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Executive Summary: Comparison of Pyrite Found at the 
Navan Deposit, Tara Mines, Ireland, with 95% Pure 
Commercially Available Pyrite, by James Devane 
 
A study was conducted to compare the morphological, chemical, crystallographic, 

and froth flotation characteristics of pyrite found in the Navan deposit and 

processed at Boliden Tara Mines, Ireland, with 95% pure pyrite from a natural 

source, sold by a chemical supplier. Microscopy, X-ray, and mass spectrometry 

techniques were employed, along with a laboratory froth flotation test. 

Microscopy techniques (reflective light microscopy, SEM) were used to determine 

the grain sizes of Navan pyrite, which were found to be >212 µm, compared to the 

largest commercial pyrite grain sizes of >425 µm. Texturally, the commercial pyrite 

was observed to be euhedral, whereas the Navan pyrite was seen to be subhedral 

with a strong presence of framboidal pyrite. X-ray analysis (XRF, XRD, and SEM-

EDX) demonstrated the claimed >95% purity level of the commercial pyrite 

sample. The commercial pyrite crystal structure was examined via single-crystal 

XRD. P-XRD analysis established the preferred orientation of the commercial 

pyrite. For Navan pyrite, P-XRD identified other Fe-bearing phases, including 

marcasite. SEM-EDX analysis showed the S/Fe ratio of both commercial and 

Navan pyrite. SEM-EDX was also used to perform a qualitative liberation study on 

the Navan pyrite. LA-ICP-MS was used to estimate the trace element composition 

of commercial pyrite, and identified inclusions in the Navan pyrite. Laboratory 

froth flotation tests showed that commercial pyrite floated readily in the presence 

of Cu2+ ions. 

The Navan and commercial pyrites were found to have differences in grain size and 

crystal habit, trace element composition, and to perform differently in flotation 

tests. However, this analysis showed that neither the Navan nor the commercial 

pyrite are sulfur-deficient. 

This work was carried out in laboratories at Boliden Tara Mines, Navan, Ireland, 

and Trinity College Dublin, Ireland, between February 2018 and February 2020. 
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1 CHAPTER 1 
INTRODUCTION 

1.1 MOTIVATION 

From the earliest cave paintings to the present day semiconductor industry, the 

mineral pyrite (FeS2) has played an interesting role in human history. Pyrite has 

served a variety of practical uses, both in its physical crystal form and later as a 

source of sulfur1 (Rickard, 2015). The use of pyrite as a sulfur source signalled 

advances in technology and industry, as the mineral was physically modified and 

broken down chemically. More modern applications of pyrite have returned to 

using the mineral as a whole, and take advantage of its semiconducting properties 

for use in the renewable energy sector (Rahman and Edvinsson, 2019).  

Boliden Tara Mines, located beside the town of Navan in the east of Ireland, was in 

2014 the largest zinc producing mine in Europe (Ashton, 2015). It is owned by the 

Swedish group Boliden Mineral, AB. Boliden Tara Mines (Tara Mines, or Tara) 

produces zinc and lead mineral concentrate products from the Navan orebody, with 

silver associated with the lead product. The Navan sulfide orebody contains, in 

terms of mineral processing, problematic levels of pyrite. In the context of mineral 

processing at Tara Mines pyrite is considered a nuisance mineral, and much effort 

has been made since production began in 1976 to supress pyrite flotation, due to the 

detrimental effect it has on flotation circuit performance. 

MICRO-ECOS (Microscale and Electrometallurgically Assisted Cleaning of 

Complex Sulfide Ores) is a European Union funded project, tasked with developing 

proprietary technology for the removal of pyrite from sulfide ores. MICRO-ECOS 

is formed of a consortium of stakeholders, including Boliden Tara Mines as an 

industrial partner, Trinity College Dublin as an academic partner and project 

coordinator, INNCEINNMAT S.L. (Ceinnmat) as the developers of proprietary 

microwave technology, and CSIC (Consejo Superior de Investigaciones 

Científicas, the Spanish National Research Council) for the mineralogical analysis 

of the pre- and post-processed complex sulfide ores. The consortium is tasked with 

developing ore cleaning technology from TRL 5 (Technology Readiness Level 5) 

 
1 Although sulphur is the correct British English spelling, the International Union of Pure and 
Applied Chemistry (IUPAC) recommends sulfur as the correct spelling: therefore, sulfur will be 
used in this document (WITHERS ED., N. 2009. So long sulphur. Nature Chemistry, 1, 333-333.) 
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to TRL 7. Pyrite is weakly paramagnetic (Wilson, 1921). Microwave technology 

will be developed that will magnetise the paramagnetic pyrite, allowing it to be 

removed magnetically from the ore. This will create, as a by-product of the ore 

cleaning, a relatively pure stream of natural pyrite particles.  

Given the current interest in the use of pyrite, it would be beneficial to determine if 

the pyrite product produced by this new ore cleaning technology could have any 

commercial value (Rahman and Edvinsson, 2019). This research work will focus 

on characterising the Navan pyrite in comparison to a similar pyrite product 

available from a commercial supplier. 

This work will focus on characterisation techniques and testwork that will 

determine the similarities between the Navan and commercial pyrite, to assess the 

commercial potential of the Navan pyrite. 
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1.2 OBJECTIVE 

As explained previously, Tara Mines is engaged in a research project that aims to 

produce a relatively pure stream of pyrite from the processing of certain Tara Mines 

powder materials. This is a characterisation study comparing physical and chemical 

characteristics of naturally occurring Navan pyrite to commercially available pyrite. 

The aim is to assess the commercial potential of a relatively pure stream of Navan 

pyrite. 

Navan pyrite was compared to commercially available pyrite from natural origins. 

Although most high-tech applications of pyrite currently require extremely pure 

pyrite, it is more appropriate to compare Navan pyrite to commercially available 

natural pyrite rather than to very pure synthesised pyrite. Commercially available 

95% pure natural pyrite was obtained from Strem Chemicals: Product number 26-

2400; lot number 33199200; CAS (Chemical Abstracts Service) number 12068-85-

8; with composition of 97.40% FeS2, 1.4% Si, and unknown 1.2% by weight as 

calculated from the accompanying certificate of analysis (COA). According to the 

Strem technical team:  

Item 26-2400 is a resale item from a third party vendor and we do not currently 

know where the material is mined. Similarly the analysis is also from the third 

party vendor. We are not sure whether the missing 1.2% is due to an inherent 

error in the analytical technique or if there is some other unreported impurity 

present. 
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1.3 SCOPE OF WORK 

This research characterises the pyrite naturally occurring at the Navan deposit in 

comparison to commercially-available pyrite for sale from a chemical supplier. The 

following techniques are used: 

• Microscopy techniques, to examine physical appearance: 

o Reflective Light Microscope 

o Scanning Electron Microscope 

• X-ray techniques, to investigate chemical differences: 

o X-ray Fluorescence 

o X-ray Diffraction 

o Energy Dispersive X-ray Spectroscopy, combined with the 

Scanning Electron Microscope 

• Mass spectrometry, to compare trace element discrepancies: 

o Laser Ablation Induced Coupled Plasma Mass Spectrometry 

• Laboratory flotation tests, as a measure of surface chemistry variations: 

o Tara Mines Standard SQ6 Laboratory Flotation Test 

The focus is on similarities and differences highlighted by this menu of 

characterisation methods. Electrical properties of the mineral are not tested. The 

testwork was performed in the onsite laboratory at Tara Mines, and in the various 

laboratory facilities at Trinity College Dublin. 

  



 
12 (255) 

 

1.4 BACKGROUND INFORMATION 

1.4.1 Pyrite Uses 

1.4.1.1 Pyrite Social History and Early Applications 
Pyrite has a rich social history (Rickard, 2015). Pyrite was used by primitive 

civilisations for fire-making, where its vigorous oxidation led to its use as a strike-

a-light, an ancient method of fire lighting. The same peoples used pyrite as a paint 

pigment for cave art, where the red ochres derived from weathered pyrite was used 

for cave paintings (Rickard, 2015). Pyrite was also used in early wheellock pistols 

– heat generated by the oxidising fragments of pyrite ignited the gunpowder 

(Rickard, 2015). In the Orient, the Chinese used pyrite as a source of sulfur for their 

early gunpowder manufacture. Sulfur (S) is an important element in industry 

generally, and sulfuric acid (H2SO4) is such an important acid in modern industrial 

processes that a country’s consumption of sulfuric acid is considered to be a de-

facto measure of its economic activity (Chenier, 2002). Initial inorganic medicines, 

sulfur-based and known as alum, originated from pyrite, and alum also served as a 

mordent (colour-fixer) in the 18th Century textile industry (Rickard, 2015). As 

chemical knowledge developed pyrite became known as “fools’ gold”, a term 

which arose in Europe but was often used as a synonym for pyrite in the 19th-

Century United Stated (Rickard, 2015). Canada was christened by French explorer 

Jacques Cartier who, in 1542, was enticed up the St. Lawrence River on reports of 

sightings of diamonds and gold. Later in France it was discovered that the 

“diamonds” and “gold” were merely quartz and pyrite, respectively. Although the 

French would subsequently coin the phrase ‘as false as Canadian diamonds’ they 

apparently missed the ‘fool’s gold’ idea (Rickard, 2015). Fool’s gold is a reference 

to the fact that pyrite and gold look similar, to the untrained eye, and probably also 

a reference to the fact that some pyrite does indeed contain traces of gold (Wells 

and Mullens, 1973). This gold can be extracted using appropriate techniques and in 

the Middle Ages this phenomena was seen as proof of alchemy, the transmutation 

of one material into another. This prompted a surge during that time of a number of 

unscrupulous get-rich-quick schemes, where naive investors were deprived of their 

money in fruitless attempts to turn pyrite into gold (Rickard, 2015). Indeed, it was 

the tragic misidentification of pyrite from gold that helped lead to the execution of 

Sir Walter Raleigh, the man credited for popularising tobacco in London. Sir 
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Raleigh claimed he had discovered El Dorado, a lost city of gold, in the New World, 

but the gold sample sent to London as proof was found to be pyrite. It is reported 

by Rickard that the real reason Sir Raleigh was executed, apart from the separate 

official charge of treason, was for the charge of falsely reporting a discovery of gold 

– tragic because Raleigh had found genuine gold in South America and had no 

intentions to defraud, a fact acknowledged only posthumously (Rickard, 2015).  

Pyrite has a documented history of use in jewellery during the ancient Greek, 

Roman, and Inca civilisations (Rickard, 2015). However, in this field pyrite is 

known by the name of its polymorph marcasite, and pronounced “marcaseet”. 

Genuine marcasite itself is too brittle to be used in jewellery, but presumably some 

distinction was needed between pyrite as ‘fool’s gold’ and as a feedstuff for 

industry, and pyrite as a decorative crystal. In the 19th Century Queen Victoria 

popularised ‘marcasite’ (pyrite) in a brooch she wore to mourn the passing of her 

husband Prince Albert – the dark shine of the mineral set into silver was deemed 

appropriate for the sombre mood (Rickard, 2015).  

In the 20th Century pyrite’s properties were harnessed in its use as a rectifier in early 

radios (Morgan, 1914). A rectifier is a device that turns continuous alternating 

current (AC) into pulsing direct current (DC) by eliminating one direction of 

electron flow. This application took advantage of pyrite’s inherent semiconducting 

abilities, although semiconducting crystals were replaced by vacuum tubes as 

technology advanced (Morgan, 1914). 

 

1.4.1.2 Pyrite as an Agricultural Fertilizer 
In 1998 a study was published that showed that the addition of pyrite alongside 

NPK fertilizer enhanced both the Fe2+ content in leaf tissue and the general uptake 

in Fe to broccoli (Purakayastha et al., 1998). The pyrite in question contained 22% 

sulfur and 20% iron, compared to a theoretical 46.50% Fe for pure pyrite. No details 

are given as the characterisation method used, and no other characterisation of 

pyrite was conducted for this study. 

Castelo-Branco et al. reported on efforts to improve soil using pyrite-rich waste 

from the Neves-Corvo mine in Portugal (Castelo-Branco et al., 1999). The effect of 

the pyrite addition was an increase of availability of trace elements, dry matter, and 
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certain nutritive parameters. However, no quantitative study of the pyrite was 

conducted. 

A 2008 study found that sulfur fertilization via the application of pyrite increased 

the yield in crops of Indian mustard (Sharma and Arora, 2008). However, no study 

of the pyrite was undertaken. 

Jangir et al. examined the effect of nano pyrite on root priming to increase chilli 

and marigold production in nutrient-deficient soil (Jangir et al., 2019). In this case 

the pyrite was synthesised and subsequently characterised by SEM, XRD, XPS, and 

FTIR (Fourier Transform Infra-Red Spectroscopy). The characterisation techniques 

showed that the synthesised pyrite was indeed phase-pure pyrite with appropriate 

XRD peaks and other confirmation of Fe-S bonds, but no chemical analysis was 

performed to identify the S/Fe ratio of the resulting crystal. It was found that a 

complex set of reactions, involving pyrite, could increase plant productivity. 

 

1.4.1.3 Pyrite in the Production of Sulfuric Acid 
Historically, pyrite was used as a raw material for the production of sulfuric acid 

(H2SO4). Sulfuric acid is so common a chemical in industrial processes that a 

country’s production of sulfuric can be taken as a de facto measure of its economic 

activity (Chenier, 2002). Although today’s sulfuric acid is mostly obtained as a by-

product of the oil refining process, some sulfuric acid is still produced via pyrite 

roasting. Yara is a Norwegian fertilizer producer, and uses sulfuric acid to extract 

phosphorus from the host rock (Bolin, 2019). Yara produce their own sulfuric acid 

from pyrite they source from the Pyhäsalmi mine in Finland (Bolin, 2019). Yara 

process in excess of 300k tonnes of pyrite annually, and so there is a proven market 

for natural mined pyrite (Bolin, 2019). 

 

1.4.1.4 Pyrite for the Remediation of Wastewater Streams 
Pyrite has potential for use in wastewater treatment applications. The Fenton 

reaction is a process that uses hydrogen peroxide (H2O2) and ferric iron (Fe2+) to 

produce hydroxyl free radicals (·OH). It is commonly used in the treatment of 

wastewater (Barbusiński, 2009). The eponymous Fenton reaction was first 

described by Henry John Horstman Fenton in the 1890s. Henry J. H. Fenton (1854 
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– 1929) was a British chemist who studied and worked at Cambridge, UK 

(Barbusiński, 2009). 

A Fenton reagent is a solution of hydrogen peroxide and an iron catalyst and is used 

to oxidise contaminants – examples from the literature include industrial chemical 

wastes like trichloroethylene (TCE, a solvent (Teel et al., 2001)) and 

perchloroethylene (PCE, a fabric cleaner (Leung et al., 1992)). The Fenton reaction 

works by creating a hydroxyl free radical, ·OH, which acts as a powerful oxidising 

agent that can attack and break bonds in other molecules. The hydroxyl free radical 

has an unpaired electron, represented by the single dot ‘·’, which requires an extra 

electron for stability. The requirement for an extra electron is so powerful that it 

overcomes the binding force holding electrons in other bonds, sequestering 

electrons from these bonds. The sequestration of the electron breaks the bond, and 

in this manner the contaminating particle is broken down bond by bond by the 

hydroxyl free radical. As an example, cibacron blue 3G-A is a dye that can be 

attacked and degraded by ·OH free radicals (Pittsburgh, 2010): 

 
Figure 1: Cibacron Blue 3G-A; figure reproduced from Sigma Aldrich (2021) (Aldrich, 2021) 

In principle, the Fenton reaction would provide hydroxyl free radicals, allowing the 

free radical attack on the cibacron blue 3G-A molecule in solution to continue until 

the total organic carbon (TOC) approaches zero, and all the carbon is converted to 

CO2. The N and S would be converted into nitrate (NO-3) and sulfate (SO2-4) 

respectively. 

The Fenton reaction is the use of Fe to create free radicals from hydrogen peroxide. 

The resultant oxidative attack of free radicals on other species (as described above) 

is a different reaction. 
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Pyrite reacts with water to form ferrous (Fe2+) iron (Chirita and Schlegel, 2017): 

2"#$! + 2&!' + 7'! → 2"#!" + 4$'#!$ + 4&" 
 

Thus, pyrite can be used as a source of ferrous iron for the Fenton reaction in the 

treatment of wastewater streams.  

Feng et al. report on the use of pyrite in the Fenton-like oxidation of refractory 

chemical wastewater from the textile industry (Feng et al., 2012). Parameters of 

interest were pyrite dosage, hydrogen peroxide concentration, pH, and suspended 

solids. The ability of these parameters to reduce the chemical oxygen demand 

(COD) and colour of the wastewater was investigated. The pyrite was of natural 

mineral origin and contained <3% quartz, sized 100% passing 74 μm (74x10-6 m). 

It has been reported that hydrogen peroxide can be spontaneously produced when 

pyrite is exposed to water in the presence of oxygen (Schoonen et al., 2010). This 

test showed that the addition to the industrial wastewater of pyrite alone did have 

some positive degradation effects – it was postulated that in this instance pyrite 

formed hydrogen peroxide which then triggered the Fenton reaction, which in turn 

produced free radicals for the attack on the organic molecules. Alternatively, the 

coagulation of ferric ions may be accountable for the decrease in COD. The pyrite 

and hydrogen peroxide mixture was found to remove 70% of COD over a pH range 

of 2.5 – 6.0. 

In 2013 a study was published outlining the degradation of the pharmaceutical drug 

diclofenac, often found in municipal wastewaters, by a pyrite-catalysed Fenton 

reaction (Bae et al., 2013). It showed that the pyrite-catalysed Fenton reaction 

degraded the drug molecules entirely (100%), compared to only 65% degradation 

via the classic Fenton system (ferrous sulfate at pH 4). The reaction of pyrite with 

water, as described at the start of this section, produces both ferrous iron and 

protons. This allows the pyrite solution to naturally provide a pH environment of 3 

– 4, which is ideal for the Fenton reaction. However, in this case the solubility of 

diclofenac is dependent upon pH, so pH control may still be needed depending on 

the specifics of the application. The pyrite used was natural and sourced from 
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Mexico, ground to the sub-micron level, and characterised through SEM images to 

confirm particle2 size and by XRD to confirm the crystal species.  

Comparison of synthetic pyrite nanoparticles with naturally derived pyrite 

microparticles, in the context of using pyrite to clean wastewater streams, was 

carried out by Gil-Lozano et al. (Gil-Lozano et al., 2014). Copper phthalocyanine 

was used as a representative wastewater contaminant. The characterisation 

techniques used were XRD, HR-TEM, and SAED (Selected Area Electron 

Diffraction). The analysis showed that the synthetic pyrite nanoparticles enabled 

roughly x8 greater efficiency of pollutant removal than the natural pyrite 

microparticles. It was found that more surface defects on pyrite particles gave rise 

to more hydrogen sulfide generation. The use of synthetic pyrite nanoparticles 

avoids the dangers of heavy metal release that often occurs upon dissolution of 

naturally occurring (i.e., mineral derived) pyrites. Again, there was no requirement 

for pH control. 

Kaur et al. investigated preferentially-grown pyrite nanostructures for removal of 

industrial pollutants (Kaur et al., 2016). Kaur studied the structural, morphological, 

and optical features of synthetic pyrite as part of his study on using synthesised 

nanopyrite particles to clean dyes from wastewater. The techniques employed were 

XRD, and UV-visible and Raman spectroscopy. In the synthesis of the nanopyrite 

particles a method was chosen which reduces impurities and surface defects. XRD 

showed pyrite with lattice constants a = b = c = 5.414 Å (1x10-10 m). The XRD 

pattern was also used to estimate the average size of the nanopyrite particles, which 

was found to be ~14 nm (14x10-9 m). In terms of Raman spectroscopy, a peak was 

observed at 372 cm-1 – this is consistent with the S-S bonds. UV-visible 

spectroscopy was used to examine the catalytic performance of the pyrite 

nanoparticles. The pyrite was grown deliberately to expose the (111) face, this face 

having the highest proportion of Fe atoms. It is not clear how the (111) face growth 

was promoted, however. 

In a similar study, Kaur et al. investigated Au@FeS2 (sic) as an agent for cleaning 

dyes from wastewater (Kaur et al., 2017). It is stated that phase purity is of 

 
2 Particles are defined here as fragments of a bulk material. Grains are considered distinct regions 
of phase-pure mineral (also called crystallites). Therefore, particles are formed of many grains, and 
in some cases a large enough grain may be also be considered a particle in its own right.  
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significance in the performance of pyrite as a cleaning agent. Again, the pyrite 

nanoparticles were synthesised, and XRD used to characterise the pyrite. The 

nanopyrite was found to be pure – no XRD peaks associated with any other material 

were found. 

The use of pyrite as a reducer of radioactive technetium, often released into the 

environment during nuclear weapon testing, was investigated by Huo et al. (Huo et 

al., 2017). In preparation for the test, synthetic pyrite was grown and then 

characterised using XRD, SEM-EDX, and TEM techniques. These characterisation 

studies showed that the synthesised pyrite was on the micro- to nano-scale. The 

XRD peaks at 33.07°, 37.03°, 40.79°, 47.45°, and 56.34° are ascribed to the (200), 

(210), (211), (220), and (311) planes, respectively, of the crystal structure of pyrite. 

The TEM results showed the synthetic pyrite occurs as irregular aggregates, with a 

mean size of 50 nm. The size distribution was measured using Dynamic Light 

Scattering (DLS) techniques. EDX analysis confirmed that there were no significant 

impurities.  

 

1.4.1.5 Pyrite as an Electrode Sensor 
Antonijevic et al. studied natural pyrite as an electrochemical sensor for 

potentiometric titrations of Cu2+, Hg2+, and Fe3+ (Antonijevic et al., 2001). Results 

were accurate and reproducible. Response times were of the order of minutes. The 

only characterisation data given for the pyrite used was a very detailed breakdown 

of impurity elements by weight %, namely As, Sb, Ag, Cu, Zn, and Au. However, 

the pyrite used was a monocrystalline pyrite sample on the millimetre scale, rather 

than composed of many small crystals. 

Simic et al. examined the use of natural-pyrite electrodes for the acid-base 

determination of nitriles (Simic et al., 2011). It was found that natural pyrite could 

be successfully used as an indicator electrode for the determination of some organic 

acids and bases, and was proposed as an alternative to the glass electrode in non-

aqueous solutions. Again, only chemical analysis was carried out on the pyrite, 

showing impurities of Cu – although with less resolution than the 2001 study 

discussed above. As with the 2001 study, the pyrite used was on the millimetre 

scale. 
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A 2016 study by Stanic and Stepanovic examined the potentiometric determination 

of ascorbic acid using a natural pyrite electrode (Stanic and Stepanovic, 2016). The 

electrode exhibited good sensitivity and repeatability. It appears that this study used 

the same pyrite as the 2011 study above. 

Wang et al. used a pyrite sensor electrode for amperometric detection and 

measurement of hydrogen peroxide (H2O2) (Wang et al., 2018). The electrode’s 

limit of detection was 8.6x10-6 mol L-1, with a response time of under 5 seconds. 

SEM imaging was conducted at the electrode surface and, upon completion of the 

experiments, a cross-section image was taken to confirm the continuity of pyrite 

phase through the crystal. Small inclusions in the crystal were detected, including 

sphalerite (ZnS), and the pyrite crystal was found to have a purity of >90% pyrite. 

XRD and XRF characterisation techniques were used to determine the presence of 

impurities. 

 

1.4.1.6 Pyrite in Batteries 
Discharge behaviour and stability of synthetic pyrite cathode material was 

investigated by Pemsler et al. (Pemsler et al., 1990). This study compared synthetic 

pyrite, synthesised by the researchers, to naturally-occurring Peruvian pyrite. The 

composition, thermal stability, surface chemistry, and electrochemical discharge 

behaviour of the synthetic and natural pyrite were compared using 

thermogravimetry (TG), X-ray photoelectron spectroscopy (XPS), and single-cell 

and battery discharge studies. XPS studies were also conducted to analyse the 

surface oxidation products on synthetic and natural pyrite materials. It was found 

that the synthetic pyrite particles (<44 μm) were able to sustain higher operating 

voltages, a lower resistance, and higher current densities than natural pyrite 

particles (<297 μm). 

Shao-Horn and Horn report on the discharge capabilities of natural and synthetic 

pyrite in lithium cells (Shao-Horn and Horn, 2001). Optical and scanning electron 

microscopy was both used to establish particle size, and grain size (crystallite size) 

in pyrite particles. Synthetic particles were found to have better rate capability, and 

this was attributed to the smaller grain (crystallite) size. These researchers did not 

synthesise their own pyrite, but rather bought synthetic pyrite from a major 
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chemical supplier (Alfa Aesar). The geographic origin of the natural pyrite is 

unknown. 

Shao-Horn et al. followed up the 2001 study with a report into the performance of 

synthetic nanopyrite particles in Energizer batteries, showing that battery 

performance increased with decreasing pyrite particle size, but that the performance 

gains stopped at a particle size of 1 µm (1x10-6 m) (Shao-Horn et al., 2002). Again, 

the synthetic pyrite was procured from Alfa Aesar. 

