   60 60 3633 70 354 3 6.78 0.03 
PIII Aushub ore 60 60 3725 40 357 3 7 0.1 
PIII Aushub ore 60 60 3731 2 361.8 0.2 6.93 0.06 
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Table AI-1: Continued. 

name note depth Na (OES) SD Na P (OES) SD P Pb (MS) Pb SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 1867 20 1613 138 38.6 0.2 
LV 1-10   1 10 1894 8 1661 41 38.57 0.02 
LV 60-70   60 70 1339 4 4098 4 31.52 0.01 
LV 60-70   60 70 1300 8 5008 61 31.6 0.1 
LV 60-70   60 70 1301 11 4122 2 31.6 0.2 
LV 60-70   60 70 1325.4 0.6 4501 39 32.9 0.1 
PI 0-20 A 0 20 1383.1 0.2 1341 21 41.2 0.1 
PI 20-40 A 20 40 1463 14 1159 19 38.79 0 
PI 60-80 A 60 80 1171 1 1760 4 32.1 0.2 
PI 60-80   60 80 1134.4 0.4 1529 61 30.4 0.2 
PI 60-80   60 80 1124 8 1561 41 29.4 0.2 
PI 70-85 A 70 85 1217 16 1721 121 33.3 0.02 
PI 70-90 ore 70 90 331 2 2785 41 16.05 0.001 
PI 70-90 ore 70 90 353 2 2861 104 16.7 0.2 
PI 70-90 ore 70 90 337 2 2908 40 15.78 0.08 
PI 70-90 ore 70 90 330 4 2791 39 15.6 0.1 
PI 95-115 A 95 115 996 5 953 4 16.89 0.09 
PI 100-120 red 100 120 610 6 1752 6 13.05 0.06 
PI 100-120 red 100 120 606 8 1706 39 12.94 0.04 
PI 140-160 A 140 160 622 10 2303 79 75.4 0.8 
PI 140-160   140 160 533 4 1048 36 93.8 0.2 
PI 140-160   140 160 523.4 0.6 982 79 92.3 0.8 
PI 150-170 A 150 170 689 2 426 6 28.5 0.2 
PI 150-170 (HCl) A 150 170 684 10 423 20 28.2 0.2 
PII 0-20 A 0 20 1937 14 1521 59 38.9 0.1 
PII 0-20   0 20 1932 8 1663 41 38.1 0.2 
PII 0-20   0 20 1925 14 1592 39 38.6 0.2 
PII 44-64 A 44 64 1269 0.8 1246 40 32.18 0 
PII 44-64   44 64 954 1 1184 8 29.1 0.2 
PII 44-64   44 64 944.29 0.04 1131 58 28.4 0.2 
PII 60-80 A 60 80 1023.3 0.4 735 61 26.9 0.1 
PII 60-80 A 60 80 1026 6 786 6 27.5 0.2 
PII 95-115 A 95 115 824 1 701 40 16.92 0.02 
PII 95-115 A 95 115 820 8 735 60 16.96 0.04 
PIII 0-20 A 0 20 1496 12 1891 24 40.59 0 
PIII 0-20 (HCl) A 0 20 1500 6 1821 78 38.19 0.08 
PIII 0-20   0 20 1481 17 1876 73 40 0.2 
PIII 0-20   0 20 1494 9 1831 4 38.7 0.2 
PIII 20-40 A 20 40 1317 19 1533 72 34.9 0.1 
PIII 20-40_1   20 40 1334 1 1525 73 33.1 0.2 
PIII 20-40_1   20 40 1361 2 1518 73 33.2 0.1 
PIII 20-40_2   20 40 448.6 0.5 671 5 22.515 0.005 
PIII 20-40_2   20 40 465 7 605 48 22.4 0.2 
PIII 60 A 60 60 384 7 308 2 7.44 0.07 
PIII 60 A 60 60 381 2 319 46 7.408 0.002 
PIII 60 ore 60 60 < 20   773 48 3.42 0.01 
PIII 60 ore 60 60 < 20   727 47 3.54 0.05 
PIII 60 ore 60 60 < 20   712 24 3.51 0.02 
PIII Aushub    60 60 735 4 2961 79 20.51 0.08 
PIII Aushub   60 60 746 10 3005 52 20.4 0.1 
PIII Aushub ore 60 60 741 2 2987 18 20.6 0.2 
PIII Aushub ore 60 60 736 8 2986 59 20.57 0.04 
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Table AI-1: Continued. 

name note depth Rb (MS) Rb (SD) Sr (OES) SD Sr Ti (MS) Ti SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 117 0.2 415 4 4706 21 
LV 1-10   1 10 116.3 0.8 421 2 4717 21 
LV 60-70   60 70 159.3 0.1 1787 6 3186 94 
LV 60-70   60 70 155.03 0.06 1979 2 2971 33 
LV 60-70   60 70 158.5 0.5 1773 14 3152 0 
LV 60-70   60 70 156.99 0.01 1828 4 3078 136 
PI 0-20 A 0 20 144.19 0.02 321.6 0.4 4417 43 
PI 20-40 A 20 40 145.05 0.08 402 4 4622 48 
PI 60-80 A 60 80 152.07 0.08 1190 6 3713 1 
PI 60-80   60 80 160.5 0.6 895 8 3440 3 
PI 60-80   60 80 158.13 0.02 926 6 3244 1 
PI 70-85 A 70 85 140 1 1094.5 0.6 3792 26 
PI 70-90 ore 70 90 49.8 0.2 2289 10 1034 6 
PI 70-90 ore 70 90 52 0.2 2326 2 1083 10 
PI 70-90 ore 70 90 48.8 0.2 2311 20 1009 3 
PI 70-90 ore 70 90 49.6 0.8 2346 6 1017 6 
PI 95-115 A 95 115 71.1 0.1 558 2 1505 4 
PI 100-120 red 100 120 49.9 0.2 942 4 1010 4 
PI 100-120 red 100 120 49 0.2 937 6 991 15 
PI 140-160 A 140 160 125.39 0.06 614 2 2338 0 
PI 140-160   140 160 128 0.4 405 4 2553 6 
PI 140-160   140 160 125.7 0.4 396 2 2537 27 
PI 150-170 A 150 170 172 1 161.7 0.8 3008 1 
PI 150-170 (HCl) A 150 170 172 1 162.54 0.04 3088 113 
PII 0-20 A 0 20 117.1 0.4 513 2 4837 8 
PII 0-20   0 20 116.4 0.4 627 8 4766 19 
PII 0-20   0 20 116.3 0.4 516.3 0.2 4831 29 
PII 44-64 A 44 64 153 1 815 14 4425 22 
PII 44-64   44 64 188 1 688 6 4060 13 
PII 44-64   44 64 187.3 0.4 663 4 4051 3 
PII 60-80 A 60 80 186 1 371 2 4246 7 
PII 60-80 A 60 80 187.2 0.4 392 2 4278 37 
PII 95-115 A 95 115 151.72 0.08 206 1 2455 22 
PII 95-115 A 95 115 151.6 0.1 208 2 2474 16 
PIII 0-20 A 0 20 131.5 0.2 565 2 3649 3 
PIII 0-20 (HCl) A 0 20 131.99 0.08 548 6 4009 55 
PIII 0-20   0 20 128.9 0.2 546 2 3647 15 
PIII 0-20   0 20 130.61 0.02 537 6 3959 24 
PIII 20-40 A 20 40 141.8 0.1 575 5 3422 3 
PIII 20-40_1   20 40 144 1 570.7 0.5 3464 26 
PIII 20-40_1   20 40 144.5 0.7 576 2 3442 0 
PIII 20-40_2   20 40 61.5 0.2 338 1 1159 11 
PIII 20-40_2   20 40 62.4 0.2 335 2 1158 13 
PIII 60 A 60 60 26.5 0.2 220.9 0.2 465 1 
PIII 60 A 60 60 26.16 0.09 223.1 0.1 457 3 
PIII 60 ore 60 60 6.55 0.05 33.72 0.02 116 1 
PIII 60 ore 60 60 6.47 0.05 33.945 0.007 116.7 0 
PIII 60 ore 60 60 6.744 0.002 34.1 0.1 122 1 
PIII Aushub    60 60 101.2 0.1 7454 2 1590 8 
PIII Aushub   60 60 100.8 0.2 7407 35 1577 5 
PIII Aushub ore 60 60 101.4 0.2 7452 40 1597.2 0.2 
PIII Aushub ore 60 60 102.03 0.04 7475 78 1591 15 
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Table AI-1: Continued. 

name note depth Tl (MS) Tl (SD) V (MS) V SD Zn (MS) Zn SD 

    cm µg/g µg/g µg/g µg/g µg/g µg/g 
LV 1-10   1 10 353.1 0 101 0.1 75 1 
LV 1-10   1 10 369 0.1 100 1 76 0.2 
LV 60-70   60 70 1762 14 104.6 0 192.6 0.6 
LV 60-70   60 70 1949 9 102.5 0.4 207 1 
LV 60-70   60 70 1894 10 102.44 0.04 202 3 
LV 60-70   60 70 1820 5 102.4 0.6 199 0.1 
PI 0-20 A 0 20 118.6 0.6 100 1 88 2 
PI 20-40 A 20 40 265 1 98 2 75.7 0.8 
PI 60-80 A 60 80 1801 9 116.3 0.8 141.8 0.2 
PI 60-80   60 80 1290 5 118.6 0.6 168.4 0.4 
PI 60-80   60 80 1293 7 118.8 0.8 184 2 
PI 70-85 A 70 85 1600 12 115.5 0.2 141 2 
PI 70-90 ore 70 90 2375 16 107 1 830.5 0.2 
PI 70-90 ore 70 90 2449 7 107.66 0.04 809 10 
PI 70-90 ore 70 90 2393 7 105 2 842 6 
PI 70-90 ore 70 90 2353 21 103.76 0.08 877 10 
PI 95-115 A 95 115 1120 4 50.2 0.7 85 2 
PI 100-120 red 100 120 966.4 0.2 56.8 0.4 204 1 
PI 100-120 red 100 120 831 2 58.3 0.4 201.6 0 
PI 140-160 A 140 160 6138 56 100 1 205 5 
PI 140-160   140 160 3534 1 117.6 0.7 251 2 
PI 140-160   140 160 3424 17 118.3 0.8 253 1 
PI 150-170 A 150 170 1676 0.2 82.68 0.08 70 1 
PI 150-170 (HCl) A 150 170 1268 12 84.83 0.02 71.6 0.4 
PII 0-20 A 0 20 438 0.2 90.5 0.6 72.5 0.4 
PII 0-20   0 20 657 4 91.7 0.4 80 1 
PII 0-20   0 20 432 1 91.1 0.6 73 0.6 
PII 44-64 A 44 64 981 5 99 1 105.59 0.02 
PII 44-64   44 64 895 3 116 2 127.5 0 
PII 44-64   44 64 890 2 116 2 147 2 
PII 60-80 A 60 80 705.8 0.1 109.9 0 83.32 0.04 
PII 60-80 A 60 80 707.2 0.2 112 1 82.6 0.8 
PII 95-115 A 95 115 150.6 0.6 75.4 0.6 35.6 0.4 
PII 95-115 A 95 115 154.37 0.02 74.8 0.4 35.5 0.4 
PIII 0-20 A 0 20 1142 6 110 0 92 2 
PIII 0-20 (HCl) A 0 20 1090 3 110.7 0.2 92.6 0.4 
PIII 0-20   0 20 1108 2 110.6 0.2 94 1 
PIII 0-20   0 20 1118.9 0.2 108 1 93 1 
PIII 20-40 A 20 40 3269 16 110 1 97 1 
PIII 20-40_1   20 40 1460 5 109.7 0.5 94 2 
PIII 20-40_1   20 40 1420 3 110.14 0.02 99.2 0.2 
PIII 20-40_2   20 40 705.4 0.2 81.6 0.2 162 2 
PIII 20-40_2   20 40 706 3 83 1 170 2 
PIII 60 A 60 60 104.6 0.4 23.7 0.4 61 1 
PIII 60 A 60 60 103.6 0.5 24.65 0.05 62.1 0.2 
PIII 60 ore 60 60 1444 2 43.8 0.7 96.56 0.05 
PIII 60 ore 60 60 1151 3 43 1 97 3 
PIII 60 ore 60 60 1178.4 0.2 42.5 0.5 96.1 0.7 
PIII Aushub    60 60 12687 42 69.2 0.2 45.3 0.6 
PIII Aushub   60 60 12639 26 67 1 45.9 0.9 
PIII Aushub ore 60 60 12746 17 68.9 0.1 45.5 0.4 
PIII Aushub ore 60 60 12800 28 68.3 0.2 45.9 0.6 
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Table AI-2: Electron microprobe analyses of Tl2O3-rich phases from Buus. 
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Table AI-3: Electron microprobe analyses of Ca-Fe arsenates from Buus. 
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Table AI-4: Electron microprobe analyses of jarosite-dorallcharite from Buus. 
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Table AI-4: continued. 
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Table AI-4: continued. 
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Table AI-5: Electron microprobe analyses of Mn oxides from Buus. 
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Table AI-7: Electron microprobe analyses of Fe oxides from Buus. 
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Table AI-7: continued. 
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Table AI-7: continued. 
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Table AI-7: continued. 
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APPENDIX II – SPANIA DOLINA 
Table AII-1. Measurement conditions of the electron microprobe analyses for different groups of minerals studied in 

this work. For each element, the emission line is given in the parentheses (in weight %), followed by the standard 
and estimated detection limit. 