Douglas et al. studied pyrite nanocrystals of ~4.5 nm for use in sodium ion and 

lithium ion batteries (Douglas et al., 2015). The relatively small surface areas of the 

nanometre-scale pyrite crystals led to intermediate products that had a shorter 

lifetime and were thermodynamically reversible compared to micro-scale particles. 

The shorter lifetime and thermodynamic reversibility of the pyrite nanoparticles 

increased cycling and rate capability compared to the micro-scale particles. In this 

study the researchers synthesised the pyrite nanocrystals using a wet chemical 

method. Analysis was performed using Raman Spectroscopy and TEM techniques. 

TEM indicated a measured lattice spacing of 2.7 Å, which is consistent with the 

(200) plane of iron pyrite, and Raman Spectroscopy was used to either confirm or 

deny the presence of various atomic bonds, and therefore the presence of various 

species. 

The mechanism and solution for the capacity fading of lithium-pyrite batteries was 

investigated by Zhang and Tran (Zhang and Tran, 2016). Pyrite powder was 

purchased from Sigma-Aldrich. After preparation, the pyrite-containing cathode 

was analysed via XRD, to confirm the presence of pyrite. The capacity fading was 

attributed to issues with the Li species, but this is another example of pyrite being 

used in a commercial, real-world application. 

A 2017 review of transition metal dichalcogenide nanomaterials for use in 

rechargeable batteries, of which nanopyrite particles are an example, predicts that 

in particular pyrite will slowly re-establish itself as a viable option for use in the 

renewable energy sector (Wu et al., 2017). 

 

1.4.1.7 Pyrite in Photovoltaic Cells 
Pyrite can be used as a material for capturing solar energy in photovoltaic (PV) 

cells. This application takes advantage of pyrite’s semiconducting abilities. Pyrite 
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is a semiconductor with a bandgap of 0.95 eV (electron volts) (Macpherson and 

Stoldt, 2012). In terms of PV applications, pyrite has an almost two orders of 

magnitude higher absorption coefficient than crystalline silicon (Rahman and 

Edvinsson, 2019), and a quantum efficiency of ~90% (Puthussery et al., 2010), 

although the conversion efficiency is less than 3% (Caban-Acevedo et al., 2012).  

The properties of semiconducting pyrite nanowires were investigated by Caban- 

Acevedo et al. (Caban-Acevedo et al., 2012). The wires had diameters of 4 – 10 nm 

and lengths >2 µm. The wires were characterised by TEM, Raman spectroscopy, 

and XRD. The synthesised nanowires were not pure pyrite, with impurity phases of 

pyrrhotite, iron monosulfide, and cubic iron being detected by XRD. 

In a 2010 study, Puthussery et al. used TEM, XRD, and UV-spectroscopy to 

characterise synthesised pyrite nanocrystals for thin-film PV applications 

(Puthussery et al., 2010). Although no operational or performance tests were carried 

out with PV cells, the authors were confident that their approach showed promise 

for low-cost, large-area pyrite PV cell manufacture. 

Macpherson and Stoldt examined synthesised pyrite nanocubes for their 

performance in photovoltaic applications (Macpherson and Stoldt, 2012). XRD, 

TEM, and Raman spectroscopy were used to characterise the synthesised 

nanopyrite. 

A 2018 scientific and technological review of iron pyrite for use in solar devices 

was carried out by Shukla et al. (Shukla et al., 2018). Hampering the success of a 

working pyrite solar cell are crystal defects detected by other researchers including 

stoichiometric deviations resulting in Fe-S phase impurities (listed in Table 1 of this 

document), intrinsic surface and bulk defects, reduced surface energy bandgap, 

Fermi level pinning, surface state induced band bending, and more. The review by 

Shukla et al. focusses on synthetic pyrite, although XRD and SEM analysis of a 1 

cm single crystal of natural pyrite was discussed. For the natural pyrite the SEM 

was used for imaging, and the XRD analysis of a thin film cut parallel to one cube 

face shown only the (100) pyrite face peak. The natural pyrite was found to be 

highly crystalline. 
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1.4.1.8 Pyrite for the Hydrogen Evolution Reaction 
Pyrite can be used as a material in the hydrogen evolution reaction (HER). 

Ivanovskaya et al. used ICP-AES, TEM, SEM, and XRD characterisation 

techniques in a 2013 study of various transition metal sulphide HER catalysts, 

including synthesised pyrite (Ivanovskaya et al., 2013). The tests were conducted 

in 0.5 M aqueous hydrobromic acid.  

Faber et al. used commercial Sigma-Aldrich Fe and S to synthesise FeS2 in a 2014 

study into pyrite as a suitable catalyst for the HER (Faber et al., 2014). Two types 

of samples were prepared: thin pyrite films of less than 50 nm on conductive 

graphite substrates, and thicker bilayer CoS2 and FeS2 pyrite films on borosilicate 

glass substrates. The graphite-substrated pyrite was synthesised in a bottom-up 

manner by means of thermal sulfidation of 30 nm of iron metal on graphite disk 

substrates. This pyrite was used for direct characterisation of the HER 

electrocatalytic activity in a 0.5 M aqueous solution of sulfuric acid. Pyrite for use 

in a symmetrical electrochemical cell was synthesised on borosilicate glass via the 

same bottom-up technique. The graphite-substrate pyrite was tested as an electrode, 

and the borosilicate-glass-substrate pyrite was tested as a symmetrical 

electrochemical cell. Characterisation techniques for the resulting synthesised 

pyrite consisted of SEM, XPS, XRD, and Raman spectroscopy. Pyrite HER 

performance was found to be enhanced by Co addition. 

 
1.4.1.9 Pyrite for the Oxygen Reduction Reaction 
Susac et al. released a study of the suitability of FeS2 as a model catalyst for the 

oxygen reduction reaction (ORR) (Susac et al., 2007). Characterisation techniques 

employed were scanning Auger microscopy (SAM), XPS, EDX, and micro-Raman 

spectroscopy. A thin film of pyrite prepared via magnetron sputtering was directly 

compared to a natural mineral pyrite sample in terms of the effect of both chemical 

composition and structure on electrochemical performance. The thin pyrite film 

showed ORR performance of three orders of magnitude lower than that of the 

platinum standard. 
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1.4.1.10 Summary of Pyrite Uses 
As demonstrated in the previous sections, pyrite has a variety of potential uses and 

applications in industry. However not all these may be suitable for the Navan pyrite. 

In terms of agricultural fertilizer it is not known if pyrite is used as a fertilizer 

commercially, or if any company procure pyrite for the direct purpose of adding it 

to a fertilizer blend. Therefore, the commercialisation prospects for the Navan 

pyrite in this field is unknown. An important factor in agricultural applications 

would be the presence of any toxic trace elements – Pb, As, Co, and others. The 

trace element analysis of the Navan pyrite is important in this respect. 

The use of pyrite for the production of sulfuric acid is historically an obvious 

choice, however important in these considerations is the transport cost (Bolin, 

2019).  

The use of Navan pyrite for the remediation of wastewater streams could be 

examined further. Bae et al. demonstrated that, for the Fenton reaction at a pH of 4, 

natural pyrite can perform better than the traditional ferrous sulfate (Bae et al., 

2013). However the analysis by Gil-Lozano et al. showed that synthetic pyrite 

nanoparticles enabled roughly x8 greater efficiency of pollutant removal than the 

natural pyrite microparticles (Gil-Lozano et al., 2014). Thus, the use of Navan 

pyrite in such applications may depend on the relative price and operational 

parameters of a natural pyrite treatment regime compared to that of a synthetic 

pyrite treatment regime. Also, as with the agricultural application, the use of Navan 

pyrite would presumably depend upon both the relative purity of the product and 

the presence of any toxic elements contaminating the pyrite phase. 

The use of Navan pyrite as an electrode sensor may be appropriate, depending on 

the crystallite size. The electrode studies mentioned above all use monocrystalline 

pyrite crystals on the millimetre scale. There is no mention of widespread industrial 

deployment of these sensors, however. 

The use of pyrite in batteries is proven (Shao-Horn et al., 2002), and indeed 

predicted to re-emerge as an important mineral in the future renewable energy 

sector (Wu et al., 2017). However, in almost all cases mentioned above the pyrite 

used is of synthetic origin, and in every case the performance of the synthetic 

material outstrips that of the natural material. The potential use of Navan pyrite in 
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future battery technology depends upon the phase-purity of the pyrite and upon the 

particle size, with nanoparticles performing better (Shao-Horn et al., 2002). 

The prospect of Navan pyrite being used for PV cells looks low, as every case 

studied above uses synthetic pyrite. Some breakthrough in PV cell design or pyrite 

purification may be needed in order to use Navan pyrite for PV applications. 

As with the case of PV cells above, all pyrite used in the HER research was 

synthesised. In fact, performance of pyrite increased with Co doping (Faber et al., 

2014). This makes Navan pyrite an unlikely candidate as a catalyst for the HER 

reaction. 

The use of Navan pyrite for the ORR seems unlikely as, apart from using synthetic 

pyrite, the performance of pyrite is three orders of magnitude lower than the existing 

technology (Susac et al., 2007). More research in this area is required. 

In summary, the Navan pyrite would appear to be best suited to applications that 

require industrial quantities of pyrite and are flexible with respect to particle size 

and phase and bulk purity. This would suggest that comparatively proven 

applications like agricultural fertilizer, sulfuric acid production, or wastewater 

remediation are more appropriate for naturally-derived pyrite than applications in 

the renewable energy sector that require pyrite of higher purity.  
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1.4.2 Geology of Pyrite 

1.4.2.1 Genesis of Pyrite 
Pyrite is being formed continuously, in nature, all around us. Greater than 90% of 

pyrite in the earth’s lithosphere is formed by microbiological processes (Rickard, 

2015). Other examples of natural formation processes are hydrothermal and 

volcanic. There are also methods for synthesising pyrite in laboratory conditions to 

create relatively pure pyrite for specific applications. 

 

1.4.2.1.1 Pyrite of Natural Origin 

Natural pyrite can be formed under a variety of different conditions. Pyrite can be 

formed from the actions of bacteria (Merinero et al., 2017). Pyrite found in 

sedimentary conditions (in mud or in lake beds) is often formed at the sediment-

water interface when H2S reacts with Fe in the local environment (Merinero et al., 

2017). The H2S required for this reaction comes from sulfate reducing bacteria. In 

fact, because pyrite is so ubiquitous in sediments, the majority of sedimentary rock 

contains at least traces of pyrite (Berner, 1984). However pyrite is not formed 

directly upon the reaction of Fe species with H2S, but forms as the end result of a 

progression of metastable iron monosulfides (Berner, 1984).  

Hydrothermal pyrite is formed through the precipitation of pyrite from hot, mineral-

laden water (Britannica, 2014, Kiefer and Majzlan, 2014). This water often flows 

through cracks in bodies of rock, and results in pyrite mineral ‘veins’. Thus, the 

rock becomes pyrite-bearing, and the veins can be mined for pyrite.  

Pyrite can be formed from volcanic activity. Volcanic massive sulfide (VMS) 

deposits often contain pyrite, and in many cases this pyrite contains varying levels 

of gold (Dubé et al., 2007).  

Pyrite is also formed in the ocean depths through the emission of hot black liquid 

via undersea hydrothermal vents, which look visually like smoking chimneys 

(Rickard, 2015). These vents emit fluids at ~350°C, which are so hot that they can 

drive ocean gyres and convection currents (Rickard, 2015). The black colour of the 

escaping fluid is ascribed to the presence of iron and sulfur species, including pyrite 

(Yucel et al., 2011). The pyrite particles produced are so small that they do not 

sediment: instead they disperse through the ocean, slowly oxidising and making 

iron available for biological activity (Yucel et al., 2011). The role of undersea 
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hydrothermal vents in the formation of pyrite does not stop there: as the temperature 

in the sub-sea bed drops and the vents cool the calcium sulfate structure of the vent, 

once held solid by the high temperatures, dissolves. The dissolving calcium sulfate 

leaves behind on the sea floor a pile of pyritic sulfides which dissolve and 

recrystallize in the cooling water, becoming what is now recognised in ancient rocks 

as massive sulfide deposits (Rickard, 2015). 

 

1.4.2.1.2 Pyrite of Synthetic Origin 

Pyrite can be synthesised in a variety of different ways, with a menu of methods 

suitable for different end uses. A selection of synthesis methods encountered during 

this study is outlined here. 

The synthesis of polycrystalline pyrite via a metal-organic chemical vapour 

deposition (MOCVD) method was performed by Oertel et al. (Oertel et al., 1999). 

The sulfur source was di-tert-butyl disulfide, and the iron was provided by iron 

pentacarbonyl. A 20 nm nucleation layer was deposited first, followed by a ~50 nm 

main layer, in a commercial MOCVD system using N2 as the carrier gas. 

A review of framboidal pyrite synthesis methods by Ohfuji and Rickard found that 

successful synthesis depends on high supersaturation in the mother liquor to the 

point that the pyrite nucleation rate exceeds the pyrite growth rate (Ohfuji and 

Rickard, 2005). 

Colloidal pyrite nanocrystal inks were prepared by mixing a solution of sulfur 

dissolved in diphenyl ether with a solution of FeCl2 with octadecylamine 

(Puthussery et al., 2010). This mixture was held at 220°C for three hours. After 

formation, the pyrite nanocrystals were purified and dried. Many of these pyrite 

nanocrystals were found to look like donuts – a sphere with a squashed middle. As 

a side note, the synthesis of pyrite donuts was also reported by Rickard (Rickard, 

2015). Puthussery et al. then placed the nanocrystals in a chloroform solution, 

creating a pyrite nanocrystal ink. Glass, quartz, and silicone substrates were then 

repeatedly dipped into the ink, and after the nanocrystal layers built up the films 

were sintered to produce pyrite films for solar cell deployment. 

Attempts to control the size and shape of synthesised pyrite nanocubes during the 

growth phase were made by Macpherson and Stoldt (Macpherson and Stoldt, 2012). 

Variables used to control these parameters were the chemical potential of sulfur, 
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alkylamines of different lengths, and temperature. The aim was to create <50 nm 

pyrite crystals, and the average size of the crystals grown using these limiting 

parameters was ~37 nm.  

FeS2 pyrite films were grown on borosilicate glass substrates by Faber et al. (Faber 

et al., 2014). The pyrite was synthesised via a bottom-up technique by means of 

thermal sulfidation of 30 nm of iron metal on graphite disk substrates. The iron was 

deposited by means of electron-beam evaporation. The sulfidation occurred in a 

silica-tube flow reactor at 500°C, with pure argon used as a carrier gas. 

Nanoparticles of pyrite were synthesised by a hot injection method by Gil-Lozano 

et al. (Gil-Lozano et al., 2014). The starting materials were sulfur and iron(II) 

chloride tetrahydrate (FeCl2·4H2O). 

The (111) face of pyrite was preferentially grown in a hydrothermal preparation 

(Kaur et al., 2016). Again, the precursor FeCl2·4H2O was used, and sulfur added. 

These were mixed in water and held at 200°C for 24 hours. After crystallisation, 

the pyrite was washed with water, ethanol, and carbon disulfide. That the (111) face 

was preferentially grown was discovered during post-synthesis analysis. 

Pyrite particles were synthesised in a nitrogen-gas-filled glove box via a modified 

hydrothermal method (Huo et al., 2017). A FeCl3 solution was mixed with a NaHS 

solution, and pyrite particles grew in a 60°C environment over a 24 hour period. 

A review of production methods of iron pyrite films was conducted in 2018 (Shukla 

et al., 2018). Methods included spray pyrolysis and hot injection methods, both of 

which have been mentioned here (Puthussery et al., 2010, Gil-Lozano et al., 2014). 

Nanopyrite has been synthesised via a two-step wet chemical method (Jangir et al., 

2019). The first step involves the preparation of a polysulfide, and at the end of the 

second step nanopyrite crystals form in a 120°C liquid. A purification step involves 

the washing of pyrite crystals in HCl, to remove any excess FeS. 

Pyrite thin films were prepared by magnetron sputtering by Susac et al. (Susac et 

al., 2007). The thin films were deposited on glassy-carbon substrates. The 

deposition system used a sputter coater with a 99.9% pure synthesised pyrite target. 

Although the pyrite was not synthesised by the researchers this method is included 

in this review for completeness. XRD analysis of the sputtered thin film showed 

that the (200) face gave the highest intensity peak.  
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As described above, synthetic pyrite can be prepared via MOCVD, direct 

sulfidation, wet chemical, hydrothermal, spray pyrolysis, and magnetron sputtering 

methods. 

 

1.4.2.2 Geology of the Navan Zn-Pb Deposit 
The Navan orebody is a world-class carboniferous carbonate-hosted Zn-Pb deposit 

situated adjacent to the town of Navan, Co. Meath, Ireland (Barker et al., 2014). 

The economic minerals in the Navan sulphide ore deposit are sphalerite (zinc 

containing mineral, ZnS, at a grade of ~8%wt Zn) and galena (lead containing 

mineral, PbS, grade of ~2%wt Pb), with trace amounts (~5 g/t in the run-of-mine 

ore) of silver associated with the galena (Ashton et al., 2014). Gangue minerals 

(non-economic minerals or waste minerals) are mostly calcite (CaCO3), but include 

barite (BaSO4), dolomite (CaMg(CO3)2), quartz (SiO2), and pyrite (Barker et al., 

2014). Ore from the Navan deposit is not homogeneous; rather the orebody is 

comprised of various lithologies of ore and waste rock. Broadly speaking these 

lithologies occur, in order of depth from the surface downwards through the mine, 

in the following order (Ashton et al., 2014): 

• Upper Dark Limestone (UDL), a waste rock; 

• Conglomerate Group Ore (CGO), containing economic minerals and rich in 

pyrite; 

• Shaley Beds, a waste rock; 

• Pale Beds Ore (PBO), containing economic minerals; 

• Other genres of waste rock 

Pyrite is present at varying levels across all these lithologies. 

 

1.4.2.2.1 Ore Processing at Tara 

Boliden Tara Mines, Navan, Co. Meath, Ireland is the largest zinc mine in Europe 

and is counted among the 10 biggest zinc mines in the world (Barker et al., 2014). 

In operation since 1976, and currently owned by the Swedish company Boliden 

Mineral AB, Tara commands a large lead-zinc sulphide mineral deposit and has a 

concentrator facility capable of processing 2.6 million tonnes of ore annually. In 

2017, Tara produced a combined 260k tonnes of lead and zinc concentrate powders 
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for shipment to smelters. This was the equivalent to 130k tonnes of Zn metal, and 

17k tonnes of Pb metal (Mill Department, 2017a). 

The Tara concentrator, or ore processing plant, uses froth flotation techniques to 

separate the galena and sphalerite minerals from host rock in preparation for 

smelting. The process involves several steps. Firstly, comminution (grinding) of the 

ore allows for physical liberation of the minerals. Then, the separation of the 

minerals occurs in flotation circuits where surface-specific chemical collectors 

allow weak bonding between minerals and air bubbles (Thomas, 2010). These air 

bubbles rise through the flotation cell slurry pulling the liberated minerals with 

them to form a mineral-rich froth on the surface of the flotation cell, which is then 

removed as the product of flotation. The flotation process is repeated multiple times 

to increase the purity of a desired mineral. Froth flotation is described in more depth 

in Section 2.4.1. 

The process flowsheet of the grinding and flotation circuits at Tara Mines are 

intricate and the result of many year’s research and development, however broadly 

speaking the ore is ground to an acceptable particle size distribution and passed first 

to the Pb flotation circuit. The Pb flotation circuit is a pre-treatment stage for the 

Zn flotation circuit, and the focus of the Pb circuit is to create an adequate feed to 

the Zn circuit by removing Pb, and also to produce a Pb product of saleable quality. 

The recovery of Pb metal is sacrificed in order to meet the two conditions outlined 

above. The Zn flotation circuit contains a further grinding stage, in order to 

maximise liberation and recovery of Zn metal. 

The valuable products of the flotation circuits are two <10 wt% moisture powders: 

one ~55 wt% Pb metal and the other ~55 wt% Zn metal. The particle size of both 

these powders are typically 90 wt% <45 μm. The quality of these powders is 

measured largely by metal assay, with both product market prices a function of 

various metal assays (%Zn, %Pb, %Fe). Other quality metrics that do not directly 

affect price are moisture content (significant for transport and energy efficiency of 

smelting) and particle size (Nondal, 2018). 

 

1.4.2.2.2 Pyrite – A Nuisance Mineral 

The Tara concentrator is primarily interested in the valuable Zn- and Pb-bearing 

minerals sphalerite and galena. Also of concern is the nuisance mineral pyrite. In 
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the context of recovering galena and sphalerite, pyrite is undesirable and 

problematic. Elevated pyrite levels present challenges for the Tara Mines flotation 

circuits and selectivity of recovery between pyrite and galena can be problematic. 

The xanthate collectors used at Tara Mines to recover galena in the Pb flotation 

circuits are very similar to the collectors used to recover other sulphide minerals 

(including pyrite) in flotation circuits elsewhere – xanthates are collectors for 

sulphide minerals in general (Thomas, 2010). Additionally, pyrite surfaces can 

become contaminated with Cu2+ and Pb2+ ions, which may attract the xanthates to 

the pyrite particles (Waters et al., 2007). Further downstream in the process iron 

becomes an undesirable impurity in Pb smelting – the iron is detrimental to Pb 

recovery and is the cause of increased environmentally-damaging slag treatment 

processing (Nondal, 2018). There are monetary charges levied at Tara if >12 wt% 

Fe is present in the Pb concentrate product sold by Tara Mines (Mill Department, 

2017b). 

The presence of pyrite in the mill feed ore reduces the performance of the Tara 

concentrator flotation circuits, firstly by affecting the Pb circuit and subsequently, 

because the Pb circuit is a preparation step for zinc flotation, the zinc circuit. 

Background, acceptable levels of pyrite (defined as <2.5 wt% Fe in the bulk 

material) cause an accepted level of disruption, manageable within normal 

operating parameters, while elevated levels of pyrite (>2.5 wt% Fe) have a more 

detrimental effect on the flotation circuits. Elevated levels of pyrite which are 

problematic in the flotation circuits are usually associated with framboidal pyrite, a 

particularly active form of pyrite, which is found in abundance in Conglomerate 

Group Ore (CGO – approximately 5% of the total mineral reserve). The nature of 

the size and shape of framboidal pyrite means there is a large surface area to volume 

ratio compared to the euhedral pyrite. This means that surface properties overcome 

bulk properties, making it far more reactive (Weisener and Weber, 2010). Not only 

is it more reactive to chemicals used in the flotation circuit: photographs taken from 

flooded areas of CGO mining at Tara show that the framboidal pyrite will float on 

its own, entirely unaided, forming a thick froth on the surface of the subterranean 

pools. A further contributory factor in this disruptive behaviour is the tendency of 

pyrite to oxidise. This rapid oxidation of framboidal pyrite may result in the surface 
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becoming tarnished in some iron oxide species (iron hydroxide depresses flotation 

in alkaline environments), or pure sulfur (Barker et al., 2014). 

The Tara concentrator has developed strategies to deal with pyrite, both for 

background levels and for elevated amounts. In the first instance an iron depressant 

is used. Sodium cyanide (NaCN) has been found to be the most effective pyrite 

depressant, and is dosed in a specified g/t ratio based upon the iron metal tonnes 

per hour feed to the grinding circuit. Allied with sodium cyanide is the latest test 

iron depressant, Pionera F-250, which is dosed in a similar manner. In more extreme 

cases it is required to reduce the ore feed tonnes per hour to the grinding circuit, 

effectively cutting back the amount of iron the plant has to process. Both these 

approaches are undesirable. Cyanide is a toxic chemical, a challenge to handle 

safely, and the addition of chemicals to ore processing is a financial burden. 

Reducing the feed rate to the grinding circuit increases the overall processing costs 

per tonne and reduces the energy efficiency of the whole operation. 

Although the pyrite depressants are selective to pyrite, problems can arise with  so-

called ‘middlings’, which are partially liberated particles (e.g. particles containing 

multiple minerals - PbS-FeS2, ZnS-PbS-FeS2 etc.). Depressants can act on the 

gangue component of these particles, stopping the valuable mineral from floating. 

Furthermore, framboidal pyrite, including that present in the Navan ore, oxidises 

readily. It has been suggested that rapidly oxidising framboidal pyrite gives rise to 

oxidation products that could poison the surface of liberated galena particles, 

causing them to reject the xanthate collector and not float (Barker et al., 2014). 

Although Barker et al. also observed pre-flotation galena surfaces contaminated 

with surface absorbed Fe-species, the exact relationship between elevated pyrite 

levels (framboidal pyrite) and poor Tara flotation circuit performance is not well 

understood (Barker et al., 2014). 

Pyrite presents an ongoing challenge for the concentrator at Tara. The selectivity in 

the chemical froth flotation circuits between galena and pyrite is of particular 

concern. There is much scope for improvement in this regard, and over the last 40 

years the research and development efforts towards addressing this issue have been 

significant. The trialling of a magnetising and magnetic separation process is the 

next chapter in this research.  
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1.4.3 Crystallography, Growth and Resulting Properties of Pyrite 

1.4.3.1 Introduction 
Pyrite is a naturally-occurring mineral, and the most common of sulfide minerals 

(Waters et al., 2007). The pyrite crystal structure, represented by MX2, is also used 

to describe other metal disulfide minerals (Schieck et al., 1990). Thus for instance 

CoS2 and NiS2 are sometimes called cobalt pyrite and nickel pyrite, respectively 

(Faber et al., 2014). Because of their similar physical appearance pyrite can often 

be confused with its polymorph marcasite. There are several recognised iron-and-

sulfur combination minerals, and the majority are listed in Table 1 (from 

Webmineral Database (Barthelmy, 2020)): 

Table 1: Common Iron / Sulfur Minerals 

Mineral Chemical Formula Crystal System Colour 

Pyrite FeS2 Cubic Pale Yellow 

Marcasite FeS2 Orthorhombic Bronze, Pale Yellow 

Troilite  FeS Hexagonal Bronze Brown 

Pyrrhotite Fe(1-x)S (0 < x<= 0.2) Monoclinic Bronze, Dark Brown 

Greigite Fe3S4 Cubic Blue, Bronze, Pink 

 

 

1.4.3.2 The Pyrite Unit Cell 
The crystal structure of pyrite has been well studied. Curiously, pyrite was one of 

the early crystal structures to be resolved by the Nobel Prize winning Bragg duo of 

father William Henry Bragg and son William Lawrence Bragg, in 1914, with their 

new X-ray diffraction machine (Bragg and Bragg, 1913). This new XRD technique 

revealed for the first time the structure of the pyrite unit cell. W.L. Bragg later even 

recalled: “The structure of pyrite provided the greatest thrill” (Authier, 2013).  

Pyrite crystallises in a face-centred cubic (FCC) cell, with Fe atoms at the corners 

and centre of each face. Sulfur atoms assume a dimer habit along the 〈111〉 unit cell 

direction (Murphy and Strongin, 2009). Shown in Figure 2 is a rendering of the 

pyrite unit cell, with cell dimensions as given by single-crystal XRD analysis 

described in Section 3.4.2. All renderings of the pyrite cell was performed on the 

crystallographic software package Olex2 (Dolomanov et al., 2009). 



 
33 (255) 

 

 
Figure 2: The pyrite unit cell, modelled on Olex2 

 

This is a very dense packing arrangement (Rickard, 2015). The Fe atoms have 

octahedral coordination with S atoms, as is shown in Figure 3. Figure 4 shows the 

S atoms having tetrahedral coordination with Fe atoms. 



 
34 (255) 

 

 
Figure 3: Octahedral Coordination of Fe Atoms (S Atoms Not Explicitly Shown), modelled on Olex2 

 
Figure 4: Tetrahedral Coordination of S Atoms (Fe Atoms Not Explicitly Shown), modelled on Olex2 
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Pyrite has different symmetries when viewed along different unit cell axes. To 

illustrate this, an example of two- and three-fold symmetry is shown in Figure 5 

and Figure 6, respectively. 

 
Figure 5: Two-fold coordination occurs along the 〈100〉	direction of pyrite, modelled on Olex2 

 
Figure 6: Three-fold coordination is evident along the 〈111〉 direction of pyrite, modelled on Olex2 
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The symmetries of the pyrite unit cell are what determine the space group it 

occupies (Pecharsky and Zavalij, 2008). There are only 230 possible permutations 

of Bravais3 lattices with unique and different rotation and screw axes, mirror and 

glide planes, and points of inversion. Simply, any possible symmetric arrangement 

of points in three-dimensional space may be described by one of the 230 space 

groups. This is a comment on symmetry operations only – it is not to say that 

crystals of the same space group have the same physical unit cell. Minerals that 

share the same space group may look very different. 

The properties of the unit cell are shown in Table 2.  

Table 2: Crystallographic Properties of Pyrite: 

Formula: FeS2 

Crystal System: Cubic  
Space Group: Pa3 
Unit Cell Dimensions: Cubic; a = b = c = 5.41460 Å 
Moh’s Hardness: 6.0 – 6.5 
Specific Gravity: 4.8 – 5.0 

 

1.4.3.3 Pyrite Crystal Habit – Growth Modes 
Although the pyrite unit cell fully describes the pyrite crystal on a fundamental 

level, the external habit (shape) of an agglomeration of unit cells can vary 

depending on the manner in which the unit cells arrange themselves. The mineral 

can appear in different habits on the macro-scale depending on the long-range 

structure of the individual unit cells. Pyrite can take different long-range structures, 

depending on the specific growth conditions experienced by a given cell. Among 

them euhedral, subhedral, anhedral, and framboidal are observed in the Navan 

deposit (Barrie et al., 2009, Ashton, 2015). These are discussed in detail below. 

 

1.4.3.3.1 Euhedral, Subhedral, and Anhedral Pyrite 

Euhedral, subhedral, and anhedral are words that describe the physical observable 

texture of a mineral (Jahns and Kudo, 2019). Euhedral crystals are well-formed with 

recognisable faces. Anhedral minerals have no well-formed crystal faces, either in 

 
3 The Bravais lattices are distinct lattice types which when repeated can fill space entirely. A simple 
example is a stack of cubes. Mathematically, there are 14 unique volumes that can be repeated to 
wholly fill 3 dimensional space (PECHARSKY, V. & ZAVALIJ, P. 2008. Fundamentals of powder 
diffraction and structural characterization of materials, Springer Science & Business Media.). 
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hand samples or in thin sections. Subhedral describes textures between the two, 

referring to a crystal with some recognisable faces (Jahns and Kudo, 2019). For 

given conditions in the growth phase some crystal faces may grow faster than others 

and pyrite can stray from the idealised cubic texture, and cuboids, or other less 

regular forms, can arise. Euhedral, subhedral, and anhedral pyrite is shown in 

Figure 7. 

 
Figure 7: Euhedral Pyrite (a); Subhedral Pyrite (b); Anhedral Pyrite, circled (c) 

The pyrite in Figure 7 was obtained by the author from a high-street crystal shop, 

and is of unknown origin. Pyrite of this scale has not been observed in the Navan 

deposit: indeed, much searching failed to find a pyrite crystal even on the millimetre 

scale. Pyrite crystals found in the Navan deposit are too small to see clearly with 

the naked eye, and can only be seen using microscopy techniques. 

It is possible for two or more pyrite crystals to grow into each other and retain their 

respective crystal structures. In these instances the crystals share planes of 

rotational symmetry (Britannica, 2013). An example of pyrite twinning is shown in 

Figure 8, where two smaller euhedral crystals can be seen growing out of the bigger 

euhedral crystal. 

 
Figure 8: Pyrite twinning 
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1.4.3.3.2 Framboidal Pyrite 

The term ‘framboidal’ comes from ‘framboise’, the French for raspberry, and 

describes the textural appearance of a specific type of spherical aggregate of pyrite 

crystals (Rickard, 1970). This textural term is applied almost exclusively to pyrite, 

and represents one of the most abundant pyrite textures (Ohfuji and Rickard, 2005). 

Framboidal pyrite is found in various natural environments, from volcanoes to peat 

bogs, and an estimated 100,000 pyrite framboids were found per gram of sediment 

from a lake in North America (Rickard, 1970). It is estimate by Rickard that there 

are 1030 framboids on earth – this is 109 time the number of sand grains in existence 

(Rickard, 2015). In a later publication, Rickard calculated that framboids can form 

on a timeframe from days to years, depending on prevailing conditions (Rickard, 

2019). Framboids appear on the microscale. SEM images of framboidal pyrite, 

obtained by the author from a thin section of CGO from the Navan deposit, are 

shown in Figure 9.  

 
Figure 9: Pyrite framboid from the Navan deposit – cross-section (a); a raspberry, for comparison (b); and a 
spherical example of a framboid from the Navan deposit (c) 
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Framboidal pyrite has been described in terms of three specific characteristics 

(Ohfuji and Rickard, 2005): 

1) Spheroidal or sub-spheroidal microscopic clusters 1 - 250 µm, but usually 

10 µm; 

2) The clusters contain discrete microcrystals of pyrite, usually <2 µm in 

diameter; and 

3) The crystals are broadly all equidimensional and equimorphic.  

The degree to which various framboids self-organise the pyrite cubes in a structured 

manner varies, with some framboids showing high levels of internal structure and 

others showing little to none (Ohfuji and Rickard, 2005). Furthermore, within a 

given framboid the constituent microcrystals all tend to have the same size (Ohfuji 

and Rickard, 2005). 

Early theories that argued that pyrite framboids were formed exclusively from the 

infilling of organic structures were disproved when pyrite framboids were found in 

high-temperature environments where organic structures would not survive – 

hydrothermal ores and volcanic rocks. (Ohfuji and Rickard, 2005). However, 

research into a natural framboid sample by MacLean et al. suggests that framboidal 

pyrite can be formed in an organic matix (MacLean et al., 2008). Clearly, framboids 

can have different modes of formation. 

 

1.4.3.4 Pyrite as a Transition Metal Dichalcogenide 
Pyrite is a member of a family of materials known as transition metal 

dichalcogenides (TMDs). The d-block elements of the periodic table are known as 

transition metals. The transition metal group encompass most well-known metals: 

gold, silver, copper, iron, zinc, nickel, platinum, mercury, and others. However, not 

all metals fall into this group: lead, tin, and aluminium are not part of the d-block 

and so are not considered transition metals. Chalcogenides are a collective term for 

elements of the 16th group of the periodic table, namely oxygen, sulfur, selenium, 

and tellurium. Thus, any material formed of a basic unit of a transition metal with 

two chalcogens is known as a transition metal dichalcogenide (Shmeliov et al., 

2014). Pyrite, FeS2, is an example of a TMD. 

A general introduction to chalcogenides is provided by Kolobov and Fons (Kolobov 

and Fons, 2017): the name was first proposed in the 1930s by a research group at 
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the University of Hannover, and later accepted by the International Union of 

Chemistry for the Reform of the Nomenclature of Inorganic Chemistry. 

Shmeliov et al. discuss TMDs in detail: TMDs consist of a family of materials with 

hexagonal layers of transition metal atoms (M) sandwiched between two layers of 

chalcogens atoms (X) with MX2 stoichiometry (Shmeliov et al., 2014). These 

layers, or sheets, bond covalently within themselves, but the sheets stack via van 

der Wall’s interactions. TMDs occur in more than 40 different types, depending on 

the combination of chalcogen (S, Se, or Te) and transition metal. The alternating 

sheets of transition metal atoms and chalcogen atoms in the pyrite crystal structure 

can be seen in Figure 10.  

 
Figure 10: Olex2 rendering of pyrite crystal showing layered structure 

 

The CIF (crystallographic information file) used to generate the image in Figure 10 

was determined by single crystal X-ray diffraction of commercially available pyrite 

procured by the author, as discussed in Section 3.4.2. These double layers can be 

seen equally along the three orthogonal (a, b, c) axis of the pyrite unit cell: [100], 

[010], and [001] in crystallographic notation, respectively. 
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1.4.3.5 Pyrite as a Semiconductor 
As mentioned in Section 1.4.1.7, pyrite is a semiconductor. Depending on the 

coordination and oxidation state of the metal atoms, materials can be metallic, semi-

metallic, or semiconducting (Shmeliov et al., 2014). The difference between these 

three materials is governed by their electronic states. Metallic materials allow free 

flow of electrons between atoms. With no barrier to movement elections are free to 

flow between atoms, and so electric current (in effect moving electrons) can travel 

through conducting materials with ease. Semi-metallics allow only restricted flow 

of electrons. Semiconductors have their valence and conduction electron bands 

separated by a small band where electrons are thermodynamically forbidden from 

residing, and so for an electron to move from the valence band to the conduction 

band enough energy must be provided to the electron to allow it to ‘jump over’ the 

thermodynamically forbidden energy band. If the forbidden energy band becomes 

too large for a given energy input to allow the electron to ‘jump’ then the material 

is considered an insulator. 

Pyrite is a semiconducting TMD with a bandgap of ~0.95 electron volts (eV – in 

units of joules) (Macpherson and Stoldt, 2012). This is a reference to the kinetic 

energy required for one electron to jump the energy gap between the valence band 

and conduction band in the pyrite electronic structure. Thus, any energy input under 

~0.95 eV is insufficient to get the electrons to move and in that case pyrite is an 

insulator, and any input over ~0.95 eV forces the electrons to move and pyrite 

becomes a conductor. Silicon crystal and germanium crystal are two widely used 

semiconductors in industry (Low et al., 2008). Table 3 shows the band gaps of 

pyrite, compared to silicon and germanium (Kittel, 1986). 

Table 3: Band gap of pyrite compared to common semiconductors 

Semiconductor Band Gap 

Germanium Crystal 0.66 eV 

Pyrite Crystal 0.95 eV 

Silicon Crystal 1.11 eV 

 

Thus, pyrite clearly has an appropriate band gap for industrial deployment as a 

semiconductor. 
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1.4.3.6 Pyrite Oxidation 
The oxidation of pyrite is an endothermic reaction. Pyrite oxidises readily in the 

presence of oxygen and water (Chirita and Schlegel, 2017).  

 

"#$! +
7
2'! + &!' = "#!" + 2$'#!$ + 2&" 

 

The released Fe2+ also reacts with oxygen, forming Fe3+. In turn, Fe3+ can oxidise 

pyrite (Chirita and Schlegel, 2017): 

 

"#$! + 14"#%" + 8&!' = 15"#!" + 2$'#!$ + 16&" 

 

In this manner the oxidation of pyrite becomes a self-fuelling reaction.  

The oxidation of pyrite in the natural environment can have positive and negative 

consequences: as mentioned in a previous section the oxidising of pyrite in the 

ocean can release biologically-available Fe, whereas the oxidation of pyrite in coal 

mines can lead to destructive fires and oxidation in sulfide mines generally leads to 

the phenomena of acid mine drainage (Yucel et al., 2011, Rickard, 2015, Murphy 

and Strongin, 2009). 

Some massive pyrite deposits are so rich in pyrite that when exposed to oxygen 

they can spontaneously ignite (Rickard, 2015). Indeed, on several occasions in the 

history of operations at Tara Mines underground pyrite-rich seams of ore needed to 

be deliberately flooded in order to cool the oxidising, heating rock, preventing the 

generation of SO2. Early explorers in Australia reported finding a burning seam of 

coal. Upon investigation, it was discovered that the seam had in fact been burning 

for more than 5,500 years, fuelled in part by the oxidation of fresh pyrite exposed 

to air by the burning coal (Rickard, 2015). Similar phenomena were experienced at 

mines in United Verde, USA, and San Dionisio, Philippines. In both cases the 

pyrite-rich ore started burning as soon as the mines were opened (Rickard, 2015). 

Acid mine drainage (AMD) occurs as a result of the oxidation of pyrite at mine sites 

(Murphy and Strongin, 2009). The oxidation of pyrite generates sulfuric acid and 

iron oxyhydroxides, and is estimated to pollute tens of thousands of miles of rivers 

and hundreds of thousands of acres of lakes in the USA alone (Murphy and 
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Strongin, 2009). Furthermore, the dissolution of pyrite releases any heavy metals 

held in the mineral lattice (As, Co, Pb etc.) into the environment. 

A study of the oxidation of natural pyrite, both euhedral and framboidal, has been 

undertaken by Weisener and Weber (Weisener and Weber, 2010). The investigation 

consisted of measuring the pyrite mineralogical compositions, metal release, and 

acid generation of a potentially acid-forming rock over two years. The samples were 

examined visually under the SEM at prescribed time intervals. The samples were 

prepared as polished slides, and were examined for evidence of changes in 

composition and associated development of secondary mineralisation. Evidence of 

corrosion was found along pyrite grain boundaries. Over time some of the larger 

euhedral pyrite grains developed relict-framboid-like regions. Analysis of these 

regions revealed that the pyrite stoichiometry became less ideal and elemental 

sulfur was developing on the surface. The framboidal pyrite was found, over a study 

period of 210 days, to degrade twice as fast as the euhedral pyrite.  

 

1.4.3.7 Magnetic Properties of Pyrite 
Magnetic separation, along with chemical froth flotation and electrostatic 

separation, is one of the main methods for separating valuables minerals from 

gangue waste (Waters et al., 2007). There are three forms of magnetism: 

diamagnetism, paramagnetism, and ferromagnetism. Minerals like quartz (SiO2) 

and calcite (CaCO3) are diamagnetic, meaning they have no unpaired electrons and 

they are not attracted to a magnetic field. Paramagnetic materials show only weak 

attraction to magnetic fields. The three elements that exhibit ferromagnetism at 

room temperature are Fe, Co, and Ni: elements that have unpaired electrons whose 

magnetic moments align. These elements are attracted to a magnetic field. Early 

research into the magnetic behaviour of pyrite was conducted by Wilson, who 

discovered that pyrite is a weakly paramagnetic material (Wilson, 1921). This 

discovery was the first step towards the development of a magnetic separation 

process, designed to remove pyrite from valuable minerals. The magnetic properties 

of pyrite have been well studied (Wilson, 1921, Waters et al., 2007, Xia et al., 2013, 

Uslu et al., 2003). However, it is not enough to simply use magnets to remove pyrite 

– for magnetic separation to be effective the magnetic properties of pyrite need to 

be enhanced.  
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One proposed method of magnetising pyrite is to heat the material to release sulfur 

gasses, altering the surface composition of the mineral to induce a phase change 

that may result in the more magnetic mineral pyrrhotite being formed (Rowson and 

Rice, 1990). This heating was carried out via microwave energy. 

Microwave radiation forms a section of the electromagnetic spectrum, falling 

between radio waves and infrared radiation. Microwaves are between 1 cm and 1 

m in length, and are non-ionising. The electromagnetic spectrum is displayed in 

Figure 11. 

  
Figure 11: The electromagnetic spectrum; figure reproduced from Rashid (2017)(Rashid, 2017) 

Some material are invisible to microwaves – microwaves have no effect on silica, 

for example, and pass straight through it. Metals reflect microwaves, and this 

property was exploited when the Allies developed radar (radio detection and 

ranging) in World War Ⅱ. Other materials are heated upon exposure to microwaves, 

a property noticed by Percy Spencer in 1946 at the Raytheon Corporation, USA 

(Waters et al., 2007). The heating effects of microwaves are due to either the 

migration of ionic species or frictional heating caused by bipolar species rotation. 

Exposing pyrite to microwaves causes it to heat, and to magnetise (Xia et al., 2013). 

The process being developed for deployment at Tara Mines uses microwaves to 

magnetise pyrite, and while an increase in temperature is needed to promote the 

magnetic transition of pyrite the magnetisation is achieved through a different 

mechanism than promoting the formation of magnetic phases like pyrrhotite.  
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2 CHAPTER 2 
CHARACTERISATION METHODS 

2.1 IMAGING TECHNIQUES / MICROSCOPY 

Initial stages of mineral identification and classification are usually performed by 

the naked eye. Microscopy techniques are the first step in providing more rigour to 

the identification of crystals. This study uses two forms of microscopy – reflective 

light microscopy for quick facile identification of minerals and their habit, and the 

scanning electron microscope for more detailed imaging and phase information. 

Both are discussed below. 

 

2.1.1 Reflective Light Microscope 

Two reflective light microscopes were used in this study: the Olympus SZX16, and 

the Nikon Eclipse LV100. These were used to identify sites of interest for analysis 

via XRD and LA-ICP-MS. The Olympus camera was located in Trinity College 

Dublin – Small Molecule X-ray Facility, and the Nikon machine was at the Centre 

for Microscopy and Analysis. Both microscopes had cameras that were controlled 

by software available on an auxiliary computer, and the Nikon machine had a 

remotely controlled stage that allowed for detailed mapping of a large surface area. 

This involved the montaging of many frames both in the lateral x and y directions, 

and also in the z direction, for depth. Both microscopes are shown in Figure 12. 

 
Figure 12: Olympus SZX16 (a), and Nikon Eclipse LV100 (b)  
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2.1.2 Scanning Electron Microscope 

The scanning electron microscope (SEM) is a technique for imaging materials on 

the micro-scale. It is able to achieve far greater resolution than that of a light 

microscope. 

The operation of the SEM is outlined by Reed (Reed, 2005). The SEM uses an 

electron beam, rather than a beam of visible light, to illuminate the sample surface. 

Visible light gives a resolution distance of roughly 200 – 400 nm (1x10-9 m), 

whereas electrons at typical accelerating voltages (a reference to their velocity) give 

a resolution distance on the order of 1 – 10 pm (1x10-12 m). This means that an 

electron beam can provide significantly higher resolution than a photon beam, 

although an SEM image is not in colour and always in greyscale. The interaction of 

the electron beam with the atoms in the surface of the sample is complex – 

depending on the specific electron’s interaction with a given part of the atom, a 

different signal results. These reflective signals are summarised in Figure 13. 

 
Figure 13: Interaction of electron beam with sample surface, taken from Shmeliov (2019) (Shmeliov, 2019) 

The SEM can detect secondary electrons (SE) and back-scattered (elastically 

scattered) electrons (BE or BSE), and these provide different information about the 

surface of the sample. Elastically scattered electrons are electrons from the incident 

beam that ‘bounce’ off the surface atoms and travel to the detector, and secondary 

electrons originate from the surface atoms of the sample – these are knocked free 

of their orbit by the incoming incident electrons beam and travel to the detector. By 
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comparing the relative energies of the full spectrum of returning BSEs it is possible 

to see which areas of the sample surface are comprised of relatively heavier atoms 

– for example in the specific case of ore the Navan deposit it is easy to distinguish 

at a glance the galena from pyrite, as Pb atoms in the galena are much heavier and 

so reflect far more electrons, appearing brighter in the image. Secondary electrons 

provide information about depth and texture of the surface, whereas back-scattered 

electrons distinguish between different elements present in the surface. This is 

demonstrated in Figure 14, where a pyrite framboid from the Navan deposit is 

shown in both a BSE image and an SE image. Figure 14 (a) clearly shows that the 

pyrite framboid and the surrounding fragments are all the same mineral species, as 

they are all the same colour on the greyscale. Figure 14 (b) shows the texture of the 

pyrite framboid: the undulating surface is revealed. Note the bright peaks on the 

right hand side of Figure 14 (b) – in a BSE image this would indicate the presence 

of heavier atoms, whereas in an SE image it indicates local peaks in the sample 

surface. 

 
Figure 14: Pyrite framboid from the Navan deposit – BSE image (a) versus SE image (b) 

The sample surface is being continually bombarded by electrons, and in order to 

avoid the build-up of electrons on the surface and the generation of static signal 

(which appears as bright spots and makes focussing a challenge) the surface is 

coated in 12 nm of conductive carbon. The carbon is deposited via a sputtering 

method. In this way the electrons can pass from the surface sample to earth. The 

carbon sputtering for samples used in this study was carried out in a Cressington 

Carbon Coater 208, as shown in Figure 15. This procedure was carried out at the 

Centre for Microscopy and Analysis. 
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Figure 15: Cressington Carbon Coater 208 (a), and chamber (b) 

The eye can typically resolve distances of 3 μm, and so the backscattered and 

secondary electrons emanating from the sample surface need to be processed to a 

resolution visible to the human eye. This process involves the transforming of the 

returned electron signal into an image which is displayed on a monitor. 

In this way the properties of electrons are harnessed to illuminate features on the 

sample surface that would otherwise be hidden to the naked eye. 

An example of the power of the SEM is shown in Figure 16, where the same thin 

section of Navan ore is imaged by both a reflective light microscope (Nikon Eclipse 

LV100) and the SEM (TESCAN Mira 3 Tiger, BSE image). The difference in 

colour is clear, and distinction between the crystal phases is far clearer in the SEM 

image.  

 
Figure 16: Reflective light microscope image (a), SEM image (b) 
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It is important to note that it is not possible to directly identify qualitatively or 

quantitatively the minerals present using SEM techniques, and that the casual 

identification of minerals as described above relies upon the operator’s experience 

and prior knowledge of the elements and minerals present in the sample. 

Three SEMs were used in this study: 

1) Zeiss ULTRA Plus. This machine is hosted in the CRANN (the Centre for 

Research on Adaptive Nanostructures and Nanodevices) – Advanced 

Microscopy Lab (AML) at Trinity College Dublin. 

2) TESCAN Mira 3 Tiger (TESCAN Integrated Geo Elemental Raman). This 

is a custom-made microscope specifically designed for Trinity College 

Dublin – Centre for Microscopy and Analysis (CMA) and combines Raman 

spectroscopy with geochemical analysis capabilities, including EDX. This 

instrument is shown in Figure 17. 

3) TESCAN Mira Ⅱ XMU. This instrument was hosted along with the 

TESCAN Mira 3 Tiger at the CMA, Department of Geology, Trinity 

College Dublin, and also supports EDX analysis. 