 

primary sulfides trombolite well crystalline supergene minerals 

JEOL JXA-8230 at the 
University of Jena 

JEOL JXA-8230 at the 
University of Jena 

Cameca SX100 electron microprobe at 
the Masaryk University, Brno 

accelerating voltage 20 kV, 
sample current of 20 nA, 
20s on each peak and 10s 
on the background, beam 
diameter 1 m 

accelerating voltage 15 kV, 
sample current of 15 nA, 30s on 
each peak and 30s on the 
background, beam diameter 
5 m 

accelerating voltage 15 kV, sample 
current 2-10 nA, beam diameter 5-20 
m 

Se (Lα) Se-metal 0.05 Na (Kα) NaCl 0.05 Na (K) albite 0.05 

As (Lα) FeAsS 0.04 Al (Kα) Al2O3 0.02 K (K and Al K) sanidine 0.04 

Sb (Lα) Sb2S3 0.06 As (Lα) InAs 0.03 Mg (K) Mg2SiO4 or MgAl2O4 0.03 

Hg (Mα) HgS 0.06 Si (Kα) orthoclase 0.01 Ca (K) andradite or fluorapatite 0.03 

Cd (Lα) CdS 0.05 Mg (Kα) MgO 0.02 Ba (L) baryte 0.07 

Ag (Lα) Ag2Te 0.04 K (Kα) orthoclase 0.04 Pb (M) PbS or vanadinite 0.08 

Pb (Mα) PbS 0.06 S (Kα) baryte 0.06 Fe (K) andradite or almandine 0.05 

S (Kα) FeS2 0.04 Ca (Kα) apatite 0.05 Mn (K) spessartine 0.05 

Bi (Mα) Bi-metal 0.05 Ag (Lα) Ag2Te 0.06 Ni (K) Ni metal 0.04 

Fe (Kα) FeS2 0.04 Sb (Lα) InSb 0.07 Co (K) Co metal 0.04 

Co (Kα) Co-metal 0.03 P (Kα) apatite 0.05 Cu (L) lammerite or dioptase 0.05 

Ni (Kα) Ni-metal 0.02 Pb (Mα) crocoite 0.09 Zn (K) gahnite or ZnO 0.04 

Cu (Kα) CuFeS2 0.04 Bi (Mα) Bi- metal 0.07 V (K) ScVO4 0.06 

Zn (Kα) ZnS 0.04 Ba (Lα) baryte 0.06 Si (K) sanidine or spessartine 0.03 

 Hg (Mα) HgS 0.07 As (L) lammerite or InAs 0.04 

 Mn (Kα) rhodonite 0.02 Sb (L) Sb metal 0.06 

 Fe (Kα) Fe2O3 0.02 Bi (M) Bi metal 0.09 

 Cu (Kα) cuprite 0.02 P (K) fluorapatite 0.06 

 Zn (Kα) 0.03 S (K) baryte or SrSO4 0.04 

 Co (Kα) Co-metal 0.03 U (M) U metal 0.06 

 Se (Lα) Se-metal 0.04 Cl (K) vanadinite or NaCl 0.03 

 Cd (Lα) CdS 0.05 F (K) topas 0.09 

Peak overlap correction 
was used to avoid peak 
interference between the 
lines of As and Sb, S and 
Co, Fe and Pb as well as Se 
and Cd. 

Peak overlap correction was 
used to avoid peak interference 
between the lines of Sb and K, 
As and Mg, Al and Ag, P and Ca 
as well as Ba and Cu. 

 



 

 

II 

Table AII-2. Chemical analyses of mine waters from Piesky. All concentrations in mg/L. 

 

 P3  P4 

temperature (ºC) 9.0  8.4 
pH 7.38  7.53 
el. conduct. (μS/cm) 591  1272 
pε 3.58  3.51 
HCO3 231.86  384.4 
F <0.15  0.61 
Cl 1.35  2.15 
NO3 3.67  3.26 
SO4 102.4  330.5 
Al <0.05  <0.05 
As 0.061  0.0089 
B 0.0037  0.0103 
Ba 0.056515  0.01049 
Ca 38.6  100.1 
Cd 0.0001  0.00032 
Co 0.00774  0.00768 
Cu 0.7  0.394 
Fe 0.00229  0.00782 
K 2.33  2.8 
Li 0.0055  0.01273 
Mg 48.45  101.6 
Mn 0.00127  0.00969 
Mo 0.0012  0.000174 
Na 1.314  2.51 
Ni 0.0167  0.07821 
Sb 1.103  0.1948 
Si 2.53  3.13 
Sr 1.08  2.109 
Zn 0.08963  0.1 
Sc 0.00064  0.00087 
Rb 0.00249  0.00326 
Cs 0.00156  0.001402 
U 0.01822  0.00126  
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APPENDIX III – RUDÑANY 
Table AIII-1: Electron microprobe analysis of pyrites. All values in ms. %. 

pyrite       

name S Fe Cu Co Ni Total 
Rud7A_1 54.16 43.39 0.17 0.00 3.47 101.2 
Rud7A_3 54.31 45.69 0.41 0.00 1.27 101.7 
Rud3A_43 54.33 46.37 0.06 0.00 0.00 100.8 
Rud3A_44 54.18 46.43 0.22 0.00 0.00 100.9 
Rud3A_45 54.15 46.33 0.24 0.00 0.02 100.8 
Rud7A_13 54.58 46.35 0.74 0.00 0.06 101.8 

min 53.20 43.39 0.05 0.00 0.00   
max 54.58 46.43 0.74 1.33 3.47   

 

Table AIII-2: Electron microprobe analysis of chalcopyrites. All values in ms. %. 

chalcopyrite     

name S Fe Cu Total 
Rud3A_39 34.83 30.29 34.74 99.86 
Rud3A_40 34.87 30.56 34.67 100.2 
Rud3A_41 35.06 30.59 34.62 100.3 
Rud3A_42 34.90 30.49 34.76 100.2 
Rud3A_46 34.72 30.19 34.52 99.44 
Rud3A_47 34.87 30.28 34.47 99.67 
Rud3A_52 34.85 30.47 34.43 99.90 
Rud1B_38 35.02 29.72 34.89 99.75 
Rud1B_39 34.95 29.47 34.89 99.42 
Rud9A_1 35.17 30.25 34.33 99.88 
Rud9A_17 34.97 30.30 34.31 99.63 
Rud9A_18 35.04 29.93 34.17 99.26 
Rud9A_25 35.12 30.86 34.35 100.4 
Rud9A_44 34.94 30.63 34.52 100.1 
Rud9A_53 35.06 30.46 34.19 99.82 
Rud8A_26 34.79 30.16 34.86 99.94 
Rud7A_5 34.86 30.51 34.33 99.78 
Rud7A_6 34.93 30.87 34.22 100.0 
Rud7A_9 34.86 30.60 34.07 99.56 
Rud7A_11 34.92 30.50 34.39 99.82 
Rud7A_12 35.08 30.71 34.62 100.5 
Rud6A_7 34.68 30.19 34.44 99.43 
Rud6A_8 34.89 30.27 34.77 99.99 
Rud6A_23 34.98 30.33 34.57 100.0 
Rud6A_46 34.75 30.77 34.51 100.1 
Rud6A_47 34.75 30.53 34.38 99.68 
Rud5A_1 34.76 30.48 34.01 99.45 
Rud5A_13 34.75 30.59 33.93 99.53 
Rud5A_16 34.77 30.68 34.09 99.81 
Rud5A_44 34.83 30.45 34.48 99.83 
Rud_02_098 34.31 31.17 34.04 99.75 
Rud_02_099 34.07 31.02 33.82 99.12 

min 33.95 29.10 33.79   
max 35.67 31.17 34.89   

 

  



 

 

IV 

Table AIII-3: Electron microprobe analysis of cinnabar. All values in ms. %. 

cinnabar        

name As Sb S Hg Fe Cu Total 

Rud_04_66 0.01 0.02 18.51 81.62 0.98 0.86 102.31 

Rud_04_75 0.29 3.86 16.46 75.19 3.23 4.03 103.39 

Rud_04_142 0.00 0.38 17.22 79.71 2.35 3.38 103.23 

Rud_04_143 0.04 0.11 18.91 86.18 0.77 3.09 109.39 

Rud_04_144 0.00 0.03 18.47 84.60 0.45 4.22 108.09 

Rud_01_30 0.00 3.33 17.14 76.82 0.46 3.35 101.34 

Rud5A_48 0.00 0.03 19.66 87.46 1.41 1.91 110.55 

Rud5A_38 0.00 0.06 19.49 84.46 1.41 2.31 107.80 

Rud5A_39 0.00 0.04 19.98 86.78 0.71 1.05 108.63 

Rud5A_40 0.00 0.07 19.86 86.61 0.77 0.96 108.37 

Rud5A_41 0.00 0.06 20.44 84.67 0.94 1.38 107.58 

Rud5A_33 0.00 0.06 19.56 86.67 0.97 0.95 108.35 

Rud5A_31 0.00 0.05 19.75 87.06 1.13 1.01 109.07 

min 0.00 0.02 15.92 72.72 0.42 0.84   

max 0.29 3.74 19.00 79.99 3.12 3.90   

 

 

 

Table AIII-4: Electron microprobe analysis of gersdorffite. All values in ms. %. 

gersdorffite        

name As Sb S Fe Co Ni Total 

Rud_04_194 46.02 0.15 19.01 10.36 4.57 20.92 101.06 
Rud_01_40 46.20 0.36 19.12 12.10 1.99 22.03 101.81 
Rud5A_44 46.02 0.28 19.21 7.69 10.87 17.74 101.83 
Rud1B_51 45.66 0.10 19.36 8.73 8.72 18.93 101.58 
Rud8A_91 45.42 0.22 19.47 7.60 16.58 12.45 101.74 
Rud1B_68 45.67 0.14 19.52 7.96 14.27 14.20 101.87 
Rud1B_17 45.49 0.59 19.70 7.76 17.81 11.07 102.42 

min 45.42 0.10 19.01 7.60 1.99 11.07   

max 46.20 0.59 19.70 12.10 17.81 22.03   
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Table AIII-5: Electron microprobe analysis of the tetrahedrite-tennantite solid solution. All values in ms. %. 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

tennantite               

Rud8A_2 19.32 < DL  28.30 1.30 7.55 0.81 42.84 100.21 

Rud8A_10 15.94 2.72 27.41 2.12 6.89 1.02 41.95 98.05 

Rud8A_11 19.01 0.15 27.35 0.81 7.54 0.33 43.64 98.84 

Rud7A_14 14.05 8.01 27.32 0.42 2.63 6.29 42.33 101.04 

tetrahedrite               

Rud3A_1 2.90 24.59 25.58 2.38 4.16 0.73 40.55 100.88 

Rud3A_2 2.88 24.36 25.52 2.21 4.17 0.68 40.53 100.36 

Rud3A_3 2.89 24.40 25.49 2.52 4.05 0.76 40.27 100.40 

Rud3A_4 2.94 24.29 25.58 2.24 4.11 0.70 40.10 99.95 

Rud3A_5 2.88 24.14 25.65 2.64 4.15 0.69 40.10 100.26 

Rud3A_6 2.98 24.55 25.67 2.53 4.14 0.72 40.24 100.84 

Rud3A_7 2.98 24.26 25.79 2.08 4.20 0.73 40.60 100.66 

Rud3A_8 2.95 24.46 25.60 2.42 4.11 0.72 40.11 100.38 

Rud3A_9 3.05 23.99 25.60 2.23 4.12 0.71 40.44 100.13 

Rud3A_10 2.91 24.60 25.61 2.29 4.18 0.67 40.39 100.65 

Rud3A_11 3.22 24.16 25.50 2.38 4.21 0.71 40.38 100.55 

Rud3A_12 3.11 24.47 25.73 2.28 4.17 0.73 40.58 101.07 

Rud3A_13 3.08 24.30 25.61 2.24 4.17 0.71 40.49 100.61 

Rud3A_14 3.16 24.29 25.65 2.15 4.16 0.73 40.33 100.49 

Rud3A_15 3.01 24.26 25.62 2.35 4.16 0.69 40.44 100.53 

Rud3A_16 3.02 24.10 25.65 2.44 4.17 0.68 40.26 100.31 

Rud3A_17 3.07 24.01 25.46 2.36 4.14 0.69 39.77 99.48 

Rud3A_18 2.97 24.25 25.55 2.34 4.13 0.63 39.98 99.89 

Rud3A_19 3.30 23.17 25.10 2.35 4.02 0.66 38.26 96.87 

Rud3A_20 3.20 22.91 24.96 2.36 3.98 0.64 38.11 96.17 

Rud3A_21 3.22 24.09 25.63 2.16 4.17 0.66 40.22 100.16 

Rud3A_22 3.23 23.85 25.62 2.54 4.12 0.69 40.44 100.48 

Rud3A_23 3.33 23.85 25.60 2.34 4.13 0.70 40.06 100.03 

Rud3A_24 3.42 23.82 25.48 2.36 4.15 0.70 40.02 99.97 

Rud3A_25 3.30 23.78 25.68 2.36 4.13 0.68 40.11 100.09 

Rud3A_26 3.18 23.85 25.53 2.28 4.16 0.67 40.11 99.77 

Rud3A_27 3.46 23.63 25.50 2.25 4.14 0.72 39.66 99.39 

Rud3A_29 3.32 23.86 25.55 2.67 4.04 0.86 40.21 100.52 

Rud3A_30 3.35 23.91 25.62 2.77 3.97 1.04 40.25 100.91 

Rud3A_31 3.44 23.71 25.60 3.10 3.90 0.98 40.15 100.89 

Rud3A_32 3.35 23.73 25.56 2.54 3.97 1.01 40.33 100.49 

Rud3A_33 3.42 23.76 25.64 2.62 3.89 1.14 40.09 100.57 

Rud3A_34 3.43 23.88 25.57 2.54 3.92 1.07 40.07 100.48 

Rud3A_35 3.28 23.56 25.56 2.55 4.08 0.76 40.17 99.95 

Rud3A_36 3.32 23.58 25.59 2.46 4.16 0.77 40.39 100.27 

Rud3A_37 3.47 23.48 25.61 2.36 4.19 0.75 40.48 100.36 

Rud3A_38 3.48 23.42 25.70 2.36 4.18 0.73 40.36 100.25 

Rud1B_2 3.34 22.86 25.52 4.15 2.51 2.78 39.09 100.26 



 

 

VI 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud1B_7 3.54 22.21 25.52 4.96 3.23 1.13 39.67 100.28 