 
Figure 17: TESCAN Mira 3 Tiger (CMA) 
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2.1.2.1 SEM Characterisation of Pyrite in the Literature 
SEM is a widely-used tool for imaging pyrite. Wang et al. used SEM imaging to 

characterise the surface of pyrite in their study of pyrite as a sensor electrode (Wang 

et al., 2018). The SEM showed a uniform surface along the length of the sensor 

electrode. The use of SEM images, with a scale bar, to demonstrate the size and 

morphology of synthesised pyrite nanoparticles is used in almost every case (Jangir 

et al., 2019, Puthussery et al., 2010, Macpherson and Stoldt, 2012, Bae et al., 2013, 

Huo et al., 2017). Generally speaking, SEM images are used to show the 

morphology in prepared pyrite surfaces (Faber et al., 2014, Susac et al., 2007). SEM 

imaging is a standard technique for characterising the morphology of pyrite. In this 

study the SEM is used to show the morphology of the Navan pyrite compared to 

that of the commercial pyrite. 

  



 
51 (255) 

 

2.2 X-RAY TECHNIQUES 

Many tools and methods have been developed for identifying and characterising 

atoms, bonds between atoms, and long-range atomic arrangements. For the field of 

inorganic chemistry this means that identification of elements and crystal structure, 

and therefore minerals, is achievable. X-ray fluorescence, X-ray diffraction, energy 

dispersive X-ray spectroscopy, and energy dispersive X-ray spectroscopy 

combined with scanning electron microscopy were selected from a menu of suitable 

characterisation techniques. These techniques are introduced below. 

 

2.2.1 X-ray Fluorescence 

X-ray fluorescence (XRF) is a non-destructive method for determining the 

elemental composition of a sample. It can be both qualitative and quantitative, 

depending on the accuracy of calibration of the machine used. X-rays were 

discovered around the turn of the 20th Century, and this technique was developed 

through the 1940s and 1950s as X-ray detector technology advanced (Shackley, 

2018).  

 

2.2.1.1 XRF Overview 
An overview of the theory of XRF is provided by Brouwer (Brouwer, 2010): 

The bombardment of a material by X-rays results in the emission from the material 

of fluorescent (characteristic or ‘secondary’) X-rays. X-rays are wavelike forms of 

electromagnetic energy and are modelled as discrete units of energy called photons. 

This energy can interact with electrons in the inner shells of atoms on the surface 

and in the bulk of the target material. The energy of the incoming X-ray photons 

can push inner-shell electrons out of atoms contained in the target material. This 

leave a vacancy in the atom’s inner electron shell, and this vacancy is then filled by 

an electron dropping from a higher-energy outer shell to the lower-energy inner 

shell. As the electron transitions between the higher- and lower-energy state it loses 

energy. This energy is emitted from the atom in the form of a photon, and can be 

thought of as a ‘secondary’ X-ray that the material emits in response to the original 

X-ray bombardment. X-ray fluorescence is the same as common light fluorescence, 

or ‘glow-in-the-dark’ phenomena observable with childrens’ plastic ceiling stars, 

except that X-rays are emitted under a comparatively accelerated time schedule. 
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For certain materials, including the minerals processed at Tara Mines, mineral 

matrix effects are important. This is a reference to the fact that when analysing 

sphalerite, galena and pyrite, the target analytes are the Zn, Pb, and Fe metals. In 

this case these metals are all bound to sulfur, and exist not in a pure form but in 

conjunction with other elements specifically and minerals generally. This provides 

a challenge to the XRF machine, as it needs to determine the effect that the sulfur 

has on the fluorescent X-ray emanating from the metals of interest. This so-called 

‘matrix effect’, and how Tara Mines Laboratory use mineral standards to account 

for it in their analysis, will be discussed in more detail in Section 4. 

XRF machines can be hand-held, like a gun, for field applications, or they can be 

larger units for more precise laboratory work. The laboratory at Boliden Tara Mines 

have two PANalytical ZETIUM machines, as shown in Figure 18a. These machines 

can give results accurate to within 0.05 wt% from carefully prepared samples. 

Fused glass pucks, containing 0.2 g of the sample to be analysed, are prepared by 

the laboratory at Tara Mines. An image of a glass puck containing a high-Fe sample 

of Navan ore is shown in Figure 18b. This machine can be filled with many such 

pucks, and analysis can be perform en masse, automatically, as shown by the 

automatic robotic arm in Figure 18c. 

 
Figure 18: PANalytical XRF analyser used at Boliden Tara Mines (a); a prepared puck containing high-pyrite 
Navan ore (b); and a detail of the machine in operation (c) 
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The XRF facilities at Tara Mines Laboratory are used daily, and calibrated for 

specific ranges of Zn, Pb, and Fe elements only. 

 

2.2.1.2 XRF Characterisation of Pyrite in the Literature 
XRF techniques cannot identify pyrite directly, but a well-calibrated machine can 

give information on the S/Fe ratio of a pyrite sample and on the presence of any 

major impurity elements. As discussed in Section 1.4.1.7, non-stoichiometric S/Fe 

ratios and other elemental impurities can affect the performance of pyrite in solar 

cells. Furthermore, S/Fe ratios and elemental impurities can be detected by energy 

dispersive X-ray spectroscopy (EDX), and so both XRF and EDX can be used to 

compare the same sample and results can be compared. 

Wang et al. conducted an XRF study of pyrite as part of their work in developing a 

pyrite electrode sensor (Wang et al., 2018). After using XRD to establish the phase 

purity of natural pyrite, XRF analysis showed the S/Fe ratio and the concentration 

of selected impurities. The significance for this work was the concentration of 

copper in the pyrite, as this pyrite’s performance was being tested against 

chalcopyrite (copper-containing pyrite). The pyrite in question contained 33.05% 

Fe, 0.11% Cu, and 10.95% S, with 10.47% unknown impurities. 

XRF analysis at Tara Mines Laboratory provides elemental assay – wt% Fe, Zn, Pb 

– only. This information is compared to the results of other X-ray techniques. 
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2.2.2 X-ray Diffraction 

Single-crystal X-ray diffraction (single-crystal XRD) and powder X-ray diffraction 

(P-XRD) are characterisation techniques that allow the crystalline nature of 

materials to be explored. The principle of XRD was developed into an analytical 

technique in the early 20th Century by the Nobel-prize winning father-and-son team 

of William Henry Bragg and William Lawrence Bragg, as described earlier. 

 

2.2.2.1 XRD Overview 
In XRD, a monochromatic X-ray beam is directed at a sample, either powder or 

single crystal, and X-ray detectors map the spread of the diffracted beam. The Bragg 

Law, developed by W.H. and W.L Bragg, formalises the relationship between the 

wavelength of the incoming X-ray beam, the inter-planar spacing of the crystal 

lattice, and the diffraction angle of the resulting X-rays (Pecharsky and Zavalij, 

2008). This is illustrated in Figure 19. 

 
Figure 19: Illustration of the Bragg Law, from Shmeliov (2019) 

 

 The Bragg Law: 

!" = 	2& sin *! 
where the planes of the crystal lattice are represented by the three parallel lines; the 

incoming (incident, k) and outgoing (diffracted, k’) X-ray beams are represented by 

the dashed arrows; the inter-planar spacing is some distance d, the angle of X-ray 

beams with respect to the crystal planes is given by θB, and the incident wavelength 

is given by λ.  

The diagram above shows two individual incident X-rays, one interacting with the 

top layer of atoms and the other interacting with the second layer of atoms. For the 

two diffracted X-rays to constructively interfere with one another (stay in phase 



 
55 (255) 

 

after interacting with the atomic layers) the inter-planar distance needs to be some 

integer value of the wavelength. In this way the angle of the incident beams can be 

changed until the diffracted beams constructively interfere with one another, and 

this constructive interference is easily detected. As the angle of the incident beam 

is changed there will be many instances when the resulting beams constructively 

interfere. For both single-crystal and P-XRD the Bragg Law provides the unit cell 

and the inter-planar distances of the mineral structure respectively. Further 

mathematical processing of the single-crystal XRD data can provide more detail on 

the atomic structure of the single crystal. 

 

2.2.2.2 Single-Crystal XRD 
In single-crystal XRD the diffracted X-rays produce information about the atoms 

in the crystal, their positions in relation to one another, their relative electron 

densities, and their bond lengths and angles (Pecharsky and Zavalij, 2008). Two 

different single-crystal XRD instruments were used in this study, a Bruker Apex 

Kappa Duo, and a Bruker D8 Quest Eco. These are shown in Figure 20. The arrows 

in the picture point to the location where the crystals are mounted. The Apex Kappa 

has two powerful X-ray sources (Cu microfocus and a Mo 2 kW tube), and the D8 

Quest Eco has a weaker source (1 kW Mo X-ray source only). In each case, X-ray 

sources are static, while the crystal and X-ray detector rotate. 

 

 
Figure 20: Bruker Kappa Apex Duo (left) and D8 Quest Eco (right), both used for Single-Crystal XRD Analysis 
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The raw data from a single-crystal XRD analysis is a 2-dimensional area where 

each crystallographic plane appears as a point. A sample of the image generated by 

single-crystal XRD analysis of commercial pyrite is shown in Figure 21. 

 

 
Figure 21: Single-crystal XRD frame from data collection of (a) Navan barite on the Bruker D8 Quest Eco and 
(b) commercial pyrite on the Bruker Apex Duo 

 

2.2.2.3 Powder XRD 
P-XRD analysis provides different information to single-crystal analysis. P-XRD 

can give information on sample purity and identify many different crystal structures 

present in a powder mixture. Samples were loaded into the instrument using a 

polymethyl methacrylate (PMMA) P-XRD sample holder for samples of large 

quantities, and a zero background holder for select samples. The zero background 

holder is lined with orientated silicon crystal in order to allow for accurate results 

from small mass samples. The instrument used in this work, along with the normal 

and zero background sample holders, are shown in Figure 22. 
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Figure 22: Bruker D2 Phaser for Powder XRD (a), as used in this study, with normal (b) and zero background 
sample holders (c)  

 

The sample holder is mounted in the instrument as per Figure 23. 

 
Figure 23: P-XRD Sample Holder Mounted in Bruker D2 Phaser 

The Cu anode X-ray source is on the left, and the detector on the right. The metal 

knife edge in the middle forms a barrier to stop any ‘stray’ diffracting X-rays from 

reaching the detector. Both the angle of the source and the angle of the detector will 

change during a P-XRD experiment.  
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P-XRD mineral analysis provide a characteristic 2-dimensional pattern with peaks 

corresponding to crystallographic planes. These 2D experimental spectra can be 

compared to the JCDPS (Joint Committee on Powder Diffraction Standards) 

database, so that mineral species can be identified. This works in much the same 

way as a crime scene fingerprint match search. An example of raw P-XRD is shown 

in Figure 24. 

 

 
Figure 24: Example of raw P-XRD data for Navan pyrite, where the x-axis is in units of 2θ, and the y-axis is in 
units of X-ray counts) 

 

2.2.2.4 XRD Characterisation of Pyrite in the Literature 
Natural and synthetic pyrite were characterised by P-XRD in a 2007 study by Susac 

et al. (Susac et al., 2007). Peaks detected for natural pyrite are shown in Table 4 at 

the end of this section, with the most intense peak for natural pyrite associated with 

the (311) plane. For synthetic pyrite the most intense peak corresponds to the (200) 

plane. XRD analysis was conducted to provide structural information. 

Research by Gil-Lozano et al. into pyrite in the remediation of wastewater involved 

the XRD characterisaiton of synthetic nanopyrite. The peaks were fitted to JCDPS 

card number 42-1340 (Gil-Lozano et al., 2014). The XRD anaysis was conducted 

to determine if there were any secondary phases, and none were detected. No 

specific values of 2θ are reported. 

The 2016 study by Kaur et al. into the use of pyrite in wastewater treatment involved 

an XRD study of synthesised pyrite. P-XRD showed pyrite with lattice constants a 

= b = c = 5.414 Å, corresponding to JCDPS card number 024-0076 (Kaur et al., 
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2016). The XRD analysis was conducted to verify the pyrite structure, and to 

identity any unreacted sulfur and other impurities. 

Huo et al. conducted an XRD study of synthetic pyrite in 2017 (Huo et al., 2017). 

This characterisation study confirmed that pyrite was the structure synthesised, and 

showed that the synthesised pyrite was on the nano- to micron-scale. Peaks of 2θ 

were observed at 33.07°, 37.03°, 40.79°, 47.45°, and 56.34° and are indexed to the 

(200), (210), (211), (220), and (311) planes, respectively.  

Wang et al. conducted an XRD study of pyrite as part of their work in developing 

a pyrite electrode sensor (Wang et al., 2018). XRD was used to confirm the phase 

characteristics of the pyrite electrode in comparison the chalcopyrite electrode. No 

peak angles were provided for the pyrite spectrum. 

Jangir et al. analysed pyrite via XRD as part of their study into its use as a fertilizer 

in marigold production. XRD analysis was conducted to confirm the presence of 

pyrite and any impurity minerals. The peaks values of 2θ recorded in their analysis, 

consistent with JCDPS card number 42-1340, are given in Table 4, below: 

Table 4: Summary of P-XRD Data in the Literature 

Pyrite (hkl) Values (111) (200) (210) (211) (220) (311) (023) 

2θ (Jangir et al., 2019) 28.50 33.09 37.07 40.70 47.57 56.20 61.70 

2θ (Huo et al. 2017) - 33.07 37.03 40.79 47.45 56.34 - 

2θ (Susac et al., 2007) 28.3 33.0 36.9 40.7 - 56.0 - 

 
In summary, P-XRD is used to determine the structure and crystallinity of the 

powder under investigation. It can give information on impurities and secondary Fe 

phases. 

In this study XRD is used to compare the structure, secondary Fe phases, and 

impurity minerals of both Navan and commercial pyrite.   
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2.2.3 Energy Dispersive X-ray Spectroscopy / Scanning Electron 
Microscope 

2.2.3.1 SEM-EDX Overview 
Energy dispersive X-ray spectroscopy (EDS or EDX) is an X-ray based 

characterisation tool that can qualitatively and quantitatively identify the elements 

present in the surface layers of a sample. EDX is in effect an extra X-ray detector 

coupled with a software package that can be added to the SEM, and uses the same 

fluorescence phenomena as explained in Section 2.2.1 to detect elements in a 

sample. In XRF the sample is bombarded with X-rays, whereas in EDX analysis 

the sample is bombarded with electrons. Both X-rays and electrons have the same 

effect on atoms, forcing them to emit fluorescent (secondary or characteristic) X-

rays. However, electrons can focus on spots roughly two orders of magnitude 

smaller than X-rays, with electron beams focussing to ~1 µm. EDX and SEM 

combine to form a powerful characterisation tool that can blend both detailed 

imaging power with detailed elemental spot analysis to give spot by spot elemental 

information, or elemental maps of a sample. In the TESCAN Mira 3 Tiger used in 

this study the EDX detectors are two Oxford Instruments X-Max 150s, where the 

X-ray detector is a 150 mm2 crystal. These are shown in Figure 25. The software 

package used for analysing the EDX results is Oxford Instruments Aztec 3.2 HF1. 

With good calibration of the X-ray detector, which depends upon the mineral 

samples, quantitative elemental data can be accurate to within 1% by weight. 

 
Figure 25: EDX detectors (circled) in the TESCAN Mira 3 Tiger 
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The power of the combination of SEM imaging with EDX elemental analysis is 

shown in Figure 26. The colour scheme shows where the Zn, Pb, Fe, and S minerals 

are detected. This sample is a +212 µm size fraction of typical feed to the Tara 

Mines flotation circuit. 

 
Figure 26: Electron image of Navan ore particles overlaid with EDX elemental analysis 

 
2.2.3.2 EDX Analysis of Non-Flat Samples 
The SEM-EDX image shown in Figure 26 is from a pin stub grain mount, and the 

grains (particles of ore) are not flat but rather random 3D angular shapes. While 

such profiled subjects can be imaged using the SEM, EDX analysis of the chemical 

composition, via backscattered electrons (as shown in Figure 13), is extremely 

unreliable and any results are indicative only. The electron beam interacts with the 
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specimen in a predictable way, where the electrons from the incident beam enter 

the sample body and interact with the atoms they find there, and with the 

interactions dying out as the distance from the incident beam increases. This volume 

of sample in which the electron – atom interactions occur is termed the ‘interaction 

volume’. If the incident beam angle with respect to the sample surface varies, the 

so-called interaction volume will change, and the sample response to the electron 

beam will be a signal that the EDX detector is not calibrated to interpret. The is 

described by Ul-Hamid (Ul-Hamid, 2018), and paraphrased here: 

When the electron beam hits the sample surface, as described in Figure 13, the 

electrons as a group experience various interactions with the atoms in the sample 

surface. Some of these interactions may result in the electrons penetrating further 

into the sample bulk. Eventually, however, the effect of the incident electrons die 

out and thus the effect of the electron beam is kept local to the desired spot. The 3D 

pathway of electrons through the sample is impossible to track physically, but their 

progress can be modelled on computers via the Monte Carlo4 method. This 

computerised modelling method can calculate the volume in which 90%-95% of 

the effect of the incident electrons can be found, and this is termed the interaction 

volume. It is shaped as a tear drop. The depth of the interaction volume can be 

estimated, using the following equation: 

3 = 	0.0276	7	8&
'.)*

9:&.++  

Where R is the electron range, in µm; A is the atomic weight, in g/mol; E0 is the 

beam energy, in keV; 9 is the density of the sample material, in g/cm3; and Z is the 

atomic number of the sample material. 

For Navan bulk ore, such values would need to be averaged in order to get an 

approximate general electron beam interaction depth. In this case: 

3 = 	
0.0276(159	 =>?@)	(20	B#C)

'.)*

(3	 =D>%)(14)&.++
= 21	E> 

 
4 The Monte Carlo method is the generation of random objects or process via computer modelling. 
Thus, the physical path of a particular incident electron through the sample body is described by 
given interactions with sample body atoms, with these interactions chosen at random. With enough 
electrons and enough computing power a generalised ‘interaction behaviour’ can be visually 
modelled, and a corresponding interaction volume can be calculated.  KROESE, D. P., 
BRERETON, T., TAIMRE, T. & BOTEV, Z. I. 2014. Why the Monte Carlo method is so 
important today. Wiley Interdisciplinary Reviews: Computational Statistics, 6, 386-392.  
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The full calculations are available in Appendix Ⅲ: EDX Interaction Volume 

Calculations. The further calculation of a volume is quite mathematically 

challenging, but one can imagine some teardrop-shaped volume of depth R. 

Furthermore, as the angle of attack of the incident electron beam to the sample 

surface narrows, the bulk of the teardrop volume will get closer to the sample 

surface, allowing more electrons to escape the sample. The amount of escaping 

electrons will increase reaching a maximum just before the incident electron beam 

becomes parallel with the sample surface. This has four effects, as the spot size 

increases, the number of electrons escaping the bulk increases, the angle at which 

the electrons escape the bulk changes, and finally the electrons will escape the bulk 

at some location further away from the area targeted by the electron beam. The 

textured nature of the sample particles also interrupt the pathway of the 

backscattered electrons from the sample surface to the EDX detector crystal. All of 

these effects combine to dramatically decrease the reliability of the EDX data from 

non-flat surfaces, to the extent that even semi-quantitative information is not 

achievable, and results are qualitative only. 

 
 
2.2.3.3 SEM-EDX Characterisation of Mineral Particles 
There are commercial platforms offering automated SEM-EDX analysis of mineral 

particles: Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

(QEMSCAN); and the Mineral Liberation Analyser (MLA). QEMSCAN, 

originally known as QEM*SEM, was developed in the 1970s at the behest of the 

Commonwealth Scientific and Industrial Research Organization (CSIRO) in 

Australia, and became the first automated mineral analyser (Warlo et al., 2019). 

QEMSCAN is a tool custom-made for the mining sector and can give information 

on which species of mineral share particles with other species of mineral. 

QEMSCAN analysis relies on a database of known mineral spectra, and compares 

the signal received from the analysed sample to get a ‘best fit’ mineral match from 

the database. The mineral liberation analyser (MLA) was developed about 20 years 

ago by a team at the Julius Kruttschnitt Minerals Research Centre (JKMRC) at the 

University of Queensland, Brisbane (Gu, 2003). The MLA defines minerals through 

BSE  brightness, and does not rely on a database to confirm the result. The MLA 
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generates particle mineral maps, and provides bulk and liberation data of the 

mapped minerals.  

This mineral particle analysis is key to understanding grinding and flotation circuits 

in mining operations. Tara Mines have over the course of the 42 years of mine 

operation commissioned a handful of QEMSCAN studies on various streams in the 

flotation circuits. 

SEM-EDX is used in this study to give a qualitative analysis of pyrite liberation in 

flotation particles. For thin section analysis it provides information on the S/Fe ratio 

of pyrite, and identify any inclusions in pyrite. Also, EDX data was compared with 

P-XRD data of sphalerite, in order to estimate the proportion of Fe metal in the 

sphalerite phase.  
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2.3 MASS SPECTROMETRY 

Mass spectrometry (MS) is general term that refers to the measurement 

(spectrometry) of the mass of ions. In MS, the sample under investigation is 

transformed into gaseous ions and then analysed by electric and magnetic fields on 

the basis of their mass-to-charge ratio. Mass spectrometry can give very detailed 

(parts per million, ppm, and parts per billion, ppb) information on the elemental or 

isotopic composition of a sample. As such, MS excels at trace element analysis. 

J.J. Thomson’s work in discovering the electron was one of the early examples of 

the use of mass spectrometry: in his now-famous 1897 Cathode Ray Tube 

experiment he demonstrate that cathode rays (electron beams) could be deflected 

by an electric field, and he was able to estimate the mass of an electron from his 

results (Thomson, 1897). Mass spectrometry has developed greatly since the 19th 

Century, and now modern mass spectrometry techniques can determine the mass of 

large biomacromolecules to isotopic accuracy (Gauglitz and Moore, 2014).  

There are many different forms of mass spectrometry, of which Laser Ablation - 

Induced Coupled Plasma – Mass Spectrometry (LA-ICP-MS) is described here. 

 

2.3.1 The Inductively Coupled Plasma  

An introduction to the inductively coupled plasma (ICP) is provided by Gauglitz 

and Moore (Gauglitz and Moore, 2014). The inductively coupled plasma is an 

ionisation source that transforms gaseous samples into a plasma, by firstly fully 

decomposing the gas into constituent elements and thereafter by ionising these 

elements. 

Plasma is the name given to a cloud of ions and free electrons. For example, the 

core of a lightning bolt is a form of air-plasma, where the local temperature gets so 

hot that the air gasses dissociate and form ions and loose electrons. Another 

example of plasma can be seen in a neon light, where the electricity passing through 

the tube of neon gas creates a plasma that emits UV light. Inductively coupled 

plasma (ICP) refers to a plasma source where the energy for ionisation is supplied 

by electromagnetic induction. An inductively coupled plasma can be generated by 

directing radio frequency energy into a suitable gas – in this case argon. The 

‘coupling’ refers to the transfer of energy from electricity in an induction coil to the 

plasma. Thus, plasma is formed by passing a gaseous sample through the ICP. 
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2.3.1.1 Laser Ablation – Induced Coupled Plasma – Mass Spectrometry 
An overview of Laser Ablation - Induced Coupled Plasma – Mass Spectrometry 

(LA-ICP-MS) is given by Gauglitz and Moore (Gauglitz and Moore, 2014). LA-

ICP-MS is a technique that uses a high-energy pulsed laser beam to ablate 

(evaporate, sublimate) the surface of a sample. The evaporated sample material is 

then transported by carrier gas, helium or argon, towards the ICP, where it is 

decomposed to plasma. The plasma is then fed to the MS stage, where the mass-to-

charge ratio of the ions are recorded. 

The instruments used in this study are a Thermo Scientific iCAP Q ICP-MS coupled 

to a Photon Machines Inc. ANALYTE G2 193 nm UV Laser Ablation System with 

a HelEx Tunable 2-Volume LA-ICP-MS Cell. This work was carried out at the LA-

ICP-MS Laboratory at the Trinity Technology and Enterprise Centre (TTEC), 

Department of Geology, Trinity College Dublin. The operation of the equipement 

and the raw data reduction was carried out by TCD Department of Geology staff. 

Sample preparation and interpretation of results was carried out by the author. 

Figure 27 shows the experimental set-up as used in this study. 

 
Figure 27: The author beside the LA-ICP-MS instrument assemblage: the Photon Machines Laser Ablation 
machine (a); the HelEx Cell (b); and the Thermo Scientific iCAP Q ICP-MS (c) 
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2.3.1.1.1 LA-ICP-MS Studies of Pyrite in the Literature 

LA-ICP-MS is widely used for trace element analysis of pyrite. The use of LA-ICP-

MS data from spot analyses of pyrite to classify pyrite on morphological grounds 

was shown to be geochemically valid (Winderbaum et al., 2012). This study 

focussed on the statistical analysis of LA-ICP-MS data. The pyrite originated from 

an Australian gold prospect, and the analysis of the pyrite data allowed for the 

reinterpretation of the whole mineralisation. 

Analysis of the Ni-Cu-Platinum-Group Elements (PGE) content of pyrite from a 

Ni-Cu mines in Spain was performed by Pina et al. (Pina et al., 2013). This study 

claimed that pyrite phases in PGE magmatic sulfide deposits have traditionally been 

ignored, with attention paid instead to the PGE content of other mineral phases 

present in the ore (pyrrhotite, chalcopyrite). LA-ICP-MS analysis of the pyrite 

showed that it contains appreciable amounts of PGE and it should not be ignored as 

a potential carrier of these metals in PGE sulfide deposits. 

A 2014 geochemical LA-ICP-MS study by Zhang et al. examined three different 

occurances of hydrothermal pyrite of a gold deposit (Zhang et al., 2014). From the 

trace element analysis it was discovered that the three different occurrences of 

pyrite were of different geneses and had crystallised through different routes. 

LA-ICP-MS data from a 2015 characterisation study of pyrite was used to 

reconstruct the hydrothermal evolution of a Canadian VMS deposit (Genna and 

Gaboury, 2015). Five pyrite types were identified, based on their different trace 

element signatures. Entire pyrite grains were analysed in this study. 

These studies demonstrate the power of LA-ICP-MS analysis. The detailed 

information gleaned from the analysis of pyrite has allowed researchers to form 

theories about the formation of ore deposits, the formation of the pyrite itself, and 

understand the mineral deposits more thoroughly. 

LA-ICP-MS is used in this study to compare the trace elements present in both 

Navan and commercial pyrite. LA-ICP-MS is used to analyse trace elements, which 

are reported on a ppm basis. LA-ICP-MS cannot report concentrations of major 

elements – the presence of major elements is used only to confirm the identity of 

the mineral species under investigation. 
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2.4 LABORATORY FROTH FLOTATION TEST 

The laboratory froth flotation test serves to give an indication of the expected 

performance of given variables in a plant-scale froth flotation circuit. The principle 

of froth flotation is introduced below, followed by a description of the Tara Mines 

Standard SQ6 Laboratory Flotation Test. 

 

2.4.1 Froth Flotation 

Froth flotation is one of the major separation techniques employed in mining 

operations (Waters et al., 2007). An overview of froth flotation is provided by Wills 

and Finch (Wills and Finch, 2015). Froth flotation (or simply flotation) was 

originally patented in 1906, and allowed for the economical mining and processing 

of low-grade and complex mineral deposits. It also allowed for the reprocessing of 

legacy mine waste, which was now deemed rich enough to process by this new 

technique. Flotation is a selective process which is governed by the surface 

chemistry of the minerals involved. Although no chemical transformations occur 

on the macro-scale, it is the chemistry and interaction of various additives with the 

surface of the target minerals that drives the flotation process. The theory of 

flotation involves solid, liquid, and froth phases, and is complex and still not wholly 

understood. Only the basics are outlined here. 

The first stage in a flotation process involves the grinding of the ore. This reduces 

the ore particle size sufficiently to liberate as many mineral phases from each other 

as possible. In this manner a large ore sample comprised of many minerals gets 

reduced to many small ore fragments, with the majority of the fragments formed of 

very few minerals and being relatively pure. This size reduction happens in the 

grinding circuit, is called comminution, and is responsible for the majority of the 

power consumption in mineral processing plants. The degree of size reduction 

required depends on the specific operation, and at Tara Mines the ore is reduced to 

80 wt% passing a 75 µm mesh. 

Next, the ore is mixed with water to form a slurry, making it easy to handle via 

pipework and pumps. The slurry is blended with a menu of different chemicals, and 

fed into a specially-designed vessel known as a flotation cell (or flotation tank). A 

representation of a flotation cell can be seen in Figure 28. 
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Figure 28: Froth flotation cell 

All the classic components of a flotation cell are shown in Figure 28: the cell is fed 

with slurry, as seen on the left; a rotating agitator keeps the ore particles from 

settling at the bottom of the cell; air is introduced into the bottom of the flotation 

cell and rises to the surface of the slurry as bubbles, joining a layer of froth on the 

slurry surface; a concentrate launder acts as a gutter to catch the overflowing froth; 

and a tailings pipe, seen on the right, carries the unrecovered mineral particles out 

of the cell. The principle of operation of a flotation cell is that the mineral being 

recovered (or separated) attaches to the rising air bubbles and gets carried with the 

froth phase into the concentrate launder. This is achieved via surface chemistry, 

whereby the surface of the target mineral is coated in a hydrophobic chemical which 

encourages the particle to attach to rising bubbles and then to stick to the gas-liquid 

interface of the bubble. In this manner the target mineral is removed from the bulk 

slurry. This process is repeated again and again, with flotation cells in series, until 

a froth of sufficient purity is achieved. Examples of Pb-rich froth and Zn-rich froth 

are shown in Figure 29a and Figure 29b, respectively. Note the striking difference 

in colour. 

 
Figure 29: Pb-rich (a) and Zn-rich (b) froth as seen in a laboratory flotation test  
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In practise there are too many variable parameters to mention here – air addition 

rate, impeller rotation speed, impeller design, cell dimensions, cell shape, slurry 

level and froth depth, chemical addition, automatic analysis of froth migration 

speed, and so on. However, an overview of the most prominent chemicals used at 

Tara Mines is listed below: 

• Depressants: these are some of the first chemicals to be added, and serve to 

prohibit the floating of undesired minerals. Sodium cyanide (NaCN) is used 

to depress pyrite, and zinc sulfate (ZnSO4) is used to stop Zn species floating 

in the Pb flotation circuit. 

• Collectors: these chemicals give the target minerals their hydrophobicity. 

Sodium isopropyl xanthate (SIPX) is used to collect galena in Pb flotation, 

and potassium amyl xanthate (PAX) is a stronger collector, used to collect 

the Cu2+-ion-coated sphalerite (this is explained below) in the Zn flotation 

circuit. 

• Activators: as mentioned above, the sphalerite needs to be coated in Cu2+ 

ions for the collector to attach to the Zn mineral surface – copper is the glue 

that holds the xanthate collector to the sphalerite mineral surface. Copper 

sulfate (CuSO4) is added to the Zn flotation circuit only. 

• Frothers: the froth formed on the surface of the slurry is rich in the target 

mineral, with the mineral being held in the wall of the bubbles. Thus, it is 

very important that these bubbles do not burst easily. Methyl isobutyl 

carbinol (MIBC) is a frothing agent, added to ensure stable froth in Pb and 

Zn flotation. 

After flotation the concentrate froth is turned to a concentrate slurry, and the 

concentrate slurry is thickened and filtered to form a concentrate powder. Typical 

mineral concentrate powders vary between 6% – 9% H2O by weight. The 

concentrate powder is then transported to smelters for further processing. 
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2.4.2 Tara Mines Standard SQ6 Froth Flotation Test 

Laboratory froth flotation tests are often performed by mining laboratories to test 

the potential effect of changing operational parameters (different chemical addition, 

different ore feed, etc.) in the full-sized flotation plant. In the design phase of a new 

plant build the flotation test helps inform the specification of flotation circuits, and 

during normal plant operations the flotation test gives indications on the effect of 

changing selected operating parameters. It is important to note that the laboratory 

flotation test is not wholly reflective of the actual performance of the full-sized 

plant: the results of the laboratory flotation test are indicative only. Different test 

designs (for example open circuit testing and locked-cycle testing) give different 

results for the same feed conditions. Individual mining sites will select a test that 

meets their requirements in terms of time, cost, and detail.  

The Process Department at Tara Mines have been conducting laboratory flotation 

tests since 1977 in order to determine the performance of new or alternative 

chemical reagents or to gain insight into the flotation behaviour of various ore 

lithologies. The flotation test procedure developed during the design stage of the 

initial mill construction has remained unaltered over the intervening 42 years, in 

order to compare present and past test results on a like-for-like basis. The Tara 

Mines Standard SQ6 Laboratory Flotation Test was developed for Tara Mines by a 

team at what is now SGS Mineral Service’s Lakefield site in Ontario, Canada. The 

“SQ6” part of the name simply refers to test designers’ iterative naming convention. 

Equipment involved in laboratory flotation tests are lab-scale versions of the 

equipment involved in plant-scale flotation operations. These are listed below: 

• Rod Mill: this is the primary grinding mill used in the flotation test. It is 

comprised of steel rods in a steel vessel. Total mill charge: ~14.5 kg 

• Ball Mill: this is secondary grinding mill. It contains steel balls. Total mill 

charge: ~4.2 kg 

• Mill Roller: this is set to rotate the mills at ~60 rpm. 

• Flotation Machine and Cells: a Denver V12 Laboratory Flotation Machine 

with a 5, 3, and 1.5 litre laboratory flotation cell.  

This equipment is shown in Figure 30 and Figure 31. 
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Figure 30: Rod mill (a); ball mill (b), (c); mill roller (d) 

 
Figure 31: Denver V12 Laboratory Flotation Machine and three laboratory flotation cells 
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The laboratory flotation test is an open circuit test, meaning that the tails from each 

stage are generally not recycled. A flowsheet of the Tara Mines Standard SQ6 

Laboratory Flotation Test is shown below: 

 
Figure 32: Tara Mines Standard SQ6 Laboratory Flotation Test Flowsheet 

 

The test flowsheet shows the 10 resulting products from each flotation test: 

1. Pb Final Concentrate 

2. Pb 4th Cleaner Tails 

3. Pb 3rd Cleaner Tails 

4. Pb 2nd Cleaner Tails 

5. Zn Final Concentrate 

6. Zn 4th Cleaner Tails 

7. Zn 3rd Cleaner Tails 

8. Zn 2nd Cleaner Tails 

9. Zn 1st Cleaner Tails 

10. Zn Rougher Tails 
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The starting material is 2 kg of 100% -2.36 mm ore. This is mixed with water and 

specific reagents in the primary rod mill, and thereafter water and chemical reagents 

are added as specified by the Tara Mines Standard SQ6 Laboratory Flotation Test 

Procedure. Chemical reagents used are DS20 (a blend of potato starch, sodium 

lignosulfonate, and quebracho), sodium cyanide, methyl isobutyl carbinol, zinc 

sulfate, sodium isopropyl xanthate, copper sulfate, and potassium amyl xanthate. 

The addition rates for these reagents, grind times in mills, and residence times in 

cells are available in the Tara Mines Standard SQ6 Laboratory Flotation Test 

Procedure.  

Each one of the 10 product streams was placed on a vacuum filter using Whatman 

Shark Skin 8 – 12 µm pore sized filter paper, and then dried in an oven at 100°C. 

After drying, the samples are passed through a 425 μm mesh and homogenised 

before an aliquot is extracted and sent to the Tara Mines XRF facility for Zn, Pb, 

and Fe assay. The bulk samples are then kept in storage. 

Images of Zn and Pb flotation are shown in Figure 33. 

 
Figure 33: Zn roughing stage (a) and Pb cleaning stage (b) 

Figure 33a shows that in laboratory flotation tests, because it is a batch process with 

no continuous addition of feed material, the froth does not overspill the flotation 

cell naturally. To compensate for this the operator must scrape froth from the top 

of the cell manually, with paddles. Also, the operator must add water to maintain a 
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constant slurry level in the cell. According to the Tara Mines Standard SQ6 

Laboratory Flotation Test Procedure the amount of water added is not measured, 

and the mass of the concentrate slurry recovered from each stage (either rougher or 

cleaner), is also not measured. In this way the flotation test becomes more art than 

science, with the operator having an effect on the outcome of the test. The 

experience of the operator is important in deciding how much froth to pull in order 

to have repeatable results over several tests. 

For commercial reasons, flotation slurry pH is not a controlled parameter at Tara 

Mines. The plant flotation slurry pH is measured periodically and maintains itself 

at an alkaline pH in a stable range of  ± 0.5. 

Flotation tests in this study give an indication as to the similarity or otherwise of 

the Navan pyrite and commercial pyrite’s surface chemistry response to this 

particular environment. The testing of Navan pyrite involved the processing of 

typical Navan ore. For the testing of the commercial pyrite it is necessary to blend 

it with pyrite-free samples of Navan ore, so that the typical feed can be 

‘reconstructed’ with commercial pyrite substituted for Navan pyrite. This work was 

also of interest to Tara Mines, and demonstrates to what extent pyrite from a 

different source affects flotation. 

 

2.4.2.1 Statistical Interpretation of Flotation Test Results 
The use of statistics to analyse and verify the significance of the results of flotation 

tests is not routinely performed at Tara Mines. In fact, Napier-Munn (2012) argue 

that the ignoring of statistical techniques to verify flotation results is widespread in 

commercial in-house flotation testing (Napier-Munn, 2012). The results here will 

be analysed in a similar way to the method proposed by Napier-Munn (2012), 

although whereas two test conditions were compared using a Student T-test in that 

study, this study will use an ANOVA (Analysis of Variance) test to compare the 

five test conditions. In each case the mean grade and recovery of wt% Fe to the Pb 

and to the Zn concentrate will be statistically compared using an ANOVA test using 

the statistical analysis package SAS (Statistical Analysis Software), using the 

PROC GLM (Programmed Random Occurrence, General Linear Model) procedure. 

Pairwise comparisons of means were conducted using the LSMEANS (Least-

squares Means) procedure on SAS to determine if the means of both sample sets 
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could have originated from the same population. The statistical analysis conducted 

here was kindly verified by Prof. Áine Ní Dubháin, University College Dublin. 
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3 CHAPTER 3: RESULTS OF 
EXPERIMENTAL STUDIES OF 
PYRITE SAMPLES 

3.1 REFLECTIVE LIGHT MICROSCOPE 

Reflective light microscopy methods were used to identify sites of interest for 

single-crystal XRD and LA-ICP-MS analysis of pyrite and sphalerite minerals. 

Initially, the Olympus SZX16 reflective light microscope was used in an attempt to 

locate a single crystal of Navan pyrite large enough for single-crystal XRD analysis. 

A hand sample of Navan CGO, shown in Figure 34, was visually examined for sites 

of interest.  

 
Figure 34: Hand sample of Navan CGO 

None were found, and a rock hammer was used to break off small fragments for 

analysis under the Olympus microscope. Figure 35a shows a typical section of a 

fragment of the hand sample, and Figure 35b shows a cubic-looking crystal 

identified as suitable and sufficiently large enough for single-crystal XRD analysis. 

The pyrite is clearly visible, golden in colour, all across the ore fragment surface. 

The cubic-looking crystal identified in Figure 35b was not thought to be pyrite. 
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Nonetheless, this crystal was extracted and analysed. A report of the analysis is 

available in Section 3.4.2.  

 
Figure 35: High-Pyrite Navan Ore (a); High-Pyrite Navan Ore with identifiable crystal shape (b) 

 

The Nikon microscope was used to image samples prepared for LA-ICP-MS 

analysis of pyrite and sphalerite. The in-built camera in the LA-ICP-MS instrument 

did not have sufficient resolution to identify the sphalerite mineral from the gangue, 

requiring sites of interest to be identified using reflective light microscopy. The 

SEM, although better suited to this purpose, was not used because of the greater 

cost involved. Figure 36a shows a reflective light microscope image of the Navan 

ore sample for LA-ICP-MS analysis, with pyrite (golden brassy colour) and 

sphalerite identified yellow boxes. The sample is a >150 µm size fraction of the Zn 

concentrate powder product – further details are available in Section 3.6. It can 

clearly be seen that most of these >150 µm size fraction grains are formed of more 

than one mineral. Figure 36b is an enlarged site of the same sample surface, 

showing in detail a variety of the different grains of pyrite visible in the sample 

particles. Figure 36b is not to scale with respect to Figure 36a. Figure 37 is the full 

image from which Figure 36a and b are drawn. Figure 37 is full of detail and took 

~10 hours to capture. Note the notch cut into the side – this is to aid identification 

of areas selected above when the sample is loaded into the LA-ICP-MS machine. 
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Figure 36: Reflective light microscope image of Navan ore sample for LA-ICP-MS analysis, with pyrite and 
sphalerite identified (a); enlarged section of same sample image showing detail of pyrite grains (b) 

 

Figure 37: Full image of LA-ICP-MS sphalerite sample 



 
80 (255) 

 

Finally, a reflective light microscope will highlight certain things that the SEM 

might miss: in the example of Figure 38 there can clearly be seen contamination on 

the surface of the same sample (the same sample as analysed above), probably of 

oil. In Figure 39, an image of a thin section of Navan CGO, the dirty surface of the 

sample is made obvious by a dark smudge across the centre of the top of the image. 

This was a reminder to take care when handling samples and to always ensure 

samples are clean when under analysis, to reduce the appearance of artifacts. 

 
Figure 38: Oils contaminating the surface of the mineral sample 

 
Figure 39: Thin slide of Navan CGO as seen under a reflective light microscope   
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3.2 SCANNING ELECTRON MICROSCOPE 

The SEM was used to image different examples of pyrite, including Navan pyrite 

and commercial pyrite. The SEM images aided in understanding the pyrite growth 

modes, and were used to compare the Navan pyrite and commercial pyrite particle 

morphology and aspect ratio. 

 

3.2.1 Sample Preparation 

3.2.1.1 Sample Selection 
Various types of pyrite were selected for SEM analysis. These are listed below: 

1. Euhedral pyrite on the centimetre scale, obtained from a high street crystal 

shop. This sample was used for initial SEM training and familiarisation with 

the pyrite structure. 

2. Thin slide of pyrite-rich Navan CGO. This sample was selected in order to 

see the Navan pyrite in its original, pre-processed form. 

3. Pin stub grain mounts of size fractionated Tara Mines concentrator flotation 

feed. These samples contain, among other minerals, typical Navan pyrite in 

a powder form with a bulk sample P80 (80% passing) of 75 µm. 

4. Cold-mounted resin pucks of Strem Chemicals commercial pyrite, size 

fractionated as per the procedure describe in Section 3.4.1. 

 
3.2.1.2 Euhedral Pyrite Preparation 
A cube of euhedral pyrite was obtained from a high street crystal shop. The cube 

was cleaved and fractured in atmosphere with a hammer, and three fragments were 

selected and mounted in conductive silver cement on pin stubs. The sample surfaces 

were not polished or flattened in any way. The sample was coated in conductive 

carbon, to prevent charging. The samples are shown in Figure 40. 

 
Figure 40: Euhedral pyrite samples for SEM analysis 
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3.2.1.3 Thin Slide Preparation 
A hand sample of Navan CGO was selected for analysis. Thin slides for SEM 

analysis were prepared by sample preparation technicians at the Department of 

Geology, Trinity College Dublin. Four samples were prepared, as a precaution. 

Carbon coating to a depth of 12 nm of the sample surfaces was carried out at the 

Centre for Microscopy and Analysis (CMA), Trinity College Dublin. The edges of 

the samples were then painted with conductive carbon paint, to facilitate the 

earthing of the charge imparted by the electron beam. The sample selected for 

analysis is shown in Figure 41. 

 
Figure 41: Thin slide sample of Navan CGO 

 

3.2.1.4 Pin Stub Grain Mount Preparation 
Pin stub grain mounts (in this case ‘grain’ means ‘particle’, and not ‘crystallite’) 

were prepared from size-fractionated samples of the Tara Mines concentrator 

grinding circuit product. They were dusted over a double-sided sticky carbon spot 

and mounted on a pin stub. After being gently cleaned by a flow of N2 gas they 

were carbon-coated to a depth of 12 nm and then loaded into the SEM. 

Eight size fractions were prepared for analysis. These size fractions were prepared 

by dry and wet sieving techniques. A dry shaker method (Endecotts Laboratory Test 

Sieves; Endecotts Octagon 200 Test Sieve Shaker) was used for the >45 μm size 

particles. The initial sample was deposited into the largest sieve in the sieve stack 

and the stack was placed on the shaker, which was operated at an amplitude of 7 

for 10 minutes. After sieving, each size fraction was recovered from the retentate 

of each sieve respectively, and the <45 µm size fraction was put aside for further 

size fractionation. Dry sieving of powder at sizes <45 μm is very time consuming 

and sieves with meshes <45 μm are normally not available at Tara Mines 
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Laboratory, therefore the <45 μm size fraction was separated using a wet sieving 

method. A 20 μm sieve was procured for this purpose. The 20 μm sieve used was a 

Kunststoff-Analysensieb 20 µm mesh, and the wet sieving was carried out by hand 

in a sink under a low flow of water until the retentate water was clear. The sample 

was then dried at 100 °C. The total resulting size fractions are shown in Table 5. 

Table 5: Size-fractionated Tara Mines concentrator grinding circuit product 

Size Fraction, μm Size Separation Method 

+212 Dry Sieving 

-212 +150 Dry Sieving 

-150 +106 Dry Sieving 

-106 +75 Dry Sieving 

-75 +53 Dry Sieving 

-53 +45 Dry Sieving 

-45 +20 Wet Sieving 

-20 Wet Sieving 

 

The prepared pin stubs are shown in Figure 42. 

 
Figure 42: Pin stub mounts for SEM analysis. All eight stubs are shown in (a); detail of +212 µm size fraction 
in (b) 

 

3.2.1.5 Cold-mounted Resin Puck Preparation 
Size fractions of commercial pyrite were cold mounted in Struers EpoFix epoxy 

resin using Struers FixiForm 25 mm diameter mounting cups. The resin mix was 

prepared at a volume ratio of 15:2 resin to hardener. The powder was size 

fractionated using dry sieving as described in Section 3.2.1.4. Ethanol was used to 

prevent clumping of particles: this ensured a reasonable degree of separation 

between smaller particles and acted to prevent small particles sticking together and 



 
84 (255) 

 

appearing as larger particles during the analysis stage. Four size fractions of 

commercial pyrite were selected for SEM imaging, size fractionated as described 

in Table 6. 

Table 6: Size fractions of commercial pyrite for SEM analysis 

Size Fraction, μm Size Separation Method 

+425 Dry Sieving 

-212 +150 Dry Sieving 

-75 +53 Dry Sieving 

-45 Dry Sieving 

 

The resin pucks were prepared at Tara Mines Laboratory. A sufficient volume of 

EpoFix resin was mixed using the 15:2 ratio given, for two minutes, with careful 

gentle stirring to minimise the introduction of air bubbles. Then, 2 ml of resin was 

injected into the base of each mounting cup; each particle sample was mixed with 

2 ml of ethanol in a small plastic beaker; 2 ml of resin was added to each ethanol-

particle mixture and mixed gently; the ethanol-particle-resin mixture was added to 

the 2 ml of resin in the mounting cup and mixed well. Finally, the mounting cup 

was topped up to a sufficient level with the remaining resin. All mixing was 

conducted carefully and slowly in order to minimise the formation of air bubbles, 

and larger air bubbles were removed with single-use Pasteur pipettes. A collage of 

images of the sample preparation method is shown in Figure 43. 

 
Figure 43: Cold mounted resin puck preparation method 

Once set, the pucks were polished using Hermes P1200 sandpaper (average particle 

size of 15.3 µm) for 2 minutes at 100 RPM; Hermes P2500 sandpaper (average 
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particle size of 8.4 µm) for 3 minutes at 100 RPM; Hermes P4000 sandpaper 

(average particle size of 5 µm) for 5 minutes at 100 RPM; 0.06 um silica paste for 

10 minutes at 100 RPM; washing of puck surface with MetaDi fluid and cotton 

buds, and drying with compressed air. The pucks were coated with 12 nm of carbon, 

and painted with carbon paint to allow the earthing of the induced charge from the 

SEM electron beam. The final prepared resin pucks are shown in Figure 44a, with 

a detail of the final polish shown in Figure 44b. 

 
Figure 44: Cold-mounted resin pucks of commercial pyrite (a); detail of polishing on +425 µm sample (b) 

 

3.2.1.6 Sample Handling 
Samples for SEM analysis are very sensitive to surface contamination. Samples 

were kept covered during storage, and were very carefully dusted with a gentle flow 

of N2 gas prior to loading into the SEM chamber. The 12 nm conductive carbon 

coating can smudge if the surface is touched, and if samples needed to be re-imaged 

some significant time after the initial coating was performed then the coating was 

removed with alcohol before being re-applied. 
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3.2.2 SEM Analysis of Pyrite 

3.2.2.1 Euhedral Pyrite Analysis 
Shop-bought natural pyrite cubes were used to examine pyrite structure as part of 

initial SEM training. This work was carried out in the Zeiss ULTRA Plus hosted at 

the AML in CRANN, Trinity College Dublin. The electron beam was at 5 keV, 

with a working distance of 5 – 9 mm. The brightness was set at 48%. The growth 

mode of euhedral pyrite was observed with terraces of imperfect cubic growth 

observed on euhedral surfaces, as seen in Figure 45. 

 

 
Figure 45: Terraced growth of euhedral pyrite crystal 
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Figure 46: Terraced growth of euhedral pyrite crystal, showing surface contamination and defects 

Figure 46 shows similar growth terraces, along with a more detailed view of surface 

contamination (widespread particles on the sample surface), and defects (scratches 

visible on the left hand side). 