Rud1B_8 3.27 22.62 25.38 5.62 3.07 1.26 39.17 100.38 

Rud1B_12 3.49 22.06 25.41 5.41 4.38 1.33 38.60 100.67 

Rud1B_18 3.60 22.61 25.50 4.25 3.36 1.14 40.09 100.55 

Rud1B_19 3.94 22.01 25.71 4.42 3.53 1.25 40.02 100.89 

Rud1B_20 3.48 22.85 25.60 2.77 4.05 1.18 40.29 100.27 

Rud1B_22 3.14 23.05 25.30 6.10 3.12 0.93 39.05 100.70 

Rud1B_23 3.15 23.14 25.41 4.20 3.43 0.99 39.59 99.92 

Rud1B_24 3.07 22.65 25.33 5.31 3.20 0.86 39.08 99.49 

Rud1B_25 3.06 22.82 25.36 5.89 3.29 1.09 38.70 100.19 

Rud1B_26 2.96 23.39 25.48 5.36 3.25 1.14 39.17 100.74 

Rud1B_27 3.15 23.08 25.55 5.00 3.33 1.05 39.46 100.61 

Rud1B_28 6.81 17.31 26.14 3.21 4.23 0.62 41.22 99.53 

Rud1B_29 6.84 17.38 26.06 3.16 4.11 0.68 41.11 99.33 

Rud1B_30 6.89 17.35 26.10 3.41 4.12 0.57 41.25 99.70 

Rud1B_31 6.83 16.97 26.07 4.41 3.86 0.62 40.48 99.26 

Rud1B_32 6.81 17.43 26.23 2.89 4.23 0.57 41.46 99.62 

Rud1B_33 6.71 17.60 26.04 3.30 4.16 0.61 41.09 99.50 

Rud1B_41 6.79 16.24 25.54 3.55 4.04 0.71 36.96 93.85 

Rud1B_42 6.99 16.85 26.15 2.92 4.19 0.56 41.46 99.12 

Rud2A_4 6.46 18.30 26.00 3.77 3.98 0.61 40.72 99.87 

Rud2A_5 6.75 18.33 25.57 2.61 4.29 0.64 40.82 99.00 

Rud2A_6 6.92 17.53 26.14 3.37 4.11 0.64 41.08 99.79 

Rud2A_7 6.71 18.01 25.98 3.33 4.20 0.61 40.90 99.74 

Rud2A_8 6.17 18.77 25.89 3.34 4.03 0.60 41.02 99.84 

Rud1A_9 2.67 23.62 25.03 5.75 3.06 1.20 39.03 100.36 

Rud1A_10 2.75 23.92 25.19 5.32 3.09 1.17 39.29 100.73 

Rud1A_11 3.30 22.86 25.10 4.14 3.26 1.36 38.55 98.57 

Rud1A_12 3.65 21.97 25.20 5.18 3.28 1.23 39.37 99.90 

Rud1A_13 2.89 23.94 25.09 5.31 3.11 1.14 39.06 100.55 

Rud1A_14 2.81 23.28 25.10 6.23 2.95 1.12 38.96 100.47 

Rud1A_15 3.68 22.42 25.30 4.97 3.35 0.99 39.69 100.41 

Rud1A_16 3.21 23.33 25.40 4.77 3.22 1.10 39.71 100.74 

Rud1A_17 3.81 22.16 25.50 4.63 3.37 1.08 39.98 100.54 

Rud1A_18 3.36 22.81 25.36 4.80 3.37 0.83 39.84 100.37 

Rud1A_19 3.48 22.60 25.43 4.97 3.33 0.80 39.76 100.39 

Rud1A_20 3.47 22.70 25.28 5.14 3.25 0.94 39.56 100.35 

Rud1A_21 4.23 21.29 25.50 4.54 3.52 0.85 39.83 99.74 

Rud1A_22 3.32 22.84 25.32 4.81 3.26 1.12 39.48 100.17 

Rud1A_23 3.29 22.97 25.27 4.80 3.18 1.20 39.41 100.16 

Rud1A_28 7.05 18.07 25.85 3.60 4.16 0.59 39.20 98.52 

Rud1A_29 5.68 19.89 25.81 3.24 4.07 0.56 41.00 100.26 

Rud1A_30 6.70 18.12 25.98 3.36 4.19 0.54 40.87 99.78 

Rud1A_31 6.01 19.15 25.86 3.86 4.06 0.50 40.54 100.00 

Rud1A_32 6.74 17.72 25.94 3.58 4.17 0.43 41.00 99.59 

Rud1A_33 6.73 18.02 26.03 3.24 4.18 0.54 40.95 99.72 



 

 

VII 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud1A_34 5.86 18.99 25.77 4.53 3.50 1.19 40.23 100.06 

Rud1A_37 6.08 18.65 25.79 4.81 3.45 1.21 40.29 100.29 

Rud1A_38 6.21 18.72 25.68 3.74 3.68 1.06 40.59 99.70 

Rud1A_39 3.01 23.66 25.21 5.05 3.23 1.00 39.45 100.61 

Rud1A_40 3.00 23.23 25.16 5.41 3.21 1.02 39.18 100.21 

Rud1A_41 3.17 22.90 25.28 4.86 3.33 1.08 39.30 99.93 

Rud1A_42 3.17 23.26 25.29 4.59 3.40 0.94 39.61 100.27 

Rud1A_43 3.34 23.01 25.47 4.85 3.28 1.07 39.34 100.36 

Rud1A_44 2.83 23.47 25.26 4.95 3.17 1.26 39.17 100.13 

Rud1A_45 3.37 23.05 25.32 4.52 3.37 0.99 39.65 100.29 

Rud1A_46 5.78 19.49 25.90 3.67 3.93 0.68 40.90 100.36 

Rud1A_47 5.60 19.50 25.78 3.71 3.97 0.59 40.85 100.03 

Rud1A_48 5.82 19.39 25.86 3.41 3.89 0.78 40.97 100.12 

Rud1A_49 5.37 19.95 25.79 4.11 3.69 0.88 40.31 100.11 

Rud1A_50 5.88 19.54 25.83 3.40 3.90 0.95 40.87 100.36 

Rud1A_52 2.74 23.63 25.05 4.88 3.35 1.13 39.45 100.26 

Rud1A_53 2.78 23.74 25.12 4.89 3.55 1.13 38.67 99.87 

Rud1A_54 2.79 23.60 25.19 6.00 2.96 1.08 38.84 100.47 

Rud1A_55 2.67 23.97 25.31 5.12 3.29 1.06 39.34 100.77 

Rud1A_56 2.75 23.83 25.30 4.88 3.35 1.07 39.34 100.54 

Rud1A_57 2.86 23.57 25.39 4.32 3.43 1.08 39.88 100.53 

Rud9A_4 3.25 23.36 25.56 4.06 3.67 0.85 39.72 100.50 

Rud9A_5 3.41 23.39 25.57 3.99 3.74 0.78 39.54 100.42 

Rud9A_6 4.12 22.41 25.70 4.18 3.81 0.70 39.95 100.88 

Rud9A_7 3.79 22.63 25.64 4.18 3.81 0.63 39.67 100.39 

Rud9A_8 3.21 23.68 25.51 4.23 3.64 0.94 39.53 100.75 

Rud9A_11 3.22 23.83 25.53 4.05 3.66 0.90 39.38 100.57 

Rud9A_12 3.19 23.55 25.60 4.72 3.53 0.90 39.13 100.63 

Rud9A_13 3.35 23.49 25.62 4.04 3.67 0.84 39.35 100.37 

Rud9A_14 3.13 21.75 21.86 3.49 3.46 0.80 35.52 90.01 

Rud9A_19 3.67 22.97 25.49 4.92 3.62 0.58 39.48 100.72 

Rud9A_20 3.63 22.82 25.62 4.63 3.76 0.57 39.77 100.81 

Rud9A_21 3.59 22.61 25.58 4.55 3.79 0.56 39.81 100.51 

Rud9A_26 2.81 23.94 25.36 5.48 3.57 0.60 39.05 100.83 

Rud9A_27 3.28 23.44 25.55 4.30 3.81 0.43 39.89 100.69 

Rud9A_28 3.30 23.58 25.56 4.44 3.79 0.46 39.71 100.86 

Rud9A_29 3.36 23.24 25.48 5.33 3.64 0.50 39.42 100.98 

Rud9A_30 3.10 23.67 25.35 4.38 3.75 0.44 39.82 100.52 

Rud9A_33 4.81 21.36 25.90 3.14 4.06 0.65 40.62 100.54 

Rud9A_34 4.83 21.11 25.85 3.37 4.12 0.50 40.24 100.03 

Rud9A_35 4.76 21.42 25.83 3.65 4.03 0.53 40.09 100.33 

Rud9A_36 4.82 21.36 25.76 3.46 3.82 1.04 40.10 100.37 

Rud9A_37 4.97 20.94 25.92 3.33 3.94 0.75 40.37 100.24 

Rud9A_38 4.81 21.16 25.65 3.70 3.81 0.80 40.11 100.05 

Rud9A_47 3.29 23.45 25.45 3.43 3.63 1.05 39.31 99.60 

Rud9A_48 2.78 23.92 25.41 3.70 3.43 1.03 39.31 99.58 



 

 

VIII 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud9A_49 3.14 23.55 25.47 4.12 3.53 0.94 39.39 100.15 

Rud9A_50 2.50 24.59 25.33 3.50 3.68 0.90 39.33 99.85 

Rud9A_54 2.67 24.14 25.48 4.81 3.83 0.34 39.13 100.40 

Rud9A_55 3.16 23.47 25.18 4.62 3.75 0.33 39.29 99.81 

Rud9A_56 3.90 22.78 25.54 3.58 4.02 0.36 40.20 100.38 

Rud9A_57 2.96 23.95 25.42 4.23 3.81 0.46 39.58 100.40 

Rud8A_1 4.19 20.66 25.37 3.14 5.34 2.04 38.81 99.55 

Rud8A_3 8.74 15.39 26.30 2.69 5.23 1.59 40.67 100.60 

Rud8A_6 8.00 14.58 25.55 3.17 4.15 1.43 39.42 96.32 

Rud8A_7 3.10 23.74 25.23 4.91 3.00 1.87 39.17 101.02 

Rud8A_8 3.29 22.35 25.13 4.08 3.91 1.85 38.50 99.12 

Rud8A_9 3.81 21.70 25.43 4.61 3.12 1.84 39.62 100.13 

Rud8A_13 7.84 16.43 26.19 3.50 4.80 1.55 40.42 100.73 

Rud8A_14 5.58 19.84 25.97 4.45 4.45 1.78 39.73 101.81 

Rud8A_15 3.76 21.83 25.35 4.94 3.07 1.83 39.33 100.12 

Rud8A_16 4.26 21.08 25.61 4.36 3.23 1.83 39.90 100.27 

Rud8A_17 3.58 22.75 25.54 5.15 2.89 1.88 39.24 101.07 

Rud8A_18 6.36 18.53 26.13 3.37 4.03 0.73 41.20 100.34 

Rud8A_19 6.22 18.88 26.11 3.47 3.98 0.79 40.96 100.42 

Rud8A_22 4.37 20.80 25.45 4.43 3.14 1.62 39.83 99.64 

Rud8A_24 3.63 22.08 25.45 4.24 3.19 1.73 39.76 100.08 

Rud8A_25 4.00 19.47 22.20 3.71 2.51 1.51 40.97 94.37 

Rud8A_28 3.72 21.29 25.59 5.78 2.87 1.63 39.03 99.90 

Rud8A_29 5.25 19.55 25.94 4.03 3.43 1.61 40.29 100.10 

Rud8A_30 4.42 21.52 25.93 3.58 3.33 1.71 40.39 100.89 

Rud8A_31 4.55 21.29 25.69 4.56 3.38 1.42 39.96 100.86 

Rud8A_32 4.90 20.45 25.69 5.08 3.28 1.56 39.45 100.41 

Rud8A_33 4.43 21.53 25.62 3.89 3.38 1.59 39.83 100.28 

Rud8A_34 4.13 21.78 25.47 5.33 3.25 1.37 39.16 100.52 

Rud8A_35 4.28 21.70 25.47 3.82 3.64 1.09 39.77 99.77 

Rud7A_7 4.09 22.88 25.77 3.17 4.57 0.43 40.35 101.24 

Rud6A_1 5.43 20.04 25.49 4.34 3.20 1.53 39.71 99.74 

Rud6A_2 5.72 19.80 25.64 4.32 3.17 1.62 40.08 100.36 

Rud6A_3 5.46 19.92 25.58 4.27 3.29 1.45 39.65 99.63 

Rud6A_4 5.75 19.42 25.70 4.28 3.26 1.59 39.69 99.70 

Rud6A_5 5.80 19.53 25.59 3.90 3.14 1.81 39.67 99.45 

Rud6A_10 8.58 15.56 26.14 3.77 3.63 1.68 40.89 100.25 

Rud6A_11 3.92 22.45 25.31 4.87 2.74 1.97 39.39 100.67 

Rud6A_12 3.83 22.44 25.23 5.71 2.49 1.99 38.93 100.61 

Rud6A_13 7.10 17.60 25.91 3.92 3.24 2.12 40.51 100.40 

Rud6A_14 4.41 21.89 25.48 3.91 3.00 1.95 39.81 100.48 

Rud6A_16 3.66 22.73 25.33 4.53 2.90 1.82 39.48 100.45 

Rud6A_17 3.54 22.05 25.00 5.32 2.86 1.65 39.03 99.45 

Rud6A_18 3.58 22.74 25.27 6.09 2.80 1.52 39.01 101.04 

Rud6A_19 4.03 22.39 25.29 5.50 2.93 1.79 39.13 101.07 

Rud6A_20 3.56 22.98 25.19 5.27 2.93 1.64 38.90 100.47 



 

 

IX 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud6A_21 3.82 22.82 25.26 5.33 2.85 1.77 38.89 100.75 

Rud6A_22 4.08 22.11 25.24 6.30 2.86 1.50 38.45 100.54 

Rud6A_25 3.28 23.43 25.33 5.16 2.93 1.61 39.25 101.02 

Rud6A_26 3.24 23.30 25.34 5.25 2.94 1.57 39.31 100.97 

Rud6A_27 3.51 23.38 25.16 4.74 3.27 1.18 39.36 100.60 

Rud6A_28 3.50 23.19 25.27 4.85 3.12 1.54 38.91 100.38 

Rud6A_35 3.39 23.31 25.17 5.67 3.19 0.80 39.44 100.97 

Rud6A_36 3.25 23.00 25.07 5.88 3.25 0.71 39.49 100.67 

Rud6A_37 3.21 22.78 24.93 6.26 3.04 0.76 39.33 100.33 

Rud6A_38 3.16 23.35 25.19 5.22 3.35 0.79 39.87 100.95 

Rud6A_39 3.23 23.39 24.99 4.77 3.43 1.07 39.54 100.45 

Rud6A_40 3.27 23.24 25.14 5.73 3.30 0.68 39.44 100.81 

Rud6A_41 3.34 23.21 25.25 5.05 3.36 0.79 39.70 100.69 

Rud6A_42 3.29 23.47 25.12 5.32 3.16 1.05 39.20 100.62 

Rud6A_43 3.28 23.29 25.00 5.88 3.16 0.88 38.54 100.04 

Rud6A_44 3.43 23.10 25.09 4.99 3.39 0.71 38.76 99.49 

Rud6A_50 3.64 22.98 25.39 5.74 2.94 1.46 39.36 101.50 

Rud6A_51 3.30 23.40 25.32 5.04 3.00 1.44 39.56 101.07 

Rud6A_52 3.25 23.32 25.18 5.25 3.06 1.22 39.33 100.63 

Rud6A_53 2.96 23.82 25.15 4.94 3.15 1.09 39.64 100.76 

Rud6A_54 3.08 23.83 25.16 5.12 3.25 0.90 39.53 100.89 

Rud6A_55 3.04 23.67 25.21 5.75 3.11 0.90 39.13 100.81 

Rud6A_56 3.11 23.49 25.09 5.49 3.02 1.14 39.28 100.65 

Rud6A_57 3.44 23.04 25.41 5.36 2.88 1.59 39.50 101.23 

Rud5A_51 3.00 23.89 25.29 5.16 3.43 0.80 39.15 100.73 

Rud5A_52 4.87 20.94 25.70 3.91 3.94 0.65 40.10 100.14 

Rud5A_53 5.23 20.55 25.84 3.16 4.21 0.60 40.52 100.12 

Rud5A_54 4.31 22.13 25.77 3.74 3.95 0.63 40.04 100.57 

Rud5A_55 2.96 23.92 25.56 4.45 3.60 0.75 39.50 100.75 

Rud5A_56 2.83 23.91 25.38 4.51 3.47 1.06 39.60 100.77 

Rud5A_57 3.32 23.40 25.45 4.05 3.69 0.81 39.83 100.53 

Rud5A_58 3.49 23.11 25.49 4.18 3.75 0.66 39.96 100.65 

Rud5A_59 2.99 24.17 25.35 3.74 3.91 0.55 39.85 100.57 

Rud5A_60 3.08 23.44 25.29 4.66 3.64 0.69 39.10 99.96 

Rud5A_61 2.93 24.11 25.40 3.60 3.83 0.61 39.64 100.15 

Rud5A_62 3.20 23.73 25.48 3.89 3.89 0.53 39.83 100.54 

Rud5A_63 3.27 23.35 25.40 4.34 3.74 0.70 39.40 100.19 

Rud5A_64 3.30 23.57 25.42 4.34 3.74 0.69 39.53 100.57 

Rud5A_65 3.15 23.42 25.32 4.68 3.72 0.60 39.52 100.41 

Rud5A_66 2.99 24.01 25.37 3.62 3.83 0.59 39.71 100.18 

Rud5A_67 3.40 22.18 26.55 3.73 3.99 0.73 39.81 100.39 

Xy-01 3.24 19.90 23.97 17.17 0.68 0.21 35.37 101.00 

Rud_01_01 3.34 20.08 24.14 17.44 0.68 0.18 35.67 101.88 

Rud_01_02 3.14 20.03 24.24 17.00 0.79 0.22 36.67 102.48 

Rud_01_14 3.29 19.83 24.12 17.62 0.65 0.16 35.50 101.61 

Rud_01_15 3.41 19.53 24.05 17.50 0.64 0.18 35.52 101.32 



 