 
Figure 47: Undulating surface of fractured pyrite crystal 
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Figure 47 shows a less-regimented cleavage of natural pyrite. Here there are no 

clean terraces or euhedral crystal faces to observe, and this face is described as 

anhedral. 

 

3.2.2.2 Thin Slide Analysis 
SEM images of thin slides of Navan CGO allows for characterisation of the Navan 

pyrite in its unprocessed form. These images were collected at the CMA, 

Department of Geology, Trinity College Dublin. The electron beam was operated 

at 20,000 electron volts (20 keV), at a beam intensity of 10. The working distance 

(WD) between the sample surface and the detector was 15 mm. Figure 48 shows an 

overview of the ore formation, with pyrite the clear dominant phase. This image is 

taken using backscattered electrons, showing the relative mass of the elements 

present. Also present are areas of galena, recognisable by the characteristic bright 

signal, barite, and sphalerite. Barite and sphalerite are similar to one another in 

terms of the greyscale image presented here, although barite is slightly brighter. 

These minerals are identified through user experience only – the SEM cannot 

identify minerals, although the elemental composition can be used to confirm these 

minerals in later EDX analysis. 
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Figure 48: Overview of pyrite present in Navan CGO 

Further imaging of this section of ore shows similar images, illustrated in Figure 

49, with the same phases identified through user experience. The dark phases are 

background gangue minerals.  
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Figure 49: Further overview of Navan CGO ore phases 

Closer examination of this pyrite reveals both subhedral and framboidal pyrite. 

First, the subhedral pyrite can be seen in Figure 50, clearly fractured from the effects 

of the sample surface preparation techniques. More euhedral-like pyrite can be seen 

in Figure 51. There is a strong presence of pyrite framboids evident in the Navan 

CGO. Figures 52 – 63 show the various forms of framboids, starting with general 

overviews and leading towards the eventual degradation of the pyrite structure. 
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Figure 50: Subhedral Navan CGO pyrite showing fracturing due to sample polishing 

 
Figure 51: Subhedral to euhedral Navan CGO pyrite 
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Figure 52: Pyrite framboidal texture in Navan CGO (1) 

 
Figure 53: Pyrite framboidal texture in the Navan CGO (2) 
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Figure 54: An expanded version of Figure 53 

 
Figure 55: A secondary electron image of pyrite framboids, showing topography 
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Figure 56: Framboidal pyrite, euhedral pyrite, and galena in Navan CGO 

 
Figure 57: Detail of Navan framboidal pyrite 
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Figure 58: Navan CGO pyrite framboid 1 

 
Figure 59: Navan CGO pyrite framboid 2 
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Figure 60: Navan pyrite framboids encased in pyrite 

 
Figure 61: Disjointed pyrite framboids in the Navan CGO 
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Figure 62: Navan CGO framboids oxidising 

 
Figure 63: Previous framboidal pyrite site in Navan CGO 
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3.2.2.3 Pin Stub Grain Mount Analysis 
The analysis of pin stub grain mounts was primarily for a qualitative EDX study of 

liberation of pyrite. However, electron images are required. Electron images of the 

eight samples are shown here. 

Firstly, the resolution of the electron beam is demonstrated in the case of the largest 

size fraction of particles in Figure 64. The scale bar, showing 1 mm, has been moved 

to the top of the image, for clarity. Figure 65 and Figure 66 show the top area of the 

grain it better detail, focussing on the only area of galena detected in the whole 

image. In each case the scale bar of 1 mm is shown on the bottom left of the image 

frame. 

 
Figure 64: > 212 µm size fraction of Tara Mines concentrator grinding circuit product, full image 
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Figure 65: Detail of Figure 64 

 
Figure 66: Detail of Figure 64 showing pixels and scale bar 

It is not possible to guess the identity of other phases by eye, as the greyscale is too 

ambiguous without a flat surface and a direct, neighbouring comparison of phases. 

The electron images of the remaining size fractions are shown in Figures 66 – 73, 

with Figure 73 included to show the detail in the -40 +20 µm size fraction. 
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Figure 67: -121 +150 µm size fraction of typical Navan ore 
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Figure 68: -150 +106 µm size fraction of typical Navan ore 
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Figure 69: -106 +75 µm size fraction of typical Navan ore 
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Figure 70: -75 +53 µm size fraction of typical Navan ore 
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Figure 71: -53 +45 µm size fraction of typical Navan ore 
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Figure 72: -45 +20 size fraction of typical Navan ore 

 
Figure 73: Detail of -45 +20 size fraction of typical Navan ore, with pixels visible 
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3.2.2.4 Cold-mounted Resin Puck Analysis 
Cold-mounted resin commercial pyrite particles were analysed for morphology and 

aspect ratio. SEM images of the particles were examined first.  

 
Figure 74: +425 size fraction of commercial pyrite 

 
Figure 75: Two grains of -212 +150 µm commercial pyrite powder 
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Figure 76: -75 +53 µm particles of commercial pyrite powder 

 
Figure 77: Detail of  -75 +53 µm particles of commercial pyrite powder 
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Figure 78:-45 µm particles of commercial pyrite powder 

 
Figure 79: Detail of -45 µm particles of commercial pyrite powder 
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The particles can be analysed for aspect ratio by the SEM software. As seen in 

Figure 74 it makes little sense to analyse the +425 µm size fraction, as all of these 

particles were fractured by the resin puck polishing procedure. Therefore, the other 

three samples are analysed for aspect ratio. The results are shown in Table 7. The 

data is drawn from 392 grains of -212 +150 µm sized particles, 1239 grains of -75 

+53 µm sized particles, and 213 grains of -45 µm sized particles. 

 

Table 7: SEM automatic size analysis of commercial pyrite particles 

    Area (µm²) Aspect Ratio Breadth (µm) Length (µm) 

-2
1

2
 +

1
5

0
 Min 32.38 1.12 3.60 9.00 

Max 77117.89 7.08 326.48 525.00 
Mean 9367.58 1.96 76.61 129.72 
Std Dev 12209.92 0.78 68.75 108.08 

-7
5

 +
5

3
 Min 37.70 1.10 3.88 8.68 

Max 29103.52 8.03 217.16 435.56 
Mean 2107.16 1.92 39.57 69.53 
Std Dev 2887.64 0.69 31.89 52.13 

-4
5

 

Min 139.12 1.19 7.48 16.46 
Max 2006.89 4.82 45.19 127.41 
Mean 491.76 2.10 19.57 38.74 
Std Dev 394.46 0.80 7.78 16.97 
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3.3 XRF CHARACTERISATION OF PYRITE 

The XRF facility at Tara Mines Laboratory is used for quick and relatively accurate 

elemental analysis of %Fe, %Zn, and %Pb in mineral powder samples. In this study 

XRF analysis was used to compare the %Fe, %Zn, and %Pb content of two sources 

of Navan pyrite with the commercial pyrite, and also to obtain the concentration 

levels of Fe, Zn, and Pb in the Tara Mines concentrator comminution circuit product 

powders analysed for pyrite liberation in Section 3.5.2.2.2. 

 

3.3.1 XRF analysis of Bulk Navan Ores and Commercial Pyrite 

XRF characterisation of both Navan ore containing pyrite and commercial pyrite 

was conducted as part of this study. In all three cases the samples were analysed for 

wt% Zn, wt% Pb and wt% Fe at the Tara Mines Laboratory XRF facility. 

Two samples containing Navan pyrite were selected, along with a single sample of 

commercial pyrite: 

1. A sample of Navan CGO known to contain high levels of (predominantly 

framboidal) pyrite with a particle size <45 µm; 

2. A sample of the ore feed to Flotation Test 1, as discussed later in this 

chapter, known to contain typical levels of (generally not framboidal) Navan 

pyrite with a particle size <45 µm; 

3. A sample of the <45 µm size fraction of commercial pyrite, separated as per 

the method described in Section 3.4.1. 

The sample preparation procedure for XRF powder sample analysis was developed 

specifically for Tara Mines Laboratory by Corporation Scientifique Claisse, 

Québec City, Canada. The exact method is proprietary, but the following 

information was provided by the Tara Mines Laboratory manager: 

0.2 g of the sample material to be analysed is drawn from an aliquot of the bulk 

sample and prepared in a dilithium tetraborate, lithium bromide, and lithium 

nitrate flux. This flux is held for several minutes at temperatures exceeding 

1000°C. The resulting glassy transparent puck is then loaded into the 

PANalytical ZETIUM XRF analyser. 

The XRF analyser is calibrated using a combination of certified reference materials 

(CRMs) and Tara Mines’ own concentrate products. Tara Mines’ revenue is 

dependent on the payable metal (Pb, Zn) content and impurities, including iron, of 
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the two final concentrate products. This means that the final concentrate products 

are assayed both independently by the buyer and by a third party laboratory, and 

the accurate and verified results from a particular product sample are used to 

calibrate the Tara Mines Laboratory XRF machine. Each of the above tests were 

performed in triplicate. 

The Navan CGO was found to contain 31.75 wt% Fe; the feed to Flotation Test 1 

(as discussed in Section 3.7) had 1.89 wt% Fe, and the commercially available 

pyrite was found to contain 40.79 wt% Fe. The full results are given in Table 8, 

Table 9, and Table 10 respectively. 

Table 8: XRF results from Navan CGO analysis 

Navan CGO 

Test Number Zn% Pb% Fe% 

1 0.09 0.15 31.89 
2 0.10 0.15 31.51 
3 0.09 0.14 31.86 

Average 0.09 0.15 31.75 
 

 

Table 9: XRF results from Flotation Test 1 analysis 

Flotation Test 1 Feed 

Test Number Zn% Pb% Fe% 

1 6.40 1.17 2.00 
2 6.25 1.11 1.80 
3 6.27 1.12 1.87 

Average 6.31 1.13 1.89 
 

 

Table 10: XRF results of commercial pyrite analysis 

Commercial Pyrite 

Test Number Zn% Pb% Fe% 

1 0.10 0.06 40.86 
2 0.08 0.07 41.02 
3 0.09 0.05 40.50 

Average 0.09 0.06 40.79 
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3.3.2 XRF analysis of Size Fractions of Tara Mines Comminution Circuit 
Powder Product 

The powder samples as described in Section 3.2.1.4 were analysed via XRF for 

%Fe, %Zn, and %Pb. The results are shown in Table 11. Note that there is no assay 

given for the size fraction >106 µm – this is because the standard procedure for size 

fractionating samples for assay started with 100 g of powder, and this was 

insufficient to get enough physical sample in the >150 µm size range. This analysis 

shows that there is very little mass fraction contained in the >106 µm size range. 

Size fractionating of the same bulk sample by the author rendered enough particles 

in the larger size fractions for SEM analysis, but this was because the starting 

material for size fractionation was 2 kg, rather than 100 g. 

 

Table 11: XRF analysis of Tara Mines flotation feed for EDX analysis 

    Flotation Feed Bulk Assay 

    %Zn %Pb %Fe 

    8.80 1.26 2.11 
          
    Assays 

Size, µm %Wt %Zn %Pb %Fe 

-20 58.97 7.85 1.10 2.12 
-45 +20 17.88 15.05 2.71 2.84 
-53 +45 4.67 9.61 1.48 1.99 
-75 +53 9.63 7.98 0.47 1.81 

-106 +75 6.25 3.56 0.15 1.01 
+106 2.60 1.56 0.11 0.80 

          
Sum 100.00       
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3.4 XRD CHARACTERISATION OF PYRITE 

Navan pyrite and commercial pyrite were both characterised using P-XRD 

techniques. In the case of the Navan pyrite sample, the pyrite was received blended 

with other minerals present in the Navan ore, by default, and two different samples 

of Navan ore were analysed. The commercial pyrite sample was reportedly 95% 

pure and was also analysed using single-crystal XRD techniques. Furthermore, a 

single crystal from the Navan deposit was analysed via single-crystal XRD and 

confirmed to be barite. 

 

3.4.1 Selection and Preparation of Pyrite Samples 

3.4.1.1 Commercial Pyrite 
The Strem Chemicals commercial pyrite was analysed by size fraction. The 

commercial pyrite powder was size fractionated in the onsite metallurgical 

laboratory at Boliden Tara Mines. A 200 g aliquot of the as-received commercial 

pyrite was extracted and size fractionated into a range of nine size fractions from 

<425 µm to >45 µm using a dry sieving technique. The sieves and sieve shaker 

were Endecotts Laboratory Test Sieves and an Endecotts Octagon 200 Test Sieve 

Shaker, respectively. The sample was agitated by the shaker for 10 minutes at an 

amplitude of 7. Dry sieving of powder at sizes <45 μm is very time consuming and 

sieves with meshes <45 μm are not available at Tara Mines Laboratory, therefore 

the <45 μm size fraction was analysed by a laser diffraction particle size analyser 

(Malvern Mastersizer 3000). Successful size analysis via the Malvern Mastersizer 

requires only a small amount of powder sample by weight, and depends upon the 

specific gravity and the particle size distribution of the powder sample: sample 

weight required for analysis decreases with decreasing specific gravity and 

decreasing particle size. The results of the PSD analysis are shown in Table 12. 

  



 
114 (255) 

 

Table 12: PSD Data for Commercial Pyrite 

Size Fraction, 
µm 

Mass, 
g 

Wt% Cumulative 
Wt% 

Measurement Method 

+425 43.98 21.99% 100.00% Directly Measured 
-425 +300 19.16 9.58% 78.01% Directly Measured 
-300 +212 15.33 7.67% 68.43% Directly Measured 
-212 +150 14.57 7.29% 60.77% Directly Measured 
-150 +106 30.82 15.41% 53.48% Directly Measured 
-106 +75 26.60 13.30% 38.07% Directly Measured 

-75 +53 21.61 10.81% 24.77% Directly Measured 
-53 +45 4.64 2.32% 13.97% Directly Measured 
-45 +42 8.82 4.41% 11.65% Inferred by Malvern Mastersizer 
-42 +31 4.97 2.49% 7.23% Inferred by Malvern Mastersizer 
-31 +23 3.73 1.86% 4.75% Inferred by Malvern Mastersizer 
-23 +16 2.61 1.31% 2.88% Inferred by Malvern Mastersizer 
-16 +12 1.02 0.51% 1.58% Inferred by Malvern Mastersizer 
-12 +5 1.36 0.68% 1.07% Inferred by Malvern Mastersizer 

-5 0.78 0.39% 0.39% Inferred by Malvern Mastersizer 
Total 200.00 100% - - 

 

The particle size distribution (PSD) graph for the +45 µm size fraction is shown in 

Figure 80. 

 

 
Figure 80: Commercial pyrite cumulative PSD (>45 µm) 
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Note the ordinate is mass fraction, as the samples were physically weighed after 

sieving. The total starting sample mass for size fractionation was 200 g, and total 

of 1.37 g was unaccounted for after all measurements were taken. This mass was 

assumed lost as dust, and so was added to the <45 µm size fraction.  

The material for the Mastersizer analysis is an aliquot of the <45 µm sample 

generated by the sieving tests, and the data presented is an average of three separate 

Malvern Mastersizer 3000 analyses. The aliquot mass is on the order of 1 – 2 g in 

each case, and was fed to the Mastersizer as per the established Tara Mines 

Laboratory procedure which does not require the weighing of the sample. Note that 

in the graph below the ordinate is labelled as volume fraction, rather than mass 

fraction. The Malvern Mastersizer 3000 is an optical-based measurement tool that 

detects the light scattering resulting from a laser beam striking a particle. Consider 

a long, thin, needle-like particle of pyrite: this may pass through a 45 µm mesh with 

sufficient time and shaking, and so be considered as <45 µm by the sieve and shaker 

size fractionation technique. However the same particle in the Mastersizer may 

reveal its long aspect to the laser beams, and so it will be recorded as some size 

greater than 45 µm. A PSD graph of the <45 µm fraction is presented in Figure 81.  

 

 
Figure 81: Commercial pyrite cumulative PSD (-45 µm) 
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These two PSD graphs can be combined into one, and the -45 µm data can be 

‘corrected’ by binning all the +45 µm mass into the first -45 +42 µm size fraction. 

Then, the volume fraction can be converted to mass fraction (directly, because there 

in only one species) and divided by the total weight in the <45 µm sample generated 

by the dry sieving techniques – see Table 12. 

A full PSD graph for the entire bulk sample of commercial pyrite is shown in Figure 

82, presented in semi-log form. 

 

 
Figure 82: Commercial Pyrite Bulk Sample PSD 

In this way nine size fractions of commercial pyrite were prepared for P-XRD 

analysis. A single particle from the -106 +75 µm size fraction was selected for 

single-crystal XRD analysis. 

 
3.4.1.2 Navan Pyrite 
Single-crystal XRD analysis of Navan pyrite could not be conducted, as no single 

crystal large enough (on the millimetre scale) could be found in the Navan ore: as 

demonstrated in Section 3.1, the pyrite at Navan is a microcrystalline mass. A brief 

search was conducted of both Tara Mines Exploration and Tara Mines Geology 

Departments, including drill core and hand samples from known underground 

regions of high pyrite. No geologist at Tara Mines has ever reported identifying 

pyrite crystals on the millimetre scale. Single-crystal XRD analysis of the cubic 
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crystal identified and isolated from a high-pyrite ore hand sample, as described in 

Section 3.1, yielded the mineral barite. 

According to P-XRD theory, the most accurate powder diffraction pattern is 

obtained from a sample containing an infinite number of individual particles 

displaying an infinite number of crystallographic orientations (Pecharsky and 

Zavalij, 2008). Based on this, the Navan ore samples for P-XRD analysis were 

reduced to 100% <45 µm. Tara pyrite for P-XRD analysis was selected from two 

locations: 

1. Ore containing high levels of framboidal pyrite at head grades of >20% Fe, 

extracted from a known underground region of high pyrite concentration, 

known locally in Tara Mines as Block 45; 

2. To analyse background pyrite levels at Navan a sample of the feed to 

Flotation Test 1, as described in Comparison of Floatability of Navan and 

Commercial Pyrite later in this chapter, was analysed via P-XRD. This 

sample was prepared by milling an extra 2 kg aliquot of the flotation test 

feed, as per the Boliden Tara Mines flotation test preparation procedure, and 

then filtering, drying, and homogenising the milled slurry and extracting a 

small aliquot of powder for P-XRD. This small sample was then ground to 

100% <45 µm. In this way a representative sample of the flotation test feed 

could be extracted without threatening the integrity of any individual 

flotation test. 

These two samples are the same two samples analysed via XRF in Section 3.3.  

 

3.4.2 Single-Crystal XRD Analysis 

Single-crystal XRD analysis of commercially available pyrite and of a barite crystal 

from the Navan deposit was carried out at the Small Molecule X-ray Facility, 

School of Chemistry, Trinity College Dublin.  

A specimen of commercially available pyrite, approximate dimensions 0.050 mm 

x 0.060 mm x 0.090 mm, was used for single-crystal XRD analysis. The X-ray 

intensity data was measured (λ = 1.54178 Å) at 100 (±2) K on a Bruker Apex Kappa 

Duo with an Oxford Cobra Cryosystem low temperature device using a MiTeGen 

micromount.  
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A specimen of barite, BaSO4, from the Navan reserve, approximate dimensions 

0.100 mm x 0.150 mm x 0.160 mm, was used for single-crystal XRD analysis. The 

X-ray intensity data were measured (λ = 0.71073 Å) at 100 (±2) K on a Bruker D8 

Quest ECO with an Oxford Cryostream low temperature device using a MiTeGen 

micromount. 

 

3.4.3 Powder XRD Analysis of Pyrite 

P-XRD analysis was conducted at the Small Molecule X-ray Facility, School of 

Chemistry, Trinity College Dublin. P-XRD data for Navan ore, including pyrite, 

and for commercially available pyrite was collected by the author using a Bruker 

D2 Phaser (2nd Generation, see Figure 22). The samples were loaded into the well 

at the centre of the sample holder and flattened, using a glass slide, until the surface 

of the powder sample was both flat and flush with the top of the sample holder. The 

experiments were run at the following fixed settings: 

Table 13: Bruker D2 Phaser Settings 

Variable Value 

2θ 5 – 70 degrees 

Step Size 0.010 degrees 

Step Time 1 second 

Detector Discriminator Fluorescence  

 

The run time varied between ~12 and ~60 minutes, depending on the experiment. 

For the collection of data of the size-fractionated commercial pyrite the runs were 

~12 minutes each, as the presence of pyrite was confirmed and the only question 

concerned the relative peak heights. For Navan pyrite the data collection ran over 

~60 minutes to give better resolution of peaks, in order to better identify the 

constituent minerals in the ore. 
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3.4.4 Results 

3.4.4.1 Single-Crystal XRD 
The commercially available pyrite crystal parameters taken from the single-crystal 

XRD analysis are shown in Table 14. 

 

Table 14: Pyrite Crystal Parameters 

Pyrite Crystal Parameters 

Empirical Formula  FeS2 
 

Formula Weight  119.97 g mol-1 
 

Temperature  215(2) K 
 

Wavelength  1.54178 Å 
 

Crystal System  Cubic 
 

Space Group  Pa3 
 

Unit Cell Dimensions a = 5.41460(10) Å a= 90°. 
 

b = 5.41460(10) Å b= 90°. 
 

c = 5.41460(10) Å g = 90°. 

Volume 158.745(9) Å3 
 

Density (Calculated) 5.020 Mg/m3 
 

 

An asymmetric unit of the solid state structure of the commercial pyrite, generated 

from the above data, is shown in Figure 83. 



 
120 (255) 

 

 
Figure 83: Solid state structure of Commercial Pyrite – ball and stick representation from Olex2 

The packing diagram as seen looking down the (100) axis is displayed in Figure 84, 

with the unit cell shown in the centre. 

 
Figure 84: The Packing Diagram of commercial pyrite as seen along the (100) direction, modelled on Olex2 

 

The crystal from the Navan deposit, as analysed in this section, is barite. Single 

crystal XRD data for Navan barite is not directly related to this study, and the full 

report can be found in Appendix Ⅰ.  
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3.4.4.2 Powder XRD – Commercial Pyrite 
The commercial pyrite was analysed by size fractions as per Table 12 with each 

analysis performed in quadruplicate. The results for the largest and two smallest 

size fractions are presented here in table and graph format. Results for the other size 

fractions are given at the end of this section, with more detailed graphical results 

presented in Appendix Ⅱ. The data has been modified to remove the Kα2 

component. The patterns have not been offset in the x-direction. Peaks were 

identified through EVA diffraction analysis software and the data was indexed to 

pyrite, as per the Joint Committee on Powder Diffraction Standards (JCPDS) 

Powder Diffraction File (PDF) number 42-1340. The indexed pyrite peaks provided 

by PDF 42-1340 are provided in each table, for reference, and also shown on each 

of the graphs. The graph peaks are also indexed to the (hkl) values. 

Table 15: Peak heights and intensities for +425 µm commercial pyrite size fraction 

 

 

 
Figure 85: +425 µm size fraction of commercial pyrite with pyrite peaks indexed 

+425 µm
(h,k,l) Angle Intensity Angle Intensity Angle Intensity Angle Intensity Angle Intensity
(1,1,1) 28.513 207.086 28.629 ° 83.872 28.668 ° 83.095 28.644 ° 75.0114 28.659 ° 78.5765
(2,0,0) 33.084 668.018 33.146 ° 242.311 33.204 ° 970.548 33.170 ° 272.504 33.233 ° 632.557
(2,1,0) 37.107 354.05 37.185 ° 178.772 37.232 ° 657.468 37.196 ° 140.999 37.218 ° 144.454
(2,1,1) 40.784 267.207 40.875 ° 203.169 40.904 ° 180.113 40.876 ° 111.773 40.870 ° 49.5201
(2,2,0) 47.411 240.487 47.527 ° 96.3764 47.533 ° 96.0637 47.555 ° 128.53 47.625 ° 128.256
(3,1,1) 56.279 460.933 56.392 ° 372.164 56.396 ° 362.67 56.355 ° 154.026 56.417 ° 352.588
(2,2,2) 59.017 73.482 59.112 ° 46.5766 59.129 ° 42.5398 59.113 ° 32.1013 59.176 ° 47.871
(0,2,3) 61.694 86.8424 61.779 ° 73.4054 61.807 ° 44.1123 61.800 ° 27.3379 61.773 ° 35.908
(3,2,1) 64.283 106.883 64.386 ° 178.406 64.396 ° 129.148 64.375 ° 79.8697 64.429 ° 71.7217

PDF Pyrite - 42-1340 BlackRedBlue Lime
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Table 16: Peak heights and intensities for -53 +45 µm commercial pyrite size fraction 

 

 

 
Figure 86: -53 +45 µm size fraction of commercial pyrite with pyrite peaks indexed 

 

The JCPDS maintain a database of PDFs which is continually updated, through 

researchers submitting P-XRD data from their work, and reviewed, where different 

PDFs are assigned varying levels of confidence. For example, PDF 42-1340 is 

assigned ‘Star’ Quality Mark, meaning that it has a level of confidence above other 

pyrite PDFs. Other confidence levels include indexed, and calculated. Calculated 

PDFs are not based on experimental work, but calculated from the unit cell 

dimensions. Therefore all PDFs, including PDF 42-1340, are a collection of peak 

locations at values of 2θ and associated peak intensities, as per either experimental 

data or calculations. This means that not all peaks will be the same height – this is 

seen very clearly in Figures 45, 46, 47. On EVA diffraction software, any one of 

the peak heights can be manually extended in the y-direction to fit the experimental 

data. This will cause all other indexed peaks to extend in such a way as the relative 

indexed peak heights remain constant.  

-53 +45 µm
(h,k,l) Angle Intensity Angle Intensity Angle Intensity Angle Intensity Angle Intensity
(1,1,1) 28.513 207.086 28.556 ° 226.562 28.542 ° 274.759 28.581 ° 208.156 28.502 ° 240.653
(2,0,0) 33.084 668.018 33.077 ° 916.561 33.090 ° 843.239 33.109 ° 601.276 33.041 ° 773.779
(2,1,0) 37.107 354.05 37.118 ° 344.329 37.107 ° 512.952 37.149 ° 283.608 37.058 ° 371.957
(2,1,1) 40.784 267.207 40.807 ° 366.653 40.803 ° 348.567 40.828 ° 394.628 40.741 ° 409.743
(2,2,0) 47.411 240.487 47.463 ° 428.117 47.466 ° 411.336 47.497 ° 343.909 47.411 ° 410.198
(3,1,1) 56.279 460.933 56.314 ° 836.04 56.313 ° 746.514 56.338 ° 820.549 56.260 ° 511.715
(2,2,2) 59.017 73.482 59.048 ° 85.2063 59.051 ° 117.554 59.083 ° 122.375 58.991 ° 73.7695
(0,2,3) 61.694 86.8424 61.722 ° 144.398 61.713 ° 173.892 61.740 ° 100.343 61.657 ° 123.34
(3,2,1) 64.283 106.883 64.321 ° 204.508 64.317 ° 223.463 64.346 ° 181.134 64.257 ° 187.991

PDF Pyrite - 42-1340 LimeRed BlackBlue
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Table 17: Peak heights and intensities for -45 µm commercial pyrite size fraction 

 
 
 

 
Figure 87: -45 µm size fraction of commercial pyrite with pyrite peaks indexed 

 

Although not immediately obvious from the graphs above, there is a slight offset 

among some similar peaks from different experimental data sets. This was 

unexpected, and investigated further. Further experiments were repeated across 

different samples using the same zero-background sample holder to eliminate any 

distortions that may arise from using physically different standard PMME sample 

holders. These zero-background sample holder experiments were conducted across 

different size fractions. Examples of peak offset at both the <45 µm and the >425 

µm sizes of the commercial pyrite size distribution are shown in Figure 88 and 

Figure 89, respectively. Not only are the peaks offset from one another - the 

majority of the peaks shown do not even occur at the referenced diffraction angle. 

Errors can occur when loading a sample into the P-XRD instrument, especially in 

relation to how flat and level the powder sample surface is. If known minerals 

consistently do not diffract at the expected reference angle it is an indicator that the 

-45 µm
(h,k,l) Angle Intensity Angle Intensity Angle Intensity Angle Intensity Angle Intensity
(1,1,1) 28.513 207.086 28.533 ° 370.16 28.506 ° 301.872 28.482 ° 311.741 28.480 ° 272.357
(2,0,0) 33.084 668.018 33.055 ° 1227.02 33.036 ° 734.968 33.007 ° 789.524 33.006 ° 661.146
(2,1,0) 37.107 354.05 37.093 ° 818.369 37.069 ° 473.661 37.037 ° 655.011 37.035 ° 485.932
(2,1,1) 40.784 267.207 40.783 ° 732.247 40.752 ° 380.592 40.728 ° 511.999 40.726 ° 378.358
(2,2,0) 47.411 240.487 47.442 ° 523.703 47.412 ° 358.955 47.386 ° 299.827 47.409 ° 385.278
(3,1,1) 56.279 460.933 56.288 ° 1199.61 56.261 ° 903.846 56.233 ° 727.132 56.236 ° 720.287
(2,2,2) 59.017 73.482 59.032 ° 279.79 58.995 ° 92.7868 58.979 ° 123.237 58.982 ° 135.833
(0,2,3) 61.694 86.8424 61.699 ° 201.433 61.672 ° 218.415 61.641 ° 158.175 61.640 ° 152.355
(3,2,1) 64.283 106.883 64.297 ° 257.139 64.271 ° 212.502 64.247 ° 201.226 64.244 ° 196.91

BlackRed LimeBluePDF Pyrite Card 42-1340 
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powder sample, although flat, may not be level in relation to the XRD instrument. 

It is acceptable in these cases to manually move the experimental powder 

diffraction pattern in the positive or negative x-direction, so that the experimental 

peaks of known minerals match the indexed peaks, but this is not done here. 

 

 
Figure 88: Peak offset at -45 µm 

 
Figure 89: Peak offset at +425 µm 

Finally, semi-quantitative data can be extracted from the EVA software. This is 

achieved by extending the pyrite index peaks, the red vertical line as shown in the 

figures above, to match the heights of the experimental peaks. When performing 

this not all indexed peak heights will match experimental peak heights perfectly, so 

user judgment is required to get a ‘best fit’. Usually, this mean that the indexed peak 

heights do not exceed the experimental peak heights. The software will then 

calculate normalised wt% mineral composition based on the ‘best fit’ peak heights 

of the indexed PDF card. The accuracy of this calculation depends upon the amount 
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of correctly-identified phases. For the commercial pyrite sample only one species 

is present and therefore semi-quantitative analysis is not relevant.  

A brief overview of all other commercial pyrite size fraction experimental data is 

shown in Figure 90, and can be view in more detail in Appendix Ⅱ. 

 

 
Figure 90: Brief overview of all other commercial pyrite size fraction experimental data 

3.4.4.3 Powder XRD – Navan Pyrite 
Analysis of Navan pyrite was more challenging, as the sample was composed of 

many crystalline phases. The complete characterisation of the Navan samples 

required some background knowledge of the ore, as the peak-matching software 

can be easily mislead if the experimental peaks of a given crystalline material are 

offset by a small margin from the corresponding indexed peaks, as discussed in the 

analysis of the commercial pyrite above. In all cases for the analysis of the Navan 

pyrite the experimental data needed be offset in the x-direction to correct for a 

systematic shift. This was identified by a consistent offset between the peaks of the 
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experimental data and the PDF-card-indexed peaks of the major mineral phases 

identified. Firstly, the high pyrite sample is shown in graphical form in Figure 91.  

 
Figure 91: P-XRD analysis of Navan CGO (high-pyrite ore) with PDF indexes shown

The PDF card index lines in Figure 91 are deliberately extended beyond the heights 

of the experimental peaks in order to make the location of the PDF index lines more 

visible to the reader.  

This Navan CGO sample shows a strong pyrite signal, and other minerals that 

would be expected in the ore sample were also identified: quartz, calcite, sphalerite, 

and a marcasite contribution also. Barite and galena were undetectable. Figure 91 

shows three experimental graphs, which match very well. Semi-quantitative 

mineral compositional data can be extracted using the EVA software, as explained 

in the previous section. There were only three unidentified peaks in the high-pyrite 

Navan ore, occurring at values of 2θ of 25°, 27°, and 29° approximately. Efforts to 

index these peaks to known Tara Mines minerals proved fruitless. Therefore, the 

presence of unindexed peaks means that the calculated semi-quantitative data will 

be slightly less accurate. The semi-quantitative mineralogical composition of the 

high-pyrite Navan ore sample is presented in Table 18. 
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Table 18:  Semi-quantitative mineral composition data for Navan CGO (high-pyrite ore) 

 

 

The three sets of experimental data are offset by values of 2θ of +0.043°, +0.035°, 

and +0.035° respectively, in order of appearance in Table 18. 

 

An analysis of the more typical Navan ore is shown in Figure 92. 

 
Figure 92: P-XRD analysis of typical feed to the Tara Mill flotation circuit, showing PDF-indexed peaks 

Again, the PDF card index lines in Figure 91 are deliberately extended beyond the 

heights of the experimental peaks in order to make the location of the PDF index 

lines more visible to the reader. Pyrite, galena, calcite, quartz, sphalerite, and 

dolomite were detected in this sample. There are unidentified peaks at 2θ values of 

25°, 27°, and 28° approximately. These experimental data are offset by values of 

2θ of -0.027°, -0.004°, -0.004° respectively, in order of appearance in Table 19. 

Mineral Formula Colour PDF Card Wt% Concentration
Pyrite FeS2 Red PDF 42-1340 90.10% Major
Pyrite FeS2 Red PDF 42-1340 70.40% Major
Pyrite FeS2 Red PDF 42-1340 76.90% Major
Marcasite FeS2 MediumSeaGreen PDF 37-0475 4.60% Minor
Marcasite FeS2 MediumSeaGreen PDF 37-0475 8.10% Major
Marcasite FeS2 MediumSeaGreen PDF 37-0475 7.80% Major
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 2.20% Minor
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 1.60% Minor
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 5.70% Major
Quartz SiO2 Lime PDF 70-3755 2.00% Minor
Quartz SiO2 Lime PDF 70-3755 6.10% Major
Quartz SiO2 Lime PDF 70-3755 1.40% Minor
Calcite, syn CaCO3 DarkOrange PDF 05-0586 1.00% Minor
Calcite, syn CaCO3 DarkOrange PDF 05-0586 13.80% Major
Calcite, syn CaCO3 DarkOrange PDF 05-0586 3.60% Minor
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Table 19: Semi-quantitative mineral composition data for Flotation Feed 1 (Navan low-pyrite ore) 

 
 

  

Mineral Formula Color PDF Card Wt% Concentration
Dolomite CaMg(CO3)2 Red PDF 36-0426 52.30% Major

Dolomite CaMg(CO3)2 Red PDF 36-0426 67.70% Major

Dolomite CaMg(CO3)2 Red PDF 36-0426 67.10% Major

Calcite CaCO3 DarkRed PDF 47-1743 15.80% Major

Calcite CaCO3 DarkRed PDF 47-1743 9.70% Major

Calcite CaCO3 DarkRed PDF 47-1743 11.30% Major

Quartz SiO2 Lime PDF 79-1910 15.40% Major

Quartz SiO2 Lime PDF 79-1910 12.80% Major

Quartz SiO2 Lime PDF 79-1910 4.70% Minor

Galena PbS DarkOrange PDF 01-0880 11.30% Major

Galena PbS DarkOrange PDF 01-0880 4.20% Minor

Galena PbS DarkOrange PDF 01-0880 8.90% Major

Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 5.20% Major

Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 3.70% Minor

Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 7.10% Major

Pyrite FeS2 Blue PDF 42-1340 0.00% Trace

Pyrite FeS2 Blue PDF 42-1340 2.00% Minor

Pyrite FeS2 Blue PDF 42-1340 1.00% Trace
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3.5 SEM-EDX CHARACTERISATION OF PYRITE 

Following from Section 3.2, some samples analysed via SEM were also analysed 

using EDX to obtain elemental information about sites of interest. Thin sections of 

Navan CGO, pin stub grain mounts of particles from the Tara Mines flotation 

circuit, and cold resin mounted grains of commercial pyrite were analysed via SEM-

EDX. This analysis will give information on the elemental composition of the sites 

of interest. 

 

3.5.1 Sample Preparation 

3.5.1.1 Sample Selection 
Select samples from the SEM analysis were analysed via EDX. These are listed 

below: 

1. Cold-mounted resin pucks of Strem Chemicals commercial pyrite, to 

determine the S/Fe ratio. 

2. Thin slide of pyrite-rich Navan CGO. This sample was selected in order to 

determine the S/Fe ratio of subhedral pyrite and framboidal pyrite, by grain 

in the bulk framboid, and for detailed analysis of sphalerite and galena, to 

detect any traces of Fe metal contained therein. 

3. Pin-stub mounted grains of size fractionated Tara Mines concentrator 

flotation feed. These samples were selected in order to conduct a brief 

qualitative survey of the liberation of pyrite with decreasing particle size 

fraction.  

 

3.5.1.2 Sample Preparation 
No further sample preparation is required, beyond the description in Section 3.2.1, 

in order to analyse SEM samples via EDX: the EDX analysis occurs in tandem with 

the SEM imaging. 

  

3.5.2 SEM-EDX Analysis of Pyrite 

Sulfide mineral standards of galena, sphalerite, and pyrite were used to calibrate the 

TESCAN Mira 3 Tiger and TESCAN Mira Ⅱ XMU instruments, with the mineral 

standard mount (MINM25-53, Serial 1CT) provided by Astimex Standards Ltd. 

Calibration measurements for the sulfide minerals were collected at a magnification 
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of 31,000. Cobalt is used to monitor electron beam stability based on prevailing 

SEM operating conditions, and the cobalt standard was returned to periodically 

during this analysis. All subsequent EDX measurements were then taken at a 

magnification of 31k or higher. 

 

3.5.2.1 Commercial Pyrite 
The EDX analysis of commercial pyrite was a straightforward operation, as there 

was only one mineral phase to analyse. Random sites, selected to be flat and fissure-

free for optimum measurement, were analysed for wt% Si, S, and Fe. These 

elements were selected because these were the only three mentioned in the 

accompanying certificate of analysis, obtained from Strem Chemicals. Three sites 

were selected across two different size fractions, as shown in Figure 93. The EDX 

results are shown in Table 20. 

 
Figure 93: +425 µm size fraction (a) and -75 +53 µm size fraction (b) used for EDX analysis, with selected 
spots shown 

Table 20: EDX analysis of commercial pyrite 

Site  %Si %S %Fe Total 

Random Site 1 on -75 +53 µm Pyrite Puck 0 53.61 46.2 99.81 

Random Site 2 on -75 +53 µm Pyrite Puck 0 53.54 46.3 99.84 

Random Site 3 on -75 +53 µm Pyrite Puck 0.2 50.82 43.9 94.92 

Random Site 1 on +425 µm Pyrite Puck 0 53.1 45.92 99.02 

Random Site 2 on +425 µm Pyrite Puck 0.16 48.32 41.75 90.23 

Random Site 3 on +425 µm Pyrite Puck 0 52.61 46.02 98.63 
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3.5.2.2 Navan Pyrite 
EDX analysis of Navan pyrite was conducted in two different ways:  

1) Firstly, the elemental composition of Tara pyrite, both subhedral and 

framboidal, was determined. The elemental composition of the sphalerite 

and galena phases were also analysed for traces of Fe. 

2) Then, grains of typical Navan ore, the product of the comminution circuit at 

the Tara Mines concentrator, was analysed by size fraction to make a 

qualitative analysis of the liberation of Navan pyrite by size fraction. EDX 

data from the grain mounts is inherently less accurate, because of the 

undulating surface, than similar data from thin slides. 

 

3.5.2.2.1 EDX Analysis of Navan CGO Thin Slides 

EDX elemental analysis of thin slides was conducted on what was determined to be 

sites of pyrite, sphalerite, galena, and barite.  

Firstly, the sphalerite, pyrite, and galena standards from MINM25-53, Serial 1CT 

were analysed by EDX. The results are shown in Table 21. 

 

Table 21: EDX analysis of mineral standards 

Sample %S %Fe %Zn %Pb Total 

Sphalerite Standard 1 32.53 0.11 65.3 0 97.94 

Sphalerite Standard 2 32.51 0 65.32 0 97.83 

Sphalerite Standard 3 33.06 0.14 66.94 0 100.14 

Pyrite Standard 1 52.72 44.98 0 0 97.69 

Pyrite Standard 2 52.7 44.96 0 0 97.65 

Pyrite Standard 3 52.71 45.04 0 0 97.75 

Galena Standard 1 13.55 0.19 0 73.19 86.93 

Galena Standard 2 13.44 0.15 0 73.57 87.16 

Galena Standard 3 13.54 0 0 73.06 86.6 

 

The totals show good confidence for the sphalerite and pyrite standards, although 

the galena standard is not as accurate as the others. This will serve as a baseline for 

all further elemental analysis. As a further test, the pyrite sample was analysed at 

different magnifications, to quantify the effect this would have on results. The 

analysis of the pyrite standard at different magnification is shown in Table 22. 
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Table 22: Pyrite mineral standard at different magnifications 

Mineral  Magnification  %S %Fe %Zn %Pb Total 

Pyrite Standard x31k mag 53.86 45.41 0 0 99.27 
Pyrite Standard x100k mag 53.76 45.37 0 0 99.13 
Pyrite Standard x300k mag 53.75 45.58 0 0 99.34 

 

Clearly, there is no adverse effect when the magnification is any greater that the 

recommended x31k. All EDX measurements will be taken at x31k magnification, 

although for illustrative purposes images will not be shown at this magnification. 

The elemental determination was conducted as spot analysis. Figure 94 shows the 

same image discussed in Section 3.2.2.2, with EDX data provided in Table 21. 

 
Figure 94: Thin slide of Navan CGO for EDX analysis 

Table 23: EDX analysis of spots from Figure 94 

 

 
 
 
 

This shows that there is no barium present in the other minerals, and that there is a 

quantitiy of Fe both in the sphalerite and in the galena. 

Mineral %S %Fe %Zn %Ba %Pb Total 

Pyrite 53.55 46.24 0 0 0 99.79 

Galena 12.67 0.54 0 0 91.66 104.87 

Sphalerite 33.56 2.13 64.14 0 0 99.83 
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A more comprehensive analysis was conducted on sites of interest from the area of 

the Navan CGO thin section as shown previously in Figure 48, and again here in 

Figure 95. 

 
Figure 95: Thin slide for EDX analysis of Navan CGO minerals 

 

The results of the EDX analysis of spots on this slide are shown in Table 24. The 

sphalerite standard was returned to, mid-analysis, for a confidence check. The data 

shows very consistent values for mineral composition, and confirms the presence 

of Fe in the sphalerite and galena. Furthermore, it also shows the presence of Fe in 

barite, along with a strong Pb signal. 
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Table 24: Comprehensive EDX elemental analysis of select Navan CGO minerals 

Mineral  %S %Fe %Zn %Ba %Pb Total 
Galena Site 1 (1) 13.89 0.66 0.24 0 73.1 87.89 
Galena Site 1 (2) 13.79 0.72 0 0 72.9 87.4 
Galena Site 1 (3) 13.75 0.67 0 0 72.95 87.37 
Galena Site 2 (1) 14.01 0.6 0 0 72.27 86.88 
Galena Site 2 (2) 13.85 0.69 0 0 72.36 86.9 
Galena Site 2 (3) 13.88 0.56 0.23 0 72.78 87.45 
Galena Site 3 (1) 13.97 0.25 0.45 0 73.62 88.29 
Galena Site 3 (2) 13.75 0.28 0.31 0 73.66 88.01 
Galena Site 3 (3) 13.88 0.31 0.42 0 73.74 88.34 
Sphalerite Site 1 (1) 32.79 0.69 65.28 0 0 98.75 
Sphalerite Site 1 (2) 32.69 0.74 65.31 0 0 98.75 
Sphalerite Site 1 (3) 32.7 0.71 64.65 0 0 98.05 
Sphalerite Standard Check 33.54 0.12 67.92 0 0 101.58 
Sphalerite Site 2 (1) 33.24 0.37 66.95 0 0 100.56 
Sphalerite Site 2 (2) 33.4 0.38 66.98 0 0 100.76 
Sphalerite Site 2 (3) 33.28 0.41 67.18 0 0 100.87 
Sphalerite Site 3 (1) 33.63 0.33 67.9 0 0 101.85 
Sphalerite Site 3 (2) 33.57 0.34 67.74 0 0 101.65 
Sphalerite Site 3 (3) 33.47 0.33 67.57 0 0 101.37 
Subhedral Pyrite Site 1 (1) 52.29 44.01 0.21 0 0 96.51 
Subhedral Pyrite Site 1 (2) 52.41 43.9 0.41 0 0 96.73 
Subhedral Pyrite Site 1 (3) 52.21 43.78 0.26 0 0 96.25 
Subhedral Pyrite Site 2 (1) 52.28 43.97 0.42 0 0 96.67 
Subhedral Pyrite Site 2 (2) 52.41 44.01 0.3 0 0 96.72 
Subhedral Pyrite Site 2 (3) 52.25 43.79 0.35 0 0 96.39 
Subhedral Pyrite Site 3 (1) 52.79 43.96 0 0 0 96.75 
Subhedral Pyrite Site 3 (2) 52.88 43.73 0 0 0 96.61 
Subhedral Pyrite Site 3 (3) 52.85 43.96 0 0 0 96.8 
Barite Site 1 10.3 0.7 0 59.7 21.38 92.08 
Barite Site 2 10.4 0.62 0 62.87 21.42 95.31 
Barite Site 3 10.41 0.75 0 59.52 21.22 91.9 
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Analysis of the Navan framboidal pyrite was also undertaken, to determine if the 

S/Fe ratio changed with respect to the pyrite cube location in the framboid. The 

framboid is shown in Figure 96, and the data is shown in Table 25 

 
Figure 96: EDX analysis of pyrite framboid cubes (1) 

 
Table 25: EDX data of Navan pyrite framboid sites (1) 

Pyrite Framboid Site %S %Fe Total 

Framboidal Pyrite Site 1 (1) x300k Mag (Edge) 53.91 43.23 97.14 
Framboidal Pyrite Site 1 (2) x300k Mag 54.12 43.15 97.27 
Framboidal Pyrite Site 1 (3) x300k Mag 54.27 43.25 97.52 
Framboidal Pyrite Site 2 (1) x300k Mag (Edge) 53.29 42.77 96.06 
Framboidal Pyrite Site 2 (2) x300k Mag 53.38 42.87 96.25 
Framboidal Pyrite Site 2 (3) x300k Mag 53.20 42.87 96.07 
Framboidal Pyrite Site 3 (1) x300k Mag (Middle) 50.81 41.67 92.48 
Framboidal Pyrite Site 3 (2) x300k Mag 50.78 41.57 92.35 
Framboidal Pyrite Site 3 (3) x300k Mag 50.81 41.75 92.56 
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This exercise is repeated again, for confidence. The pyrite framboid EDX spot 

locations are shown in Figure 97, and the data shown in Table 26. The figures are 

slightly different from the analysis above. 

 
Figure 97: EDX analysis of pyrite framboid cubes (2) 

Table 26: EDX data of Navan pyrite framboid sites (2) 

Mineral  %S %Fe Total 

Framboidal Pyrite Site 1 (1) x300k Mag (Middle) 53.92 44.31 98.23 
Framboidal Pyrite Site 1 (2) x300k Mag 53.92 44.27 98.19 
Framboidal Pyrite Site 1 (3) x300k Mag 53.88 44.41 98.29 
Framboidal Pyrite Site 2 (1) x300k Mag (Edge) 54.14 44.9 99.04 
Framboidal Pyrite Site 2 (2) x300k Mag 54.26 44.91 99.17 
Framboidal Pyrite Site 2 (3) x300k Mag 54.25 44.69 98.94 
Framboidal Pyrite Site 3 (1) x300k Mag (Edge) 53.85 44.22 98.07 
Framboidal Pyrite Site 3 (2) x300k Mag 53.94 44.16 98.1 
Framboidal Pyrite Site 3 (3) x300k Mag 53.91 44.35 98.26 

 

 

It was suggested by Trinity College Dublin, Geology Department staff that the 

structure in Figure 98 is a previous pyrite framboid site that has recrystallised into 
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a solid form. EDX analysis was conducted to determine the S and Fe concentrations 

therein. Four spots were selected for analysis. The results are shown in  Table 27. 

 
Figure 98: Old pyrite framboid site for EDX analysis 

Table 27: S and Fe analysis of recrystallised pyrite framboid 

  
 
 
 
 
 

 
 
The EDX elemental analysis above can be compared to the EDX elemental analysis 

of the commercial pyrite, and the S/Fe ratios can be compared. The S/Fe ratio across 

individual framboids has also been examined. Furthermore, these analysis can help 

identity the deportment of the Fe element across the minerals present in the Navan 

deposit. 

 

Location  %S %Fe Total 

Spot1 53.83 46.97 100.8 
Spot2 53.65 46.82 100.47 
Spot3 53.9 46.75 100.65 
Spot4 52.34 45.33 97.67 
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3.5.2.2.2 EDX Analysis of Pin Stub Grain Mounts 

The electron images of pin stub grain mounts were shown in Section 3.2.2.3. Shown 

below are images of the same stubs, with liberated pyrite grains highlighted. 

However, these are not the same electron images as shown earlier – these images 

have less resolution on account of the processing time required for EDX analysis. 

Figures 99 – 107 show the EDX maps with white circles identifying liberated pyrite 

grains. 