 

X 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_01_16 3.50 19.21 24.10 16.92 0.76 0.18 35.77 100.85 

Rud_01_17 3.63 19.26 24.10 16.68 0.79 0.21 35.71 100.78 

Rud_01_18 3.47 19.22 24.09 17.27 0.70 0.18 35.64 101.06 

Rud_01_19 3.23 19.93 23.93 17.25 0.65 0.18 35.68 101.25 

Rud_01_20 3.15 20.09 24.06 17.33 0.77 0.22 35.64 101.71 

Rud_01_21 3.48 19.56 24.02 16.80 0.72 0.22 35.71 100.90 

Rud_01_22 3.92 19.05 24.17 17.96 0.63 0.20 35.72 101.91 

Rud_01_23 4.03 18.67 23.52 17.75 0.57 0.19 35.40 100.39 

Rud_01_24 3.65 19.09 24.10 16.79 0.66 0.24 35.64 100.44 

Rud_01_25 3.39 19.22 24.21 17.71 0.58 0.19 35.32 100.94 

Rud_01_26 3.33 19.74 24.05 17.29 0.79 0.23 35.33 101.07 

Rud_01_07 3.47 19.69 24.10 17.26 0.74 0.20 35.16 101.05 

Rud_01_08 3.71 19.02 24.13 17.54 0.69 0.20 35.57 101.27 

Rud_01_09 3.76 19.09 24.14 16.78 0.82 0.23 35.94 101.12 

Rud_01_04 3.18 19.94 23.77 16.65 0.64 0.27 31.19 96.22 

Rud_01_58 3.45 19.51 24.08 17.93 0.47 0.32 35.44 101.51 

Rud_01_59 3.52 19.41 24.16 17.24 0.53 0.29 35.56 100.98 

Rud_01_60 3.55 19.07 24.16 17.33 0.62 0.31 35.73 101.07 

Rud_01_61 4.28 18.33 24.25 16.75 0.78 0.33 35.86 101.07 

Rud_01_62 3.98 18.62 24.18 17.18 0.72 0.28 35.66 101.06 

Rud_01_63 3.78 19.38 23.97 17.68 0.61 0.20 35.67 101.59 

Rud_01_64 3.62 19.20 23.99 18.01 0.56 0.23 35.47 101.45 

Rud_01_65 4.13 18.89 24.14 17.08 0.75 0.21 35.86 101.49 

Rud_01_66 3.90 18.07 23.26 16.39 0.69 0.20 35.48 98.35 

Rud_01_67 4.48 18.10 24.22 17.35 0.78 0.23 35.94 101.45 

Rud_01_68 3.83 18.91 24.21 16.59 0.90 0.22 36.18 101.16 

Rud_01_69 4.02 18.54 24.12 16.55 0.76 0.24 35.59 100.28 

Rud_01_70 3.38 19.43 23.95 17.65 0.56 0.21 35.24 100.88 

Rud_01_71 3.44 19.41 24.05 18.23 0.54 0.24 35.32 101.58 

Rud_01_72 4.01 18.67 24.13 16.57 0.69 0.18 36.05 100.74 

Rud_01_73 4.02 18.80 24.01 16.82 0.74 0.18 35.92 100.78 

Rud_01_74 4.06 18.87 24.25 17.05 0.83 0.18 36.09 101.91 

Rud_01_75 3.33 19.71 24.03 17.37 0.59 0.18 35.54 101.08 

Rud_02_001 7.18 17.56 25.69 1.35 5.06 0.50 41.27 99.14 

Rud_02_002 7.06 17.75 25.64 1.45 5.01 0.49 41.54 99.44 

Rud_02_003 7.19 17.69 25.54 1.37 5.12 0.50 41.29 99.23 

Rud_02_004 6.93 17.66 25.55 1.39 5.04 0.52 41.42 98.97 

Rud_02_005 6.14 19.08 25.54 1.40 4.80 0.53 41.53 99.58 

Rud_02_006 6.22 18.63 25.52 1.56 4.81 0.52 41.43 99.36 

Rud_02_007 6.79 17.98 25.75 1.28 4.92 0.50 41.35 99.06 

Rud_02_008 6.13 18.84 25.45 1.37 4.86 0.56 41.42 99.07 

Rud_02_017 7.03 17.89 25.72 1.31 5.10 0.48 41.37 99.37 

Rud_02_018 7.14 17.49 25.54 1.26 5.02 0.47 41.02 98.45 

Rud_02_019 7.05 17.64 25.85 1.44 4.96 0.53 41.48 99.43 

Rud_02_020 4.71 21.23 25.29 1.45 4.62 0.56 41.07 99.40 

Rud_02_021 4.59 21.46 25.32 1.43 4.62 0.56 41.12 99.52 



 

 

XI 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_02_022 4.45 21.30 25.27 1.55 4.65 0.57 41.04 99.27 

Rud_02_023 4.58 21.34 25.19 1.44 4.67 0.56 41.18 99.45 

Rud_02_024 4.64 21.36 25.20 1.23 4.65 0.58 41.16 99.32 

Rud_02_025 4.53 21.39 25.02 1.46 4.58 0.58 41.06 99.14 

Rud_02_026 4.77 21.11 24.60 1.13 4.65 0.58 40.89 98.18 

Rud_02_027 4.48 21.45 25.34 1.30 4.67 0.54 40.82 99.04 

Rud_02_028 4.42 21.39 25.36 1.55 4.66 0.56 40.98 99.32 

Rud_02_029 4.54 21.29 25.12 1.58 4.78 0.66 40.80 99.25 

Rud_02_041 4.61 20.91 25.25 1.18 4.59 0.58 41.12 98.79 

Rud_02_042 4.78 21.12 25.26 1.70 4.65 0.56 41.07 99.72 

Rud_02_043 4.91 20.75 25.37 1.43 4.64 0.59 41.15 99.46 

Rud_02_044 4.72 21.00 25.40 1.29 4.61 0.60 41.23 99.43 

Rud_02_045 4.70 21.18 25.33 1.44 4.61 0.55 41.32 99.74 

Rud_02_046 4.64 21.14 25.33 1.35 4.65 0.57 41.32 99.65 

Rud_02_053 4.61 20.98 25.29 1.39 5.03 0.53 40.03 98.40 

Rud_02_054 4.57 21.38 25.37 1.23 4.75 0.57 40.98 99.34 

Rud_02_055 4.59 21.25 25.36 1.08 4.65 0.58 41.29 99.31 

Rud_02_056 4.54 21.20 25.25 1.34 4.65 0.57 41.26 99.30 

Rud_02_057 4.57 21.27 25.25 1.41 4.56 0.57 41.05 99.20 

Rud_02_058 4.60 21.06 25.37 1.20 4.65 0.60 41.16 99.13 

Rud_02_059 4.58 21.32 25.40 1.70 4.58 0.57 40.89 99.52 

Rud_02_060 4.85 21.17 25.29 1.39 4.61 0.55 41.03 99.37 

Rud_02_061 4.69 21.12 25.21 1.29 4.61 0.57 41.10 99.03 

Rud_02_064 4.61 21.12 25.40 1.33 4.76 0.51 41.11 99.35 

Rud_02_078 3.83 22.33 25.27 1.33 5.02 0.55 40.37 99.77 

Rud_02_082 3.60 22.32 25.00 1.79 5.36 0.52 39.46 99.66 

Rud_02_087 4.03 22.04 25.10 1.47 4.84 0.56 40.64 99.75 

Rud_02_088 3.96 21.86 24.93 1.51 4.74 0.54 40.46 98.92 

Rud_02_089 4.01 22.10 25.04 1.24 4.71 0.53 40.80 99.42 

Rud_02_090 4.13 22.05 25.26 1.18 4.70 0.51 40.80 99.67 

Rud_02_091 4.15 21.87 25.18 1.20 4.66 0.52 41.06 99.55 

Rud_02_092 4.18 22.08 25.27 1.34 4.70 0.55 40.79 99.86 

Rud_02_096 4.07 21.92 25.04 1.95 4.68 0.53 40.31 99.26 

Rud_02_097 4.15 21.88 25.20 1.93 4.70 0.55 40.67 99.80 

Rud_02_102 4.11 21.80 25.15 1.56 5.41 0.54 40.18 99.28 

Rud_02_103 4.04 22.16 25.16 1.84 4.99 0.56 40.40 99.67 

Rud_02_104 3.98 22.09 25.12 1.82 5.13 0.59 40.21 99.48 

Rud_02_141 6.47 18.41 25.59 1.46 4.95 0.50 41.47 99.30 

Rud_02_142 6.58 18.36 25.51 1.21 4.92 0.48 41.56 99.11 

Rud_02_143 6.27 18.86 25.54 1.34 4.83 0.52 41.55 99.43 

Rud_02_144 6.50 18.38 25.49 1.38 4.93 0.54 41.42 99.15 

Rud_02_145 6.57 18.20 25.59 1.20 4.94 0.49 41.44 98.98 

Rud_02_146 6.55 18.17 25.38 1.20 5.00 0.53 41.32 98.78 

Rud_02_147 6.40 18.53 25.62 1.14 4.93 0.48 41.59 99.18 

Rud_02_148 5.82 17.23 23.24 1.25 4.77 0.49 40.09 93.31 

Rud_02_149 5.91 19.27 25.50 1.44 4.82 0.50 41.15 99.15 



 

 

XII 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_02_154 4.84 20.84 25.41 1.38 4.73 0.55 41.16 99.36 

Rud_02_155 4.71 21.04 25.19 1.36 4.69 0.56 41.05 99.16 

Rud_02_156 4.76 21.31 25.24 1.71 4.63 0.54 40.85 99.53 

Rud_02_157 4.64 21.38 25.18 1.56 4.62 0.53 40.82 99.33 

Rud_02_158 4.52 21.46 25.29 1.57 4.58 0.55 40.82 99.29 

Rud_02_159 4.56 21.30 25.23 1.50 4.57 0.57 40.97 99.26 

Rud_02_160 4.44 21.47 25.40 1.16 4.61 0.54 41.13 99.26 

Rud_02_161 4.35 21.35 25.18 1.85 4.61 0.57 40.67 99.16 

Rud_02_162 5.00 20.64 25.34 1.47 4.70 0.57 41.11 99.30 

Rud_02_163 4.64 21.03 25.17 1.42 4.72 0.54 40.90 99.00 

Rud_02_164 4.58 21.03 25.20 1.48 4.60 0.54 40.88 98.87 

Rud_02_165 4.86 20.94 25.19 1.31 4.70 0.58 40.86 99.01 

Rud_03_1 6.39 18.80 25.52 1.12 4.87 0.52 41.36 98.96 

Rud_03_2 6.12 19.09 25.54 1.28 4.88 0.52 41.30 99.05 

Rud_03_3 6.28 19.13 25.64 1.24 4.90 0.54 41.34 99.36 

Rud_03_4 6.06 19.27 25.60 1.35 4.81 0.56 41.36 99.35 

Rud_03_5 5.99 19.39 25.53 1.62 4.79 0.55 41.24 99.44 

Rud_03_6 6.04 19.54 25.50 1.01 4.82 0.54 41.46 99.28 

Rud_03_7 5.83 19.49 25.51 1.06 4.84 0.55 41.68 99.45 

Rud_03_10 6.56 18.39 25.61 1.26 4.95 0.51 41.35 99.02 

Rud_03_11 6.81 18.18 25.74 1.01 4.99 0.52 41.40 99.12 

Rud_03_12 6.10 19.11 25.49 1.21 4.79 0.55 41.48 99.11 

Rud_03_16 5.77 19.25 25.60 1.10 4.80 0.58 41.55 99.11 

Rud_03_17 5.88 19.48 25.48 1.22 4.87 0.57 41.31 99.35 

Rud_03_18 5.67 19.72 25.49 1.23 4.85 0.56 41.28 99.22 

Rud_03_19 5.71 19.75 25.45 1.29 4.99 0.55 41.50 99.56 

Rud_03_20 5.77 19.93 25.58 1.13 4.98 0.55 41.48 99.79 

Rud_03_21 4.72 20.99 25.39 1.06 4.76 0.60 41.23 99.14 

Rud_03_22 5.76 19.89 25.56 1.18 4.98 0.52 41.67 99.99 

Rud_03_25 4.61 21.23 25.33 1.15 4.72 0.59 41.23 99.34 

Rud_03_26 4.61 21.47 25.38 1.18 4.70 0.59 41.14 99.61 

Rud_03_27 4.52 21.35 25.20 1.47 4.71 0.59 40.76 99.17 

Rud_03_28 4.61 21.20 25.34 1.29 4.76 0.57 41.02 99.25 

Rud_03_29 6.00 19.32 25.60 1.38 4.97 0.56 41.42 99.73 

Rud_03_31 5.87 19.57 25.57 1.05 5.02 0.56 41.75 99.93 

Rud_03_32 5.36 20.24 25.50 1.29 4.83 0.58 41.33 99.72 

Rud_03_33 5.90 19.49 25.67 1.01 4.93 0.58 41.58 99.68 

Rud_03_34 5.92 19.32 25.64 1.08 4.97 0.57 41.47 99.53 

Rud_03_35 6.03 19.39 25.70 1.17 4.96 0.58 41.64 100.04 

Rud_03_36 5.80 19.43 25.70 1.16 4.94 0.59 41.62 99.84 

Rud_03_37 6.06 19.36 25.73 1.18 4.96 0.55 41.46 99.80 

Rud_03_38 6.06 19.07 25.74 1.17 4.95 0.56 41.59 99.59 

Rud_03_39 5.75 19.47 25.86 1.24 4.96 0.57 41.72 100.05 

Rud_03_40 5.78 19.47 25.62 1.22 5.00 0.58 41.78 99.94 

Rud_03_51 4.63 21.38 25.25 1.29 4.71 0.59 41.32 99.63 

Rud_03_52 4.53 21.41 25.30 1.07 4.71 0.62 41.14 99.29 



 

 

XIII 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_03_53 4.36 21.53 25.45 1.22 4.67 0.58 41.26 99.49 

Rud_03_54 4.46 21.75 25.18 1.34 4.69 0.60 41.33 99.84 

Rud_03_55 4.45 21.40 25.31 1.28 4.62 0.62 41.24 99.39 

Rud_03_56 4.46 21.56 25.34 1.69 4.61 0.58 41.07 99.96 

Rud_03_57 4.44 21.62 25.26 1.63 4.65 0.61 40.99 99.73 

Rud_03_58 4.43 21.70 25.17 1.17 4.65 0.59 41.00 99.18 

Rud_03_59 4.33 21.61 25.30 1.39 4.62 0.59 40.98 99.26 

Rud_03_60 4.28 21.57 25.25 1.12 4.65 0.62 41.17 99.21 

Rud_03_61 5.15 20.20 25.46 1.39 4.75 0.57 41.10 99.37 

Rud_03_62 6.72 17.97 25.79 1.12 4.99 0.57 41.53 99.18 

Rud_03_63 6.81 17.88 25.71 1.17 5.05 0.50 41.82 99.49 

Rud_03_64 4.32 21.60 25.31 1.44 4.66 0.63 41.17 99.65 

Rud_03_65 4.32 21.64 25.34 1.37 4.72 0.60 41.17 99.74 

Rud_03_66 4.32 21.58 25.40 1.35 4.68 0.59 40.96 99.50 

Rud_03_67 4.35 21.55 25.40 1.53 4.67 0.60 41.10 99.82 

Rud_03_68 4.64 21.07 25.36 1.26 4.72 0.60 41.33 99.54 

Rud_03_69 4.85 20.82 25.39 1.31 4.70 0.60 41.25 99.49 

Rud_03_70 4.59 21.09 25.35 1.34 4.65 0.61 41.12 99.28 

Rud_03_71 4.65 21.28 25.33 1.22 4.65 0.59 41.18 99.51 

Rud_03_72 4.85 21.16 25.43 1.17 4.77 0.59 41.36 99.87 

Rud_03_73 4.99 20.57 25.40 1.39 4.79 0.56 41.27 99.53 

Rud_03_74 5.60 20.16 25.52 1.43 4.88 0.58 41.54 100.23 

Rud_03_75 4.91 20.83 25.24 1.45 4.72 0.59 41.21 99.34 

Rud_03_76 4.88 20.88 25.31 1.45 4.74 0.64 41.13 99.55 

Rud_03_77 5.01 20.54 25.44 1.25 4.68 0.61 41.29 99.32 

Rud_03_79 4.98 21.01 25.33 1.35 4.67 0.62 40.97 99.42 

Rud_03_80 4.95 20.81 25.32 1.44 4.77 0.59 41.17 99.54 

Rud_03_81 4.94 21.09 25.42 1.39 4.63 0.65 41.27 99.94 

Rud_03_82 5.99 19.22 25.58 1.20 4.80 0.55 41.72 99.62 

Rud_03_83 6.08 19.37 25.58 1.09 4.82 0.58 41.81 99.86 

Rud_03_84 6.64 18.36 25.63 1.15 5.02 0.54 41.85 99.74 

Rud_03_85 6.79 18.22 25.69 1.06 5.00 0.56 41.97 99.84 

Rud_03_86 6.85 18.19 25.67 1.01 5.06 0.52 41.86 99.75 

Rud_03_87 6.79 18.21 25.58 1.06 5.00 0.57 41.95 99.73 

Rud_03_88 6.68 18.22 25.75 0.88 5.02 0.55 41.84 99.53 

Rud_03_89 4.74 21.16 25.32 1.62 4.68 0.53 41.20 99.70 

Rud_03_90 4.69 21.25 25.38 1.58 4.68 0.56 41.08 99.71 

Rud_03_91 4.56 21.27 25.33 1.50 4.58 0.57 40.87 99.03 

Rud_03_92 4.64 21.40 25.32 1.64 4.57 0.58 41.19 99.68 

Rud_03_94 5.98 19.06 25.67 1.34 4.93 0.53 41.60 99.46 

Rud_03_95 5.80 19.64 25.60 1.16 4.82 0.52 41.45 99.29 

Rud_03_96 5.70 19.54 25.49 1.41 4.82 0.55 41.30 99.18 

Rud_03_97 5.15 20.39 25.34 1.41 4.70 0.55 41.38 99.33 

Rud_03_98 5.21 20.57 25.41 1.17 4.73 0.54 41.61 99.59 

Rud_03_99 5.55 20.06 25.37 1.35 4.76 0.56 41.58 99.74 

Rud_03_102 6.37 18.67 25.44 1.39 5.17 0.48 41.77 99.67 



 

 

XIV 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_03_103 4.87 20.41 24.48 1.63 4.76 0.65 40.31 97.95 

Rud_03_104 4.91 20.67 25.18 1.44 4.74 0.57 41.04 99.09 

Rud_03_105 6.29 18.84 25.57 1.25 4.87 0.59 41.67 99.64 

Rud_03_106 6.06 19.03 25.46 1.10 4.85 0.57 41.63 99.31 

Rud_03_107 6.73 18.13 25.74 1.20 4.99 0.60 41.80 99.67 

Rud_03_108 6.66 18.11 25.55 1.23 4.95 0.55 41.66 99.17 

Rud_03_109 6.71 18.22 25.64 1.23 4.95 0.57 41.76 99.64 

Rud_03_110 5.28 20.18 25.34 1.32 4.78 0.62 41.39 99.44 

Rud_03_111 6.54 18.23 25.57 1.25 5.00 0.57 41.77 99.49 

Rud_03_112 6.75 18.03 25.78 1.12 5.07 0.54 41.81 99.65 

Rud_03_113 6.70 18.06 25.60 1.31 4.98 0.55 41.77 99.54 

Rud_03_114 6.85 17.94 25.73 1.27 4.92 0.53 41.89 99.60 

Rud_03_115 5.05 20.57 25.61 1.69 4.70 0.58 41.31 100.03 

Rud_03_116 6.61 18.21 25.60 1.15 4.98 0.55 41.83 99.44 

Rud_03_117 6.58 18.15 25.51 1.20 4.98 0.61 41.59 99.15 

Rud_03_118 6.61 18.39 25.59 1.27 4.93 0.56 41.64 99.55 

Rud_03_119 6.17 19.03 25.63 0.87 4.88 0.58 41.70 99.34 

Rud_03_120 5.01 20.52 25.32 1.21 4.68 0.61 41.24 99.07 

Rud_03_121 5.63 19.82 25.55 1.16 4.74 0.57 41.52 99.68 

Rud_03_122 5.71 19.60 25.48 0.94 4.84 0.59 41.56 99.34 

Rud_03_123 5.89 19.27 25.44 1.16 4.82 0.57 41.46 99.26 

Rud_03_124 5.81 19.47 25.53 1.25 4.83 0.63 41.44 99.54 

Rud_03_125 5.86 19.62 25.61 1.10 4.84 0.60 41.44 99.60 

Rud_03_126 5.94 19.20 25.41 1.21 4.79 0.58 41.37 99.14 

Rud_03_127 5.82 19.25 25.48 1.18 4.80 0.59 41.61 99.21 

Rud_03_128 5.68 19.81 25.54 0.86 4.76 0.59 41.65 99.46 

Rud_03_129 5.50 19.66 25.48 1.25 4.71 0.59 41.44 99.05 

Rud_03_130 5.63 20.02 25.78 1.26 4.77 0.60 41.62 100.08 

Rud_03_131 5.72 19.67 25.64 1.11 4.71 0.60 41.54 99.44 

Rud_03_132 5.72 19.70 25.57 1.14 4.77 0.58 41.64 99.53 

Rud_03_133 5.64 19.48 25.67 0.97 4.76 0.63 41.62 99.16 

Rud_03_134 5.56 19.95 25.64 1.15 4.72 0.60 41.50 99.53 

Rud_03_135 6.06 19.33 25.73 1.31 4.81 0.60 41.56 99.75 

Rud_03_136 5.87 19.56 25.65 1.19 4.83 0.58 41.53 99.72 

Rud_03_137 5.80 19.54 25.78 1.32 4.84 0.62 41.59 99.83 

Rud_03_138 5.84 19.47 25.62 1.19 4.81 0.58 41.25 99.21 

Rud_03_139 5.93 19.37 25.78 1.35 4.87 0.57 41.40 99.67 

Rud_03_140 4.52 21.46 25.30 1.30 4.68 0.59 41.10 99.25 

Rud_03_141 4.65 21.47 25.40 1.45 4.68 0.53 41.09 99.60 

Rud_03_142 4.55 21.53 25.27 1.16 4.66 0.59 41.30 99.40 

Rud_03_143 4.56 21.48 25.33 1.19 4.69 0.55 41.27 99.39 

Rud_03_144 4.73 21.33 25.24 1.08 4.71 0.54 41.28 99.27 

Rud_03_145 4.57 21.24 25.24 1.44 4.67 0.55 40.95 98.99 

Rud_03_146 4.75 21.23 25.37 1.26 4.73 0.53 41.21 99.43 

Rud_03_147 4.67 21.34 25.38 1.19 4.72 0.54 41.07 99.29 

Rud_01_076 4.22 18.39 24.21 17.05 0.79 0.20 35.74 100.92 



 

 

XV 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_01_077 4.25 18.37 24.16 16.23 0.76 0.20 36.05 100.43 

Rud_01_078 4.21 18.37 24.16 17.49 0.78 0.19 35.78 101.43 

Rud_01_079 4.29 18.46 24.16 17.16 0.77 0.18 35.89 101.30 

Rud_01_080 4.54 18.07 24.18 16.73 0.79 0.17 36.02 101.03 

Rud_01_081 4.21 18.39 24.23 16.95 0.75 0.20 35.92 101.02 

Rud_01_082 4.25 18.15 24.24 17.44 0.70 0.18 35.88 101.22 

Rud_01_083 4.21 18.25 24.28 17.01 0.77 0.19 36.04 101.03 

Rud_01_084 3.39 19.41 24.01 18.31 0.55 0.24 35.38 101.63 

Rud_01_085 3.39 19.30 24.15 17.58 0.46 0.22 35.31 100.72 

Rud_01_086 3.40 19.33 24.13 17.49 0.51 0.22 35.42 101.06 

Rud_01_087 4.11 18.36 24.22 17.97 0.59 0.23 35.68 101.48 

Rud_01_088 4.07 18.32 24.15 17.35 0.58 0.21 35.67 100.68 

Rud_01_089 3.54 19.34 24.08 18.43 0.55 0.20 35.01 101.42 

Rud_01_090 4.00 18.51 24.14 18.03 0.65 0.22 35.58 101.47 

Rud_01_091 4.27 18.17 24.11 17.49 0.59 0.19 35.93 101.27 

Rud_01_092 4.25 18.21 24.19 16.97 0.77 0.28 35.90 100.87 

Rud_01_093 3.45 19.26 24.14 18.15 0.54 0.24 35.43 101.54 

Rud_01_094 3.55 19.29 24.00 17.63 0.57 0.28 35.25 100.83 

Rud_01_095 3.61 19.06 23.81 17.89 0.48 0.23 35.28 100.59 

Rud_01_096 3.68 18.88 24.03 17.73 0.53 0.23 35.49 100.96 

Rud_01_097 3.21 19.47 24.10 18.45 0.41 0.19 35.23 101.41 

Rud_01_098 3.37 19.32 24.34 17.91 0.53 0.22 35.33 101.35 

Rud_01_099 3.99 18.68 23.98 18.03 0.49 0.26 35.41 101.18 

Rud_01_100 4.01 18.39 23.94 17.74 0.54 0.23 35.48 100.64 

Rud_04_011 4.03 18.51 24.17 16.99 0.83 0.24 35.82 100.93 

Rud_04_012 3.98 18.73 24.09 17.18 0.80 0.21 34.95 100.68 

Rud_04_013 4.17 18.52 24.13 17.36 0.74 0.21 35.78 101.16 

Rud_04_014 4.17 18.77 24.24 16.92 0.79 0.23 35.84 101.28 

Rud_04_015 3.99 18.47 24.03 17.72 0.62 0.19 35.58 100.82 

Rud_04_016 3.97 18.66 24.10 17.70 0.85 0.23 35.55 101.41 

Rud_04_019 4.05 18.40 23.58 16.61 0.70 0.25 35.15 99.04 

Rud_04_020 4.12 18.57 24.09 17.40 0.83 0.22 35.61 101.14 

Rud_04_021 4.00 18.64 24.05 16.94 0.91 0.22 35.75 100.81 

Rud_04_022 4.05 18.72 24.22 16.82 1.19 0.24 35.56 101.12 

Rud_04_025 3.79 18.76 24.15 16.80 0.77 0.26 35.82 100.65 

Rud_04_026 3.96 18.56 24.19 17.60 0.72 0.23 35.66 101.22 

Rud_04_027 4.20 18.37 24.23 17.03 0.77 0.25 35.82 100.94 

Rud_04_028 4.30 17.97 24.26 17.52 0.73 0.23 35.79 101.07 

Rud_04_029 4.41 18.19 24.27 17.35 0.75 0.24 35.97 101.46 

Rud_04_030 4.39 18.11 24.22 17.43 0.84 0.23 36.03 101.58 

Rud_04_031 4.32 18.21 24.37 17.27 0.76 0.22 36.01 101.43 

Rud_04_032 4.38 18.03 24.39 16.54 0.89 0.25 36.31 101.12 

Rud_04_033 4.41 18.28 24.33 16.16 0.90 0.25 36.21 100.81 

Rud_04_034 4.06 18.42 24.21 17.03 0.74 0.25 35.74 100.73 

Rud_04_035 3.95 18.88 24.30 17.36 0.72 0.21 35.72 101.41 

Rud_04_036 3.95 18.70 24.33 17.74 0.63 0.25 35.77 101.63 



 

 

XVI 

name As Sb S Hg Fe Zn Cu Total 

detection limit 0.1 0.06 0.04 0.06 0.03 0.06 0.05  

Rud_04_037 4.27 18.43 24.43 16.84 0.82 0.26 36.12 101.59 

Rud_04_038 4.32 18.46 24.35 16.69 0.83 0.22 36.13 101.25 

Rud_04_039 3.88 18.84 24.27 17.08 0.82 0.23 35.89 101.22 

Rud_04_040 3.99 18.75 24.34 17.48 0.82 0.23 35.99 102.02 

Rud_04_48 4.01 18.90 23.91 17.83 0.79 0.23 35.35 101.31 

Rud_04_49 3.95 18.86 23.97 17.53 0.66 0.20 35.29 100.74 

Rud_04_50 3.97 18.75 24.10 18.14 0.56 0.23 35.43 101.47 

Rud_04_51 4.04 18.59 24.06 17.59 0.69 0.22 35.72 101.21 

Rud_04_52 4.13 18.60 24.02 17.13 0.85 0.24 35.44 100.73 

Rud_04_53 4.01 18.60 24.09 17.91 0.68 0.21 35.35 101.08 

Rud_04_54 3.92 18.57 24.08 18.28 0.54 0.21 35.31 101.24 

Rud_04_55 3.77 18.71 24.03 18.13 0.48 0.19 35.36 101.03 

Rud_04_56 3.77 18.89 24.09 18.63 0.58 0.20 35.26 101.76 

Rud_04_57 4.00 18.43 24.12 18.17 0.62 0.20 35.26 101.04 

Rud_04_62 4.17 18.82 24.10 17.31 1.54 0.23 34.93 101.40 

Rud_04_65 4.01 18.43 24.14 17.84 1.21 0.22 34.85 101.09 

Rud_04_67 4.04 18.56 24.05 17.56 0.99 0.20 35.26 100.99 

Rud_04_68 4.16 18.58 24.15 17.92 0.80 0.18 35.51 101.61 

Rud_04_69 4.17 18.39 24.14 18.23 0.75 0.19 35.30 101.50 

Rud_04_122 4.42 18.10 24.21 17.27 0.87 0.25 35.62 101.06 

Rud_04_123 4.19 18.20 24.23 17.40 0.94 0.28 35.54 101.20 

Rud_04_126 4.24 18.22 24.26 18.05 0.61 0.22 35.62 101.56 

Rud_04_127 4.22 18.31 24.41 17.62 0.63 0.21 35.62 101.35 

Rud_04_128 4.44 18.10 23.92 17.53 0.95 0.23 35.32 100.71 

Rud_04_129 4.32 17.95 23.82 17.84 0.80 0.19 35.21 100.42 

Rud_04_130 4.35 18.18 24.12 16.98 1.02 0.21 35.38 100.49 

Rud_04_131 4.43 18.08 24.27 16.64 1.14 0.26 36.01 101.16 

Rud_04_132 4.35 18.08 24.20 16.68 1.60 0.23 35.24 101.02 

Rud_04_133 4.38 18.20 24.42 16.94 1.24 0.24 35.71 101.60 

Rud_04_134 4.38 17.98 24.27 16.95 1.73 0.19 35.13 101.23 

Rud_04_135 4.26 18.25 24.20 17.52 1.06 0.22 35.63 101.48 

Rud_04_136 4.33 18.15 24.21 17.07 1.43 0.19 35.22 100.92 

Rud_04_145 4.37 18.09 24.24 16.91 0.83 0.22 36.07 101.20 

Rud_04_146 4.36 18.33 24.26 16.92 0.85 0.23 36.22 101.68 

Rud_04_147 4.27 18.29 24.17 16.64 0.83 0.24 36.03 100.91 

Rud_04_148 4.22 18.58 24.19 16.51 0.93 0.19 35.94 100.99 

Rud_04_149 4.19 18.37 24.21 16.53 0.88 0.23 36.13 100.97 

Rud_04_150 4.37 18.65 24.16 16.65 0.88 0.23 35.95 101.31 

Rud_04_151 4.26 18.61 24.14 16.89 0.84 0.23 36.06 101.50 

Rud_04_152 4.35 18.37 24.19 17.27 0.87 0.23 36.09 101.80 

Rud_04_153 5.08 18.77 23.02 23.57 0.79 0.19 30.89 102.86 

Rud_04_154 4.57 18.17 24.36 16.85 0.84 0.23 36.12 101.60 

Rud_04_155 4.21 18.25 24.12 17.24 0.85 0.24 36.01 101.36 

Rud_04_157 4.34 18.37 24.26 16.81 0.91 0.27 35.99 101.47 
 

Table AIII-6: Chemical compositions of Romanechite (EMP analysis). All values in ms. %. 



 

 

XVII 

Romanechite           
 As2O5 CaO Sb2O5 HgO SiO2 FeO CuO ZnO MnO Total 
detection limit 0.11 0.04 0.06 0.06 0.03 0.04 0.04 0.06 0.03  

Rud2A_63 < DL 0.05 4.97 0.47 0.11 0.50 5.89 0.17 59.93 72.21 
Rud2A_64 0.13 0.08 5.16 0.47 0.13 0.43 6.15 0.16 59.75 72.51 
Rud2A_65 0.35 0.07 5.16 0.39 0.10 1.36 8.44 0.16 55.99 72.11 
Rud2A_66 0.39 0.07 6.14 0.34 0.19 1.36 11.19 0.12 51.61 71.58 
Rud2A_68 0.55 0.13 7.02 0.41 0.45 1.91 8.16 0.18 54.17 73.03 
Rud2A_69 0.65 0.14 7.83 0.35 0.65 1.07 9.22 0.23 52.85 73.14 
Rud2A_72 0.53 0.08 7.00 0.36 0.20 0.60 12.05 0.15 49.79 70.89 
Rud2A_73 0.67 0.07 6.78 0.38 0.20 0.83 11.91 0.11 49.49 70.66 
Rud2A_74 0.75 0.11 7.62 0.38 0.27 0.83 12.58 0.10 48.69 71.50 
Rud2A_75 0.64 0.10 7.91 0.36 0.31 0.66 13.10 0.18 49.77 73.19 
Rud2A_76 0.57 0.06 7.77 0.15 0.23 0.89 8.91 0.13 50.04 68.88 
Rud2A_78 0.65 0.05 8.98 < DL 0.42 0.27 13.54 0.16 48.59 72.77 
Rud2A_79 0.62 0.06 9.85 < DL 0.51 0.28 14.03 0.19 47.90 73.59 
Rud2A_83 1.45 0.06 15.35 < DL 0.66 0.31 17.32 0.25 39.25 74.94 
Rud2A_84 1.01 0.08 12.36 < DL 0.74 0.28 15.73 0.21 44.69 75.31 
Rud2A_91 0.92 < DL 11.09 < DL 0.35 0.48 10.75 0.17 41.73 65.76 
Rud2A_92 0.79 0.05 9.09 < DL 0.32 0.45 8.66 0.20 47.29 67.10 
Rud2A_93 0.75 < DL 9.67 < DL 0.33 0.45 9.11 0.19 47.77 68.50 
Rud2A_94 1.05 0.06 10.73 < DL 0.61 5.83 11.35 0.24 36.70 66.70 
Rud2A_95 0.81 < DL 11.34 < DL 0.38 0.83 11.52 0.19 42.29 67.52 
Rud2A_96 0.54 < DL 9.56 < DL 0.31 0.40 9.70 0.19 48.74 69.64 
Rud2A_97 1.17 0.05 11.99 < DL 0.40 0.61 12.66 0.23 43.85 71.02 
Rud2A_102 0.91 < DL 12.55 < DL 0.41 0.22 13.20 0.21 45.70 73.45 
Rud2A_103 0.92 0.05 12.17 < DL 0.74 0.25 12.85 0.20 45.93 73.31 

 

  



 

 

XVIII 

Table AIII-7: Chemical compositions of delafossite (EMP analysis). All values in ms. %. 

Delafossite       
 As2O5 Sb2O5 SiO2 FeO CuO Total 
detection limit 0.11 0.06 0.03 0.04 0.04  

Rud_04_285 2.19 2.20 0.30 42.46 45.19 92.63 
Rud_04_286 1.23 1.11 0.33 42.14 48.76 93.64 
Rud_04_305 0.41 0.56 0.36 44.89 49.83 96.14 
Rud_04_306 0.21 0.56 0.30 44.69 49.83 95.69 
Rud_04_307 0.16 0.43 0.29 44.98 50.25 96.19 
Rud_04_308 0.34 0.44 0.30 44.83 50.22 96.23 
Rud_04_310 0.38 0.50 0.30 44.89 50.18 96.28 
Rud_04_158 0.13 1.40 0.28 43.25 49.96 95.10 
Rud_04_159 0.18 1.18 0.29 40.94 53.63 96.29 
Rud_04_160 0.58 1.33 0.29 42.08 51.46 95.78 
Rud_04_161 0.51 1.43 0.25 41.49 51.94 95.68 
Rud_04_324 0.81 1.15 0.25 43.60 50.08 96.01 
Rud_04_320 0.57 1.23 0.27 42.60 49.24 94.01 
Rud_04_267 1.03 1.16 0.33 42.45 48.82 93.98 
Rud_04_268 2.19 2.22 0.33 43.34 43.34 91.84 
Rud_04_263 1.61 0.75 0.18 39.61 51.04 93.22 
Rud_04_264 1.48 1.30 0.28 42.58 49.19 94.91 
Rud_04_252 0.97 1.02 0.20 42.99 51.48 96.70 
Rud_04_253 0.55 0.56 0.26 41.78 51.61 94.91 
Rud_04_256 1.37 1.03 0.26 40.48 47.99 91.54 
Rud_04_230 1.26 2.26 0.18 41.26 51.44 96.49 
Rud_04_239 0.95 0.98 0.21 43.10 51.10 96.43 
Rud_04_240 0.82 1.17 0.20 38.88 52.63 93.71 

 

Table AIII-8: Chemical compositions of copper carbonates (EMP analysis). All values in ms. %. 

copper carbonates       

 As2O5 Sb2O5 SO3 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04 0.04  
Rud3A_101 0.1384 0.3653 < DL 1.0228 63.28 64.9437 
Rud3A_102 0.3757 0.3074 < DL 1.2249 63.58 65.5267 
Rud3A_103 < DL 0.3314 < DL 0.6851 64.17 65.4452 
Rud1B_54 < DL 0.1511 5.6 4.06 77.04 87.1404 
Rud1B_55 < DL 0.2666 8.31 6.71 75.23 90.6662 
Rud1B_56 < DL 0.2374 7.89 4.23 73.09 85.6554 
Rud1B_58 < DL 0.3236 7.3 2.41 80.99 91.1643 
Rud1B_59 < DL 0.3196 4.59 1.85 74.43 81.3473 
Rud2A_27 < DL 0.0957 < DL 3.23 62.95 66.3544 
Rud2A_28 < DL < DL < DL 2.18 66.15 68.4622 
Rud2A_30 1.1972 0.4272 < DL 2.55 62.93 67.3304 
Rud2A_31 < DL 0.4852 0.0447 4.82 61.78 67.3149 
Rud2A_33 1.0611 0.3609 < DL 1.7 64.61 68.0441 
Rud2A_34 0.3291 0.196 < DL 1.88 66.27 68.82 



 

 

XIX 

copper carbonates       

 As2O5 Sb2O5 SO3 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04 0.04  
Rud2A_35 < DL < DL < DL 1.6 67.31 69.1154 
Rud2A_40 0.8438 0.2543 < DL 1.1986 65.93 68.3693 
Rud2A_41 0.6149 0.3068 0.0531 1.93 65.09 68.1229 
Rud2A_42 0.5604 0.5886 < DL 2.46 62.49 66.2193 
Rud2A_43 0.9254 3.43 < DL 7.48 61.66 74.1147 
Rud2A_58 0.7044 1.073 0.0582 3.02 61.85 67.0509 
Rud2A_81 0.1212 0.1482 0.1818 0.4019 67.93 69.2272 
Rud2A_82 0.1216 0.1248 0.0473 0.2279 66.77 67.4769 
Rud2A_85 0.1487 0.1012 0.0644 0.2766 71.38 72.2037 
Rud2A_86 0.7641 0.146 < DL 0.2495 64.31 65.8209 
Rud2A_87 0.3925 0.1526 < DL 0.2151 68.1 69.4838 
Rud2A_88 0.1885 0.1507 < DL 0.2893 69.4 70.6894 
Rud2A_89 0.4599 0.1232 < DL 0.3428 67.92 69.203 
Rud2A_90 0.3611 0.078 < DL 0.4285 67.46 68.9789 
Rud2A_105 0.9957 4.31 0.1201 1.68 75.5 83.4749 
Rud2A_106 1.1403 6.23 0.1505 1.88 77.37 87.6233 
Rud1A_84 0.4938 < DL 0.1261 2.11 75.85 78.844 
Rud1A_85 1.3326 0.106 0.1484 2.23 75.93 80.165 
Rud3B_30 0.54 0.217 < DL 1.312 62.065 64.243 
Rud3B_32 0.9 0.206 < DL 0.974 61.577 63.78 
Rud3B_47 0.153 < DL < DL 0.154 64.611 65.058 
Rud3B_48 < DL < DL < DL 0.083 64.461 64.659 
Rud3B_49 0.547 0.124 < DL 0.098 63.76 64.738 
Rud3B_50 < DL < DL < DL 0.16 63.36 63.711 
Rud3B_51 0.317 0.111 < DL 0.501 61.763 62.776 
Rud3B_52 0.178 0.125 < DL 3.204 60.118 63.796 
Rud1B_48 0.3889 0.109 0.7074 2 61.65 65.0757 
Rud1B_49 0.3619 0.1107 0.6429 2.32 60.65 64.6684 
Rud1B_50 0.2523 0.0962 0.6825 2.19 62.32 65.8666 
Rud5A_113 0.249 0.165 2.895 0.319 68.416 74.97 
Rud5A_114 0.331 0.302 5.064 0.328 70.2 82.36 
Rud5A_115 < DL 0.147 < DL 0.893 63.24 64.355 
Rud5A_116 0.269 0.336 5.783 0.723 72.758 84.236 
Rud5A_117 0.198 0.257 2.733 0.489 68.824 74.841 
Rud5A_118 0.145 0.216 2.654 0.505 66.768 74.331 
Rud5A_119 1.588 6.516 2.968 3.662 51.838 74.644 
Rud_01_102 1.5285 0.2685 < DL 0.2657 68.87 71.0083 
Rud_01_103 1.2003 0.4724 < DL 0.368 68.79 71.0102 
Rud_01_109 1.0168 0.4103 < DL 0.8317 67.92 70.2821 
Rud_02_169 0.8301 1.1077 < DL 0.2042 71.39 73.9456 
Rud_02_170 0.8096 0.9978 < DL 0.7621 71.21 74.2585 
Rud_02_171 0.7824 1.0952 < DL 0.2187 71.27 73.8228 
Rud_02_172 1.4171 1.81 < DL 0.077 66.69 70.6942 
Rud_02_173 1.59 1.73 0.0418 0.091 63.54 67.6988 
Rud_02_177 0.5321 0.9259 < DL 1.66 68.9 72.5516 



 

 

XX 

copper carbonates       

 As2O5 Sb2O5 SO3 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04 0.04  
Rud_02_211 0.9549 2.08 < DL 0.2857 73.68 77.5629 
Rud_02_212 1.157 2.35 0.0472 0.3906 75.38 79.9368 
Rud_02_213 1.2678 2.26 0.0513 0.4489 79.08 83.9666 
Rud_02_236 3.49 2.42 < DL 0.1288 78.5 85.6419 
Rud_02_237 3.41 2.49 < DL < DL 77.09 84.1695 
Rud_03_174 < DL 0.2625 0.0465 0.0861 69.42 69.9218 
Rud_03_175 < DL 0.36 0.1425 < DL 69.27 69.8632 
Rud_03_176 < DL 0.3896 0.1665 0.0459 69.64 70.3047 
Rud_03_185 < DL 0.1948 0.1053 0.6144 69 70.2041 
Rud_03_186 < DL 0.0898 0.1811 0.548 69.98 70.9205 
Rud_03_187 < DL 0.0925 0.1443 1.2528 68.2 69.725 
Rud_03_188 < DL < DL 0.1059 0.8814 68.99 70.117 
Rud_03_189 < DL 0.088 0.1772 0.6868 69.45 70.4447 
Rud_03_196 < DL 0.6261 0.0426 0.3874 68.79 70.025 
Rud_03_197 < DL 0.491 0.0782 0.4046 69.28 70.5176 
Rud_03_198 < DL 0.4829 0.0686 0.3151 72.74 73.7704 
Rud_03_199 < DL 0.4888 0.0597 0.367 71 72.1183 
Rud_01_153 0.7499 2.88 2.2224 0.8153 61.88 73.8938 
Rud_01_156 0.2735 0.5961 1.2441 0.3826 64.93 70.6378 
Rud_01_160 0.4401 3.39 1.3419 0.5258 62.23 72.3965 
Rud_04_162 < DL 0.077 < DL 1.47 71.12 72.7046 
Rud_04_163 < DL 0.1544 0.1038 0.7632 69.23 70.3237 
Rud_04_164 < DL 0.0785 0.0612 1.1443 68.83 70.2724 
Rud_04_166 < DL 0.2854 0.0517 1.0358 69.41 70.9506 
Rud_04_167 < DL 0.1862 0.0559 0.659 69.56 70.5606 
Rud_04_171 < DL < DL < DL 0.0995 69.95 70.209 
Rud_04_172 0.2923 0.0794 < DL 0.1176 69.79 70.3814 
Rud_04_173 0.2241 < DL < DL 0.1535 69.48 69.9643 
Rud_04_182 1.336 0.4655 < DL 1.1714 64.69 67.7659 
Rud_04_183 1.5142 0.6943 < DL 1.33 64.3 67.9871 
Rud_04_187 2.92 0.3434 0.0948 0.6181 66.66 70.7648 
Rud_04_188 0.1241 1.77 < DL 0.3212 66.62 70.0597 
Rud_04_192 0.5197 0.1431 < DL 0.7257 68.51 70.105 
Rud_04_197 < DL 0.1253 < DL 1.33 68.17 69.7894 
Rud_04_198 < DL 0.0654 < DL 0.7379 68.67 69.6449 
Rud_04_211 1.0827 0.2588 0.1104 0.3198 65.25 67.0894 
Rud_04_212 < DL < DL 0.0692 0.2143 67.02 67.4636 
Rud_04_213 1.1563 0.2827 0.2083 0.1339 66.84 68.7969 
Rud_04_214 1.4516 0.2645 0.1612 0.1586 66.37 68.5621 
Rud_04_205 < DL 0.0743 < DL 1.32 67.95 69.4721 
Rud_04_229 0.1597 < DL < DL 1.0411 69.64 70.9327 
Rud_04_231 0.9696 0.1378 0.0455 1.0949 65.75 68.0385 
Rud_04_232 1.3624 0.1684 < DL 0.6336 64.9 67.1553 
Rud_04_235 1.3508 0.1396 0.1077 0.4997 63.63 65.8292 
Rud_04_236 0.5749 0.0931 0.0901 0.5441 65.8 67.1601 



 

 

XXI 

copper carbonates       

 As2O5 Sb2O5 SO3 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04 0.04  
Rud_04_241 1.1323 0.1959 0.1421 0.6091 64.04 66.4813 
Rud_04_243 < DL 0.1395 < DL 4.17 66.24 70.6861 
Rud_04_257 < DL 0.0863 < DL 1.62 69.23 71.1035 
Rud_04_259 0.6135 0.1092 0.1168 2.5 65.97 69.386 
Rud_04_260 1.0648 0.1629 < DL 0.4686 65.79 67.5795 
Rud_04_261 < DL < DL 0.2206 0.3169 67.33 67.9765 
Rud_04_282 0.8757 0.2994 < DL 0.8999 67.16 69.3602 
Rud_04_293 0.8124 < DL 0.0424 0.2761 67.04 68.2956 
Rud_04_294 0.4957 < DL < DL 0.3954 67.41 68.3731 
Rud_04_295 < DL < DL 0.0536 0.2453 68.09 68.4525 
Rud_04_297 < DL < DL < DL 1.1946 64.57 65.8238 
Rud_04_298 < DL 0.1461 < DL 0.6699 64.56 65.614 
Rud_04_303 < DL < DL < DL 1.31 66.11 67.6139 
Rud_04_312 < DL < DL < DL 2.02 68.57 70.9646 
Rud_04_319 < DL 0.0932 0.0442 1.87 68.73 71.1296 
Rud2A_39 0.4958 2.13 < DL 11.76 56.83 71.8014 

 

Table AIII-9: Chemical compositions of copper arsenates (EMP analysis). All values in ms. %. 

Copper arsenates (Cornwallite. clinoclase)    
 As2O5 Sb2O5 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04  
Rud3B_53 32.409 0.274 0.737 59.469 93.154 
Rud3B_54 30.111 0.518 3.831 56.27 91.052 
Rud3B_55 31.202 0.425 1.428 58.61 91.884 
Rud3B_56 30.685 0.348 2.009 58.037 91.291 
Rud3B_57 32.628 0.301 3.172 57.459 93.901 
Rud3B_58 32.103 0.442 1.107 59.137 93.05 
Rud3B_59 33.119 0.43 1.082 58.649 93.543 
Rud3B_34 32.12 0.452 3.813 56.235 92.989 
Rud3B_35 28.657 0.575 12.516 49.899 92.09 
Rud3B_36 31.246 0.433 4.998 55.412 92.39 
Rud3B_37 30.507 0.3 6.037 55.423 92.767 
Rud3B_38 29.906 0.435 4.657 55.738 91.063 
Rud3B_39 31.477 0.76 5.446 56.074 94.268 
Rud_01_104 35.13 1.58 1.0438 59.13 97.1252 
Rud_01_105 32.73 0.7169 2.06 58.09 93.7221 
Rud_01_106 24.87 0.9157 0.7224 61.24 87.846 
Rud_01_107 31.21 1.48 2.17 57.92 92.9612 
Rud_03_169 31.9 1.2379 0.5122 57.69 91.5475 
Rud_03_170 32.13 1.37 0.6514 57.4 91.8694 
Rud_03_171 31.41 1.47 0.5798 57.42 91.1413 
Rud_03_172 33.13 1.87 0.4297 54.95 90.6344 
Rud_03_173 32.1 1.1763 1.49 57.16 92.1144 
Rud_03_190 32.03 1.0912 1.91 57.7 92.962 



 

 

XXII 

Copper arsenates (Cornwallite. clinoclase)    
 As2O5 Sb2O5 FeO CuO Total 
detection limit 0.11 0.06 0.04 0.04  
Rud_03_191 31.67 1.6 4.2 55.4 93.0351 
Rud_03_192 31.51 1.2565 3.2 55.39 91.5487 
Rud_03_193 31.44 1.53 2.57 56.41 92.1171 
Rud_03_194 31.5 1.37 2.3 57.21 92.6836 
Rud_03_179 32.17 1.7 < DL 58.62 92.6419 
Rud_03_180 32.22 1.45 < DL 58.04 91.8688 
Rud_03_181 28.96 7.84 < DL 57.88 95.0202 
Rud_03_182 32.36 1.1504 < DL 58.84 92.5856 
Rud_03_183 32.46 1.1429 < DL 58.4 92.2481 
Rud_03_184 32.2 1.2434 < DL 58.53 92.1158 
Rud_01_184 17.53 1.63 3.34 65.18 88.5237 
Rud3A_83 33.4 0.4041 0.7935 57.38 92.1364 
Rud3A_84 32.56 0.4625 1.49 56.26 90.9336 
Rud3A_85 32.61 0.5876 0.9007 57.05 91.3394 
Rud3A_86 32.91 0.5778 0.7247 57.3 91.9245 
Rud3A_89 31.79 1.38 1.81 55.97 91.1961 
Rud3A_90 32.4 0.7204 1.52 56.69 91.5609 
Rud3A_81 32.11 0.9749 4.05 54.7 92.0162 
Rud_01_181 33.31 0.5222 3.57 54.24 91.9129 
Rud_01_182 27.7 1.54 9.38 50.96 89.9983 
Rud_01_183 26.93 1.0392 11.5 48.8 88.7337 

 

  



 

 

XXIII 

Table AIII-10: All measured samples and standard material for mercury isotopes. In the first column, the beam 
difference in percent is given. a) Table of the “inhouse-standard” FLUKA and its variations. b) Measured samples 

and an additional standard material NIST-2711.  
 

a) beam-dif  Tlcorr Tlcorr Tlcorr Tlcorr Tlcorr 

 [%] δ202Hg Δ199Hg Δ200Hg Δ201Hg Δ204Hg 
Fluka -0.96 -1.50 0.07 0.05 0.03 0.03 
Fluka -0.60 -1.47 0.09 -0.09 0.03 0.00 
Fluka 0.03 -1.43 0.11 0.03 0.03 0.03 
Fluka -0.60 -1.45 0.11 0.08 0.05 -0.01 
Fluka -2.36 -1.47 0.07 0.04 0.08 -0.04 

 AVERAGE -1.46 0.09 0.02 0.04 0.00 

 2SD 0.05 0.04 0.13 0.04 0.06 

 n 5 5 5 5 5 
       

       
b) beam-dif  Tlcorr Tlcorr Tlcorr Tlcorr Tlcorr 

 [%] δ202Hg Δ199Hg Δ200Hg Δ201Hg Δ204Hg 
Rud 4.1_a 0.19 0.18 -0.11 -0.02 -0.08 0.02 
Rud 4.1_b 0.19 0.11 -0.13 -0.12 0.00 -0.05 
Rud 4.1_c 1.28 0.17 -0.09 -0.02 -0.04 0.00 
Rud 5.1 4.18 0.02 -0.01 0.00 -0.06 0.05 
Rud 6.1 1.55 -0.04 -0.02 0.02 -0.03 0.02 
Rud 7.1 3.14 0.10 0.00 0.02 -0.07 0.06 
Rud 8.1 3.00 -0.02 -0.07 -0.05 -0.06 0.01 
       
Rud 5.2 0.74 -1.28 0.05 0.03 -0.04 -0.02 
Rud 6.2 -3.01 -1.22 0.01 0.06 -0.04 0.02 
Rud 7.2 -0.30 -1.26 0.08 0.13 -0.02 0.01 
Rud 8.2_1 0.47 -1.23 0.09 0.08 -0.05 0.01 
Rud 8.2_2 -0.36 -1.37 0.06 0.00 0.00 0.01 

       
NIST-2711 1.98 -0.08 -0.20 -0.01 -0.22 0.08 

 

  



 

 

XXIV 

Table AIII-11: Complete data set of the electron microprobe measurements and the copper isotopes of the 
tetrahedrites from Rudňany.  

 As 
(ms. %) 

Sb 
(ms. %) 

S 
(ms. %) 

Hg 
(ms. %) 

Fe 
(ms. %) 

Zn 
(ms. %) 

Cu 
(ms. %) 

Total 
(ms. %) 

δ65Cu 
(‰) 

Rud1B_Iso_ttd_1 6.81 17.18 25.51 3.64 3.88 0.58 38.85 96.45 -0.21 
Rud1B_Iso_ttd_2 6.89 17.28 25.84 3.47 3.95 0.64 39.17 97.29 

-0.23 
Rud1B_Iso_ttd_3 6.87 17.51 25.69 3.21 3.90 0.61 39.31 97.10 
Rud1B_Iso_ttd_4 6.77 16.83 25.77 3.52 3.92 0.65 39.18 96.67 
Rud1B_Iso_ttd_5 6.73 16.60 25.42 4.04 3.79 0.64 38.42 95.66 
Rud1B_Iso_ttd_6 7.50 16.72 25.71 3.47 3.96 0.62 39.03 97.02 

-0.27 Rud1B_Iso_ttd_7 7.45 16.19 25.72 3.96 3.86 0.63 39.09 96.90 
Rud1B_Iso_ttd_8 7.23 16.26 25.83 3.41 4.05 0.66 39.14 96.58 
Rud1B_Iso_ttd_9 7.07 17.11 25.47 3.68 3.96 0.59 38.81 96.71 

-0.26 Rud1B_Iso_ttd_1
0 

7.20 16.51 25.67 3.32 3.95 0.61 39.26 96.53 
Rud1B_Iso_ttd_1
1 

6.29 17.43 25.01 3.21 3.80 0.61 38.48 94.83 
Rud1B_Iso_ttd_1
2 

6.35 17.00 25.01 2.89 3.85 0.64 38.25 94.01 
-0.28 

Rud1B_Iso_ttd_1
3 

6.51 17.47 25.33 4.10 3.73 0.64 38.08 95.91 
Rud1B_Iso_ttd_1
4 

6.44 17.76 25.16 3.70 3.82 0.66 38.34 95.88 
-0.28 Rud1B_Iso_ttd_1

5 
6.68 17.29 25.17 3.52 3.90 0.64 38.40 95.62 

Rud1B_Iso_ttd_1
6 

6.59 17.09 25.50 3.58 3.90 0.62 38.59 95.88 
Rud3_ttd00 

no EMP data available 

-4.16 
Rud3_ttd01 -4.13 
Rud3_ttd02 -3.92 
Rud3_ttd03 -3.56 
Rud3_ttd04 -3.88 
Rud3A_Iso_ttd_1 3.71 23.10 25.26 2.83 4.21 0.74 40.45 100.31 

-2.53 
Rud3A_Iso_ttd_2 3.75 23.13 25.40 2.78 4.22 0.72 40.85 100.87 
Rud3A_Iso_ttd_3 3.54 23.23 25.15 2.89 4.14 0.74 39.89 99.57 -2.90* 

-2.60 Rud3A_Iso_ttd_4 3.10 23.40 24.97 2.84 4.08 0.72 39.58 98.67 
Rud3A_Iso_ttd_5 3.52 23.21 25.09 2.81 4.19 0.72 40.11 99.63 -2.56 
Rud3A_Iso_ttd_6 3.62 23.35 25.46 2.69 4.14 0.70 40.77 100.73 

-1.67 
Rud3A_Iso_ttd_7 3.77 23.44 25.33 2.66 4.18 0.72 40.74 100.84 
Rud3A_Iso_ttd_8 3.47 23.36 25.16 2.74 4.11 0.75 40.22 99.83 

-2.33 
Rud3A_Iso_ttd_9 3.68 23.23 25.08 2.83 4.16 0.74 40.34 100.05 
Rud3A_Iso_ttd_1
0 

3.53 23.37 25.04 2.76 4.10 0.81 39.97 99.61 -2.12 
Rud5A_Iso_ttd1_
1 

7.01 17.70 26.04 2.81 4.57 0.48 41.33 99.96 
-0.70 

Rud5A_Iso_ttd1_
2 

7.07 17.72 26.13 2.98 4.59 0.46 41.49 100.47 
Rud5A_Iso_ttd1_
3 

8.01 17.01 19.89 2.31 4.28 0.49 39.80 91.81 
-0.80 

Rud5A_Iso_ttd1_
4 

6.88 17.83 25.98 3.21 4.48 0.49 41.12 100.03 
Rud5A_Iso_ttd1_
5 

7.09 17.81 26.10 3.32 4.48 0.50 40.97 100.28 -1.78* 
-0.72 Rud5A_Iso_ttd1_

6 
6.94 17.92 26.17 3.20 4.49 0.52 41.42 100.71 

Rud5A_Iso_ttd1_
7 

7.09 17.73 26.12 3.04 4.46 0.47 41.39 100.33 
-1.02 

Rud5A_Iso_ttd1_
8 

7.00 17.72 26.11 2.80 4.56 0.47 41.47 100.14 
Rud5A_Iso_ttd1_
9 

6.86 17.76 26.11 3.22 4.52 0.46 41.38 100.32 
-0.92 

Rud5A_Iso_ttd1_
10 

7.09 17.96 26.14 3.08 4.54 0.46 41.53 100.81 
Rud5A_Iso_ttd1_
11 

6.95 18.11 26.27 3.11 4.56 0.48 41.90 101.40 -1.02 
Rud5A_Iso_ttd2_
1 

7.13 17.76 25.90 2.88 4.66 0.45 41.01 99.78 
-0.84 

Rud5A_Iso_ttd2_
2 

6.99 17.97 25.95 3.00 4.63 0.46 41.29 100.29 
Rud5A_Iso_ttd2_
3 

7.11 17.82 26.03 3.11 4.57 0.41 41.35 100.40 
-0.81 

Rud5A_Iso_ttd2_
4 

7.04 17.70 26.11 3.18 4.59 0.44 41.46 100.55 
Rud5A_Iso_ttd2_
5 

7.14 17.82 26.21 3.07 4.57 0.45 41.53 100.81 -0.81 
Rud5A_Iso_ttd2_
6 

6.88 17.96 26.08 3.23 4.52 0.47 41.35 100.50 
-0.93 

Rud5A_Iso_ttd2_
7 

6.96 18.04 26.20 3.18 4.48 0.46 41.52 100.84 
Rud5A_Iso_ttd2_
8 

5.21 20.41 25.62 3.39 4.25 0.53 40.94 100.38 -1.00 
Rud5A_Iso_ttd3_
1 

4.69 21.10 25.70 3.40 4.21 0.51 40.81 100.45 
-0.94 

Rud5A_Iso_ttd3_
2 

4.84 21.27 25.70 3.41 4.20 0.51 41.01 100.99 
Rud6A_Iso_ttd1_
1 

6.38 18.90 25.73 4.37 3.85 0.73 40.84 100.85 
-0.98 

Rud6A_Iso_ttd1_
2 

6.39 18.83 25.85 4.38 3.98 0.66 40.91 100.99 
Rud6A_Iso_ttd1_
3 

5.96 19.36 25.66 5.32 3.28 1.48 40.17 101.23 
-1.20* 

Rud6A_Iso_ttd1_
4 

6.35 18.78 25.72 4.03 3.61 1.37 40.56 100.44 
Rud6A_Iso_ttd1_
5 

6.22 19.02 25.72 4.50 3.78 0.90 40.53 100.68 
-1.20 

Rud6A_Iso_ttd1_
6 

6.55 18.43 25.71 4.28 3.92 0.70 40.64 100.23 
Rud6A_Iso_ttd2_
1 

5.34 20.08 25.60 5.23 3.01 1.65 39.88 100.81 
-0.98 

Rud6A_Iso_ttd2_
2 

3.89 22.15 25.35 4.23 3.05 1.82 40.01 100.52 
Rud6A_Iso_ttd3_
1 

4.74 20.58 25.28 5.33 2.85 1.83 39.54 100.16 -1.08 
Rud6A_Iso_ttd3_
2 

6.82 18.09 25.77 5.05 3.51 1.20 40.61 101.05 
-0.84 

Rud6A_Iso_ttd3_
3 

7.12 17.91 25.82 4.06 3.72 1.18 41.29 101.10 



 

 

XXV 

 As 
(ms. %) 

Sb 
(ms. %) 

S 
(ms. %) 

Hg 
(ms. %) 

Fe 
(ms. %) 

Zn 
(ms. %) 

Cu 
(ms. %) 

Total 
(ms. %) 

δ65Cu 
(‰) 

Rud6A_Iso_ttd3_
4 

7.07 17.65 25.83 4.07 4.09 0.57 41.21 100.49 
-0.79 

Rud6A_Iso_ttd3_
5 

6.98 17.87 25.95 4.23 3.97 0.75 41.14 100.91 
Rud6A_Iso_ttd3_
6 

6.87 18.04 25.69 4.01 3.61 1.37 40.70 100.32 
-1.43 Rud6A_Iso_ttd3_

7 
6.73 18.05 25.59 4.02 3.50 1.60 40.61 100.13 

Rud6A_Iso_ttd3_
8 

7.06 17.98 25.59 3.59 3.59 1.51 40.56 99.89 
Rud6A_Iso_ttd4_
1 

3.60 22.76 25.24 4.35 3.41 1.03 40.19 100.57 
-1.30 

Rud6A_Iso_ttd4_
2 

3.34 22.98 25.25 5.13 3.11 1.31 39.60 100.74 
Rud6A_Iso_ttd4_
3 

3.64 22.44 25.31 4.91 3.28 1.17 40.03 100.78 
-1.41 

Rud6A_Iso_ttd4_
4 

3.35 23.00 25.13 4.94 3.18 1.12 39.75 100.47 
Rud6A_Iso_ttd4_
5 

3.63 22.40 25.14 5.25 2.96 1.64 39.40 100.41 n.a. 
Rud9A_Iso_ttd_1 4.74 20.41 25.50 3.59 3.94 0.62 39.80 98.60 

-2.82 
Rud9A_Iso_ttd_2 4.79 20.09 25.18 4.55 3.68 0.83 39.18 98.30 
Rud9A_Iso_ttd_3 4.81 20.30 25.50 3.75 3.86 0.67 39.37 98.28 

-2.43 
Rud9A_Iso_ttd_4 4.71 20.50 25.40 4.20 3.78 0.80 39.11 98.52 
Rud9A_Iso_ttd_5 4.43 21.11 25.43 3.32 3.93 0.63 39.13 98.00 

-2.69 
Rud9A_Iso_ttd_6 4.73 20.59 25.52 3.40 3.96 0.60 39.87 98.66 
Rud9A_Iso_ttd_7 4.64 20.98 25.51 3.55 4.01 0.52 39.90 99.14 

-2.95 
Rud9A_Iso_ttd_8 4.71 20.73 25.40 3.51 4.04 0.46 39.68 98.54 
Rud9A_Iso_ttd_9 4.80 20.45 25.51 4.10 3.79 0.77 39.60 99.01 

-2.71 
Rud9A_Iso_ttd_1
0 

4.72 20.42 25.56 3.72 3.96 0.59 40.00 98.98 
Rud9A_Iso_ttd_1
1 

4.71 20.55 25.51 3.61 3.84 0.81 39.84 98.88 
-2.92 

Rud9A_Iso_ttd_1
2 

4.65 20.64 25.48 4.09 3.77 0.89 39.89 99.40 
Rud9A_Iso_ttd_1
3 

5.05 20.63 25.56 3.56 4.03 0.62 40.03 99.46 
-2.85 

Rud9A_Iso_ttd_1
4 

4.96 20.13 25.45 3.54 3.99 0.68 40.00 98.79 
Rud9A_Iso_ttd_1
5 

4.87 20.62 25.51 3.69 3.97 0.66 39.90 99.22 
-2.85 

Rud9A_Iso_ttd_1
6 

4.60 20.72 25.38 4.08 3.84 0.69 39.80 99.12 
Rud9A_Iso_ttd_1
7 

3.99 21.90 25.36 3.86 3.73 0.73 39.50 99.10 -2.79 
Rud9A_Iso_ttd2_
1 

4.90 20.05 25.40 3.47 4.20 0.40 39.28 97.72 
-0.99 

Rud9A_Iso_ttd2_
2 

4.83 20.20 25.30 3.23 4.06 0.40 39.28 97.37 
Rud9A_Iso_ttd2_
3 

4.36 20.80 25.36 4.65 3.86 0.44 39.16 98.63 
-1.68 

Rud9A_Iso_ttd2_
4 

4.85 20.49 25.57 3.48 4.09 0.43 39.84 98.80 
Rud9A_Iso_ttd2_
5 

4.93 20.33 25.57 3.55 4.17 0.41 39.79 98.76 
-1.15 

Rud9A_Iso_ttd2_
6 

4.93 20.30 25.68 3.68 4.15 0.43 40.07 99.25 
Rud9A_Iso_ttd2_
7 

4.93 20.43 25.45 3.60 4.17 0.41 39.97 98.98 
-1.88 

Rud9A_Iso_ttd2_
8 

4.80 20.53 25.62 3.32 4.20 0.40 40.11 98.97 
Rud9A_Iso_ttd2_
9 

4.82 20.76 25.50 3.39 4.10 0.44 40.05 99.05 
-1.80 

Rud9A_Iso_ttd2_
10 

5.10 20.33 25.69 3.05 4.19 0.45 40.32 99.12 
Rud9A_Iso_ttd2_
11 

5.19 20.06 25.79 3.30 4.13 0.49 40.09 99.06 
-1.72 

Rud9A_Iso_ttd2_
12 

5.13 19.99 25.69 3.52 4.14 0.45 40.08 98.98 
Rud9A_Iso_ttd2_
13 

5.22 19.96 25.57 3.75 4.11 0.44 39.79 98.85 
-1.45 

Rud9A_Iso_ttd2_
14 

5.38 19.84 25.68 3.66 4.08 0.47 40.07 99.18 
Rud9A_Iso_ttd2_
15 

5.64 19.48 25.67 3.47 4.19 0.39 40.18 99.02 
-1.63 

Rud9A_Iso_ttd2_
16 

5.50 19.53 25.57 3.03 4.31 0.39 40.23 98.56 
Rud9A_Iso_ttd2_
17 

5.50 19.60 25.56 3.15 4.21 0.41 40.11 98.54 
-1.62 

Rud9A_Iso_ttd2_
18 

5.42 19.40 25.50 3.18 4.14 0.48 39.94 98.08 
Rud9A_Iso_ttd2_
19 

4.71 20.91 25.37 2.94 4.06 0.55 40.05 98.59 -2.29 
Rud9A_Iso_ttd3_
1 

4.81 20.78 25.42 3.55 4.03 0.50 39.74 98.84 
-1.75  

Rud9A_Iso_ttd3_
2 

5.45 18.94 21.36 2.91 3.76 0.49 38.11 91.01 
Rud9A_Iso_ttd3_
3 

4.57 20.60 25.57 3.84 3.92 0.54 39.83 98.89 
-1.85  

Rud9A_Iso_ttd3_
4 

4.47 20.85 25.50 4.10 3.87 0.53 39.70 99.05 
Rud9A_Iso_ttd3_
5 

3.00 22.99 24.98 5.12 3.43 0.69 38.62 98.81 
-2.31  

Rud9A_Iso_ttd3_
6 

2.96 22.93 25.16 5.04 3.40 0.83 38.77 99.10 
Rud9A_Iso_ttd3_
7 

4.76 20.61 26.12 3.85 4.03 0.47 40.01 99.85 
-2.21  

Rud9A_Iso_ttd3_
8 

4.76 20.46 25.30 3.67 4.02 0.45 39.94 98.59 
Rud9A_Iso_ttd3_
9 

3.98 21.77 25.43 4.35 3.79 0.48 39.40 99.21 
-2.28  

Rud9A_Iso_ttd3_
10 

3.29 22.48 25.15 4.35 3.65 0.55 39.38 98.86 
Rud9A_ttd01 

no EMP data available 

-1.61 
Rud9A_ttd02 -1.51 
Rud9A_ttd03 -1.25 
Rud9A_ttd04 -1.43 
Rud9A_ttd05 -1.19 

 

Table AIII-12: Complete data set of the electron microprobe measurements and the copper isotopes of the copper 
carbonates from Rudňany. 



 

 

XXVI 

 δ65Cu (‰)   δ65Cu (‰) 

botryoidal. fibrous. masses   in fractures  

Rud3_Az1 2.16  Rud9A_Az1 0.99 
Rud3_Az2 2.13  Rud9A_Az2 0.63 
Rud3_Az3 2.17  Rud9A_Az3 0.97 
Rud3_Az6 2.15  Rud9A_Mal1 0.80 
Rud3_Az7 2.49  Rud9A_Mal2 1.18 
Rud3_Az8 2.21  Rud9A_Mal3 0.47 
Rud5_Az2 2.58    
Rud5_Az3 2.50    
Rud5_Az3core 2.33    
Rud5_Az3rim 2.03    
Rud5_Az4core 2.12    
Rud5_Az4rim 2.48    
Rud5_Az5 2.41    
Rud5_Az6 2.33    
Rud5_Az7rim 2.40    
Rud2_Mal1 2.15    
Rud2_Mal2 2.23    
Rud2_Mal3 2.53    
Rud2_Mal4 2.25    
Rud2_Mal5 1.81    
Rud2_Mal6 2.14    
Rud2_Mal7 2.39    
Rud2A_SM1 2.62    
Rud2A_SM2 2.47    
Rud2A_SM3 2.53    
Rud3_Mal1 2.06    
Rud3_Mal2 2.17    
Rud3_Mal2rim 2.22    
Rud3_Mal3core 2.03    
Rud3_Mal3rim 2.08    
Rud3_Mal4 2.10    
Rud3_Mal5tworim 2.08    
Rud3_Mal6 2.16    

 

 