 
Figure 99: +212 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron image 
and liberated pyrite grains highlighted 

Five liberated pyrite grains for the +212 µm size fraction are identified in Figure 

99. 
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Figure 100: -212 +150 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image and liberated pyrite grains highlighted 

18 liberated pyrite grains for the -212 +150 µm size fraction are identified in Figure 

100. 
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Figure 101: -150 +106 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image and liberated pyrite grains highlighted 

45 liberated pyrite grains for the -150 +106 µm size fraction are identified in Figure 

101. 
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Figure 102: -106 +75 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image and liberated pyrite grains highlighted 

98 liberated pyrite grains for the -106 +75 µm size fraction are identified in Figure 

102. 
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Figure 103: -75 +53 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image and liberated pyrite grains highlighted 

73 liberated pyrite grains for the -75 +53 µm size fraction are identified in Figure 

103. 
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Figure 104: -53 +45 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image and liberated pyrite grains highlighted 

There are > 100 liberated pyrite grains for the -53 +45 µm size fraction identified 

in Figure 104. 
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Figure 105: -45 +20 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron 
image  

 
Figure 106: Detail of the Figure 105 
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Figure 107: -20 µm size fraction of Tara Mines flotation feed, with EDX data overlaying the electron image 

The resolution of the smaller grain stub mounts becomes too poor to distinguish 

individual pyrite grains. This is a consequence of the processing time chosen at 

the start of the analysis. However, it is clear that pyrite particles become more 

liberated with decreasing size fraction. 

For completeness, the overall assay from each of the above surveys was extracted 

from the EDX software. This data is given in Table 28. 
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Table 28: EDX assay of pin stub mounts 

 

Element Wt% Element Wt% Element Wt% Element Wt% Element Wt% Element Wt% Element Wt%

C 20.56 C 30.95 C 20.74 C 23.37 C 24.34 C 28.19 C 26.87
O 28.64 O 28.84 O 28.73 O 28.99 O 28.3 O 26.4 O 16.96
Mg 0 Mg 0.66 Mg 0.89 Mg 0.96 Mg 0.98 Mg 1.12 Mg 0.62
Al 0 Al 0.97 Al 1.15 Al 1.09 Al 1.05 Al 0.87 Al 0.71
Si 5.75 Si 5.58 Si 6.67 Si 6.77 Si 6.59 Si 5.54 Si 2.46
S 0.49 S 0.5 S 1.07 S 1.56 S 1.96 S 2.06 S 1.24
K 0.58 K 0.53 K 0.61 K 0.6 K 0.58 K 0.49 K 0.29
Ca 9.28 Ca 7.93 Ca 8.88 Ca 8.98 Ca 8.85 Ca 8.75 Ca 4.89
Fe 0.55 Fe 0.49 Fe 0.73 Fe 0.88 Fe 0.98 Fe 1 Fe 0.56
Zn 0.68 Zn 0.94 Zn 2.38 Zn 3.62 Zn 4.7 Zn 4.6 Zn 2.09
Ge 0.01 Ge 0 Ge 0.01 Ge 0.02 Ge 0.02 Ge 0.02 Ge 0.01
As 0.27 As 0.02 As 0.02 As 0.02 As 0.05 As 0.04 As 0
Se 0 Se 0.13 Se 0.15 Se 0.16 Se 0.14 Se 0.16 Se 0.08
Cd 0.03 Cd 0.03 Cd 0.04 Cd 0.04 Cd 0.04 Cd 0.05 Cd 0.03
In 0.19 In 0.19 In 0.2 In 0.2 In 0.19 In 0.19 In 0.11
Sn 0.38 Sn 0.35 Sn 0.38 Sn 0.4 Sn 0.39 Sn 0.43 Sn 0.27
Sb 1.1 Sb 0.97 Sb 1.06 Sb 1.07 Sb 1.04 Sb 1.18 Sb 0.73
Ba 0 Ba 0 Ba 0 Ba 0 Ba 0 Ba 1.12 Ba 0.71
Tl 0.14 Tl 0.13 Tl 0.21 Tl 0.26 Tl 0.3 Tl 0.3 Tl 0
Pb 0 Pb 0 Pb 0 Pb 0 Pb 0 Pb 0.08 Pb 0.01
Bi 0.06 Bi 0.07 Bi 0.12 Bi 0.16 Bi 0.18 Bi 0.19 Bi 0
Total 68.71 Total 79.28 Total 74.04 Total 79.15 Total 80.68 Total 82.78 Total 58.64

Flotation Feed Flotation Feed Flotation Feed
-106 +75 um -75 +53 um -53 +45 um -45 +20 um -20 um-150 +106 um-212 +150 um

Flotation Feed Flotation Feed Flotation Feed Flotation Feed
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3.6 LA-ICP-MS CHARACTERISATION OF PYRITE 

LA-ICP-MS is used in this study to quantify the trace elements present in both 

Navan and commercial pyrite, and in Navan sphalerite. LA-ICP-MS can report 

trace elements on a ppm or a ppb basis. LA-ICP-MS cannot report concentrations 

of major elements – the presence of major elements is used to only confirm the 

identity of the mineral species under investigation. 

 

3.6.1 Sample Preparation 

3.6.1.1 Sample Selection 
This work was conducted on the powder product derived from slurry samples taken 

from seven points in the Tara Mines concentrator flotation circuit. The aim was to 

capture as many different samples of pyrite as possible in as high a concentration 

as possible: while it is true that the feed to the flotation circuits contains all of the 

pyrite present in the Navan ore, analysis at that point will not be able to determine 

which pyrite reports to the Pb concentrate, Zn concentrate, or tails respectively. 

Furthermore, the concentration of pyrite in the flotation feed is low, and so the 

selection of other streams may lead to a greater amount of more representative data 

being collected. At least 30 distinct analysis site were required from each sample. 

The seven points selected from the flotation circuit are described in Table 29. 

Table 29: Seven sample points from Tara Mines concentrator selected for lA-ICP-MS analysis 

Sample Number  Sample Point Description of Point 

1 Pb Flash Concentrate Product of Pb pre-flotation cell 
2 Flotation Feed Product of comminution circuit 
3 Pb 1st Cleaner Feed Feed to Pb cleaner circuit 
4 Pb Final Concentrate Final Pb product for sale 
5 Zn Final Concentrate Final Zn product for sale 
6 Pb Flash Feed Feed to Pb pre-flotation cell 
7 Pb Rougher Tail Rejects from Pb rougher flotation 

 

 
3.6.1.2 Sample Preparation 
Slurry samples (~2 kg solids) were obtained from the seven sample streams 

identified from the plant survey and were dried and size fractionated into five lots 

each. This work was carried out in the Tara Mines Metallurgical Laboratory. A 200 

g aliquot of each 2 kg sample was extracted and size fractionated as per Table 30. 
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Table 30: Size-fractionation of LA-ICP-MS samples 

Size Fraction, μm Size Separation Method 

+150 Dry Sieving 

-150 +75 Dry Sieving 

-75 +45 Dry Sieving 

-45 +20 Wet Sieving 

-20 Wet Sieving 

  

The samples were size fractionated as per the techniques described in Section 

3.2.1.4: Pin Stub Grain Mount Preparation. The size-fractionated samples were 

prepared as resin-mounted grain pucks as per the method described in Section 

3.2.1.4: Resin-Mounted Grain Pucks. However, in order to save time in the analysis 

stage up to four different size fractions, from the same sample stream, were included 

together in each resin puck. This was achieved by placing a tile spacer divider in 

the base of the resin moulds and filling each quadrant carefully with each respective 

size fraction, and then completing the fill with clear resin. The tile spacer was later 

removed. An illustration of how this was achieved in shown in Figure 108. 

 
Figure 108: Quadrant resin pucks for LA-ICP-MS analysis of Navan ore 

Thus the resin puck preparation method described in the previous chapter was 

followed, except with smaller amounts of material. This method was used for the 

four smallest size fractions of the total five size fractions per sample, and in this 
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way all 5 size fractions from each sample were contained in two resin pucks. The 

largest +150 μm size fraction occupied its own puck, in order to maximise the 

possibility of finding 30 distinct sites for analysis. Note that the analysis does not 

require that each site come from a unique particle. 

The commercial pyrite used for analysis was the +425 μm size fraction resin puck 

prepared for the SEM-EDX analysis, discussed in Section 3.2.2. 

Once set, the pucks were polished via the following method: 

Hermes 600 sandpaper (25.8 µm average grain size) for 2 minutes at 100 RPM; 

Hermes 1200 (15.3 µm average grain size) sandpaper for 3 minutes at 100 RPM; 

Hermes 2500 sandpaper (8.4 µm average grain size) for 5 minutes at 100 RPM; 1.0 

um silica paste for 10 minutes at 100 RPM; washing of puck surface with water, 

and drying with tissue paper. 

 

3.6.2 LA-ICP-MS Analysis Settings 

Laser settings: 

Laser output: 13.7% 

Fluence: 1 J cm-2 

Rep Rate: 6 s-1 

Shot Count: 120 

Iteration Count: 1 

Spot Size: 20 μm 

 

3.6.3 LA-ICP-MS Analysis of Pyrite and Sphalerite 

3.6.3.1 Commercial Pyrite 
The sample used for LA-ICP-MS analysis of trace elements of commercial pyrite 

was the +425 µm size fraction cold-mounted resin puck prepared for SEM-EDX 

analysis. This sample had the largest areas of flat, unfractured pyrite surface. Other 

size fractions of commercial pyrite were not analysed as, given the already-

established phase purity in terms of chemical assay and uniform physical 

morphology, the chemical composition was not expected to change with size 

fraction. 128 spots of commercial pyrite were analysed, with average values of ppm 

detection, error, and limit of detection (LOD) given in Table 31. 
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Table 31: LA-ICP-MS analysis of trace elements in commercial pyrite 

 

 

This shows that very few trace elements are detected, and those that are detected 

are at very low levels. This confirms the purity of the commercial pyrite. 

The commercial pyrite was not analysed for Si, despite the certificate of analysis 

reporting that the sample was 1.4 wt% Si. This is because it is very difficult to get 

a reliable Si signal: Si generates a characteristically high background signal that 

makes it difficult to detect levels of Si with any confidence.  

 
3.6.3.2 Navan Pyrite and Sphalerite 
The resin puck containing the sphalerite-rich Zn Final Concentrate +150 µm size 

fraction sample was imaged under a reflective light microscope to identify grains 

of pyrite and sphalerite prior to loading into the laser ablation chamber, as discussed 

in Section 3.1. User experience was used to identify minerals by eye. Mineral 

analysis was confirmed by inference through chemical analysis via short bursts of 

LA-ICP-MS prior to selecting final analysis sites. The samples were loaded into the 

machine as per Figure 109. The five samples from each process point are clearly 

visible – one full puck and four puck quadrants. The samples from three different 

points are included in Figure 109, with three standard samples, used for machine 

calibration, on the right hand side. 

Element Isotope ppm Error (±) LOD
Fe 57 - - -
Co 59 150             15            0.19         
Ni 60 < LOD - 1.70         
Cu 63 17                27            0.67         
Zn 66 < LOD - 4.91         
As 75 485             324          2.75         
Se 77 29                4               2.10         
Ag 107 < LOD - 0.13         
Sb 121 < LOD - 0.32         
Au 197 < LOD - 0.17         
Hg 199 < LOD - 0.50         
Pb 208 < LOD - 0.47         

Commercial Pyrite +425 µm, 128 Spots
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Figure 109: Navan ore samples for loading into laser ablation chamber 

At least 30 sites each of either / both pyrite and sphalerite were selected from each 

size fraction. These sites, or ‘spots’, were selected such that as much of the selected 

mineral as possible fell within the 20 μm laser beam diameter. In some cases it was 

challenging to find a sufficient number of > 20 μm pyrite spots, so smaller pyrite 

spots were selected. In some spots close to the edge of the sample, the physical 

limitations of the camera meant that spots were identified at an angle to the camera 

rather than directly under the camera: this meant that the laser beam, which is 

always normal to the plane of the sample, was misdirected and the chosen spot was 

not ablated. This error was corrected when noticed, and only occurred in the first 

batch of analysed samples. 

 

3.6.3.2.1 LA-ICP-MS Analysis of Navan Sphalerite 

The Zn Final Concentrate and Pb Rougher Tails, samples 5 and 7 respectively as 

laid out in Table 29, were selected for analysis of trace elements in the Navan 

sphalerite. Tables of reduced data were provided by Trinity College Dublin, 

Department of Geology staff. This data showed, for each analysed spot, the counts 

per second of the major element, in this case Zn for sphalerite, and the calculated 
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ppm levels of other elements. The elements tested for were isotopes of zinc, sulfur, 

manganese, iron, cobalt, nickel, copper, gallium, germanium, arsenic, silver, 

cadmium, indium, antimony, tin, gold, mercury, lead, and bismuth. The isotopes 

were chosen carefully so as to be as distinct from one another as much as was 

possible. Zinc and sulfur were tested to ensure that the mineral was actually 

sphalerite, and not some other Zn-rich mineral. The measured values for Zn and S 

cannot be reported with any confidence, as these are major elements and LA-ICP-

MS is a trace analysis tool. The reduced data was summarised, with the averages 

for all spots for each size fraction appearing in Table 32 to Table 35. The limit of 

detection (LOD) is given in the right hand column in each case. 

 

Table 32: LA-ICP-MS trace element analysis of sphalerite averaged data from size fractions of Zn Final 
Product 

 

 

  

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Zn 66 - - - Zn 66 - - -
S 34 - - - S 34 - - -

Mn 55 73        32          7.68      Mn 55 < LOD - 19.62 
Fe 57 6,586  2,128    71.78    Fe 57 4,032  1,225    77.23 
Co 59 11        4            0.58      Co 59 71        35          0.35    
Ni 60 < LOD - 2.16      Ni 60 < LOD - 3.16    
Cu 63 117      43          0.99      Cu 63 256      56          3.90    
Ga 69 93        38          1.73      Ga 69 5,446  3,154    0.63    
Ge 73 25        4            0.67      Ge 73 21        3            2.00    
As 75 472      92          171.80 As 75 462      129        7.17    
Ag 107 3           1            0.15      Ag 107 5           1            0.14    
Cd 112 639      56          3.76      Cd 112 720      62          4.45    
In 113 400      35          2.27      In 113 455      40          3.17    
Sb 121 337      41          0.46      Sb 121 416      45          0.48    
Sn 124 < LOD - 1.17      Sn 124 < LOD - 1.43    
Au 197 < LOD - 0.34      Au 197 < LOD - 0.44    
Hg 199 25        5            0.94      Hg 199 34        8            1.47    
Pb 208 7,894  3,421    0.55      Pb 208 2,431  569        1.08    
Bi 209 < LOD - 0.09      Bi 209 < LOD - 0.08    

Zn Final Product +150 µm, 107 Spots Zn Final Product -150 +75 µm, 47 Spots
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Table 33: LA-ICP-MS trace element analysis of sphalerite averaged data from size fractions of Zn Final 
Product 

 

 

Table 34: LA-ICP-MS trace element analysis of sphalerite averaged data from size fractions of Pb Rougher 
Tails 

 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Zn 66 - - - Zn 66 - - -
S 34 - - - S 34 - - -

Mn 55 < LOD - 17.26 Mn 55 < LOD - 21.80 
Fe 57 3,055  710        61.86 Fe 57 9,862  3,457    87.77 
Co 59 11        4            0.28    Co 59 17        5            0.44    
Ni 60 < LOD - 2.72    Ni 60 < LOD - 3.23    
Cu 63 27        8            1.13    Cu 63 152      61          1.33    
Ga 69 165      95          0.31    Ga 69 44        20          0.40    
Ge 73 20        3            0.87    Ge 73 30        4            1.06    
As 75 335      73          6.33    As 75 856      237        8.66    
Ag 107 1           0            0.13    Ag 107 2           0            0.16    
Cd 112 546      50          4.50    Cd 112 523      66          5.35    
In 113 343      32          2.84    In 113 326      42          3.15    
Sb 121 349      34          0.48    Sb 121 462      77          0.66    
Sn 124 < LOD - 1.07    Sn 124 < LOD - 1.62    
Au 197 < LOD - 0.37    Au 197 < LOD - 0.50    
Hg 199 15        2            1.43    Hg 199 35        10          2.18    
Pb 208 1,996  655        1.12    Pb 208 7,815  3,864    1.31    
Bi 209 < LOD - 0.07    Bi 209 < LOD - 0.09    

Zn Final Product -45 +20 µm, 26 SpotsZn Final Product -75 +45 µm, 36 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Zn 66 - - - Zn 66 - - -
S 34 - - - S 34 - - -

Mn 55 < LOD - 14.78    Mn 55 < LOD - 18.73 
Fe 57 3,181  850        93.98    Fe 57 6,114  1,170    72.20 
Co 59 6           2            0.29      Co 59 8           1            0.36    
Ni 60 < LOD - 2.87      Ni 60 < LOD - 2.97    
Cu 63 439      38          1.10      Cu 63 181      25          1.13    
Ga 69 52        38          0.44      Ga 69 1,718  974        0.40    
Ge 73 18        2            1.29      Ge 73 26        4            0.82    
As 75 414      60          7.62      As 75 543      80          7.78    
Ag 107 149      12          0.14      Ag 107 56        6            0.16    
Cd 112 2,907  214        12.93    Cd 112 1,325  98          5.41    
In 113 1,670  115        7.91      In 113 808      60          3.44    
Sb 121 811      101        0.47      Sb 121 502      55          0.55    
Sn 124 < LOD - 1.13      Sn 124 < LOD - 1.23    
Au 197 < LOD - 0.42      Au 197 < LOD - 0.47    
Hg 199 121      10          1.92      Hg 199 56        11          1.49    
Pb 208 4,452  1,709    1.28      Pb 208 1,533  288        1.36    
Bi 209 < LOD - 0.08      Bi 209 < LOD - 0.08    

Pb Rougher Tails -150 +75 µm, 35 SpotsPb Rougher Tails +150 µm, 44 Spots
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Table 35: LA-ICP-MS trace element analysis of sphalerite averaged data from size fractions of Pb Rougher 
Tails 

 

 

By far the strongest signals come from Fe and Pb, with Fe values generally between 

0.3 – 1.0 wt%, and Pb values between 0.2 – 0.8 wt%. In the Zn final product, there 

is no corresponding Ag signal to compliment the Pb signal, whereas in the Pb 

rougher tails there is an Ag signal with the Pb signal. The Pb rougher tails fraction 

also contains ~0.2 wt% Cd. All other signals are in the order of 0.05 wt%. 

 

3.6.3.2.2 LA-ICP-MS Analysis of Navan Pyrite 

All of the samples set out in Table 29, except for the Zn concentrate, were selected 

for analysis of trace elements in the Navan pyrite. Tables of reduced data were 

provided by Trinity College Dublin, Department of Geology staff. This data 

showed, for each analysed spot, the counts per second of the major element, Fe, and 

the calculated ppm levels of other elements. The elements tested for were isotopes 

of iron, cobalt, nickel, copper, zinc, arsenic, selenium, silver, antimony, gold, 

mercury, and lead. The isotopes were chosen carefully so as to be as distinct from 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Zn 66 - - - Zn 66 - - -
S 34 - - - S 34 - - -

Mn 55 < LOD - 15.59 Mn 55 < LOD - 17.36 
Fe 57 3,887  669        63.86 Fe 57 5,186  2,875    75.18 
Co 59 8           2            0.30    Co 59 8           3            0.39    
Ni 60 < LOD - 2.86    Ni 60 < LOD - 3.00    
Cu 63 114      16          1.05    Cu 63 129      24          1.18    
Ga 69 12        2            0.29    Ga 69 4,337  2,937    0.38    
Ge 73 26        3            0.78    Ge 73 28        5            0.98    
As 75 456      51          6.78    As 75 507      125        7.02    
Ag 107 39        5            0.13    Ag 107 40        6            0.16    
Cd 112 1,716  124        4.95    Cd 112 1,317  110        5.08    
In 113 1,031  76          2.62    In 113 788      66          3.10    
Sb 121 495      51          0.46    Sb 121 528      70          0.51    
Sn 124 < LOD - 1.04    Sn 124 < LOD - 1.34    
Au 197 < LOD - 0.44    Au 197 < LOD - 0.43    
Hg 199 71        6            1.40    Hg 199 65        11          1.57    
Pb 208 1,858  359        1.82    Pb 208 5,753  1,782    0.95    
Bi 209 < LOD - 0.08    Bi 209 < LOD - 0.08    

Pb Rougher Tails -75 +45 µm, 37 Spots Pb Rougher Tails -45 +20 µm, 33 Spots
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one another as much as was possible. Again, the measured values for Fe cannot be 

reported with confidence. The reduced data was summarised, with the averages for 

all spots for each size fraction appearing in. The limit of detection (LOD) is given 

in the right hand column in each case. 

 

Table 36: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Flash Conc. 

 

 

Table 37: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Flash Conc. 

 

 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 144             20            0.20         Co 59 396          45            0.28         
Ni 60 540             99            2.14         Ni 60 1,712      245          2.73         
Cu 63 7                  4               0.39         Cu 63 37            30            2.50         
Zn 66 15,452       6,121      6.08         Zn 66 70,360    10,026    9.06         
As 75 37,189       2,947      6.12         As 75 31,581    5,009      13.85      
Se 77 < LOD - 1.90         Se 77 < LOD - 2.30         
Ag 107 < LOD - 0.13         Ag 107 < LOD - 0.15         
Sb 121 1,028          145          0.41         Sb 121 1,550      207          0.45         
Au 197 < LOD - 0.30         Au 197 < LOD - 0.38         
Hg 199 4                  2               0.70         Hg 199 119          106          3.81         
Pb 208 38,316       18,207    1.01         Pb 208 110,857  26,431    0.91         

Pb Flash Concentrate +150 µm, 31 Spots Pb Flash Concentrate -150 +75 µm, 31 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 420          42            0.23         Co 59 124             16            0.24          
Ni 60 1,634      158          2.59         Ni 60 619             81            2.42          
Cu 63 9               2               0.47         Cu 63 43                18            2.93          
Zn 66 31,054    7,327      59.92      Zn 66 6,994          3,702      270.49     
As 75 24,457    2,007      14.52      As 75 28,313       4,701      8.81          
Se 77 < LOD - 2.00         Se 77 < LOD - 1.93          
Ag 107 < LOD - 0.16         Ag 107 < LOD - 0.14          
Sb 121 2,085      235          0.82         Sb 121 4,896          2,317      0.76          
Au 197 < LOD - 0.30         Au 197 < LOD - 0.31          
Hg 199 < LOD - 60.14      Hg 199 < LOD - 1.59          
Pb 208 42,396    8,840      1.69         Pb 208 411,039     268,265  6.60          

Pb Flash Concentrate -75 +45 µm, 32 Spots Pb Flash Concentrate -45 +20 µm, 38 Spots
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Table 38: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Flotation Feed 

 

 

Table 39: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Flotation Feed 

 

 

Table 40: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb 1st Clnr Feed 

 

 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 267             42            1.08         Co 59 821          151          0.22         
Ni 60 1,179          157          12.25      Ni 60 2,832      538          2.29         
Cu 63 28                8               2.63         Cu 63 13            2               0.41         
Zn 66 107,816     31,107    56.42      Zn 66 117,966  39,149    20.23      
As 75 34,308       2,848      49.12      As 75 32,815    2,200      6.40         
Se 77 < LOD - 12.38      Se 77 < LOD - 1.85         
Ag 107 5                  1               0.74         Ag 107 < LOD - 0.13         
Sb 121 2,766          442          4.11         Sb 121 1,177      115          0.66         
Au 197 < LOD - 1.31         Au 197 < LOD - 0.24         
Hg 199 52                18            8.50         Hg 199 28            10            1.23         
Pb 208 1,882,741 485,847  6.23         Pb 208 25,082    3,101      1.55         

Flotation Feed +150 µm, 36 Spots Flotation Feed -150 +75 µm, 33 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 267          26            0.22         Co 59 355             45            0.31          
Ni 60 1,121      105          2.51         Ni 60 1,732          246          2.45          
Cu 63 21            7               0.53         Cu 63 468             145          0.68          
Zn 66 29,661    8,597      9.93         Zn 66 42,998       19,259    10.59       
As 75 34,055    2,927      11.29      As 75 32,954       2,344      17.85       
Se 77 < LOD - 2.26         Se 77 < LOD - 2.55          
Ag 107 8               1               0.15         Ag 107 < LOD - 0.15          
Sb 121 890          114          0.51         Sb 121 1,576          194          0.87          
Au 197 < LOD - 0.22         Au 197 < LOD - 0.31          
Hg 199 23            15            1.22         Hg 199 39                26            1.55          
Pb 208 17,212    5,372      1.25         Pb 208 12,340       1,977      1.24          

Flotation Feed -75 +45 µm, 32 Spots Flotation Feed45 +20 µm, 37 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 231             58            0.26    Co 59 38            8              0.28    
Ni 60 974             222          2.83    Ni 60 140          30            3.39    
Cu 63 59                7              0.58    Cu 63 16            3              0.72    
Zn 66 40,382       19,259    18.37 Zn 66 27,518    8,895      16.90 
As 75 21,392       2,092      28.80 As 75 15,046    1,676      15.65 
Se 77 < LOD - 2.13    Se 77 < LOD - 2.39    
Ag 107 35                3              0.16    Ag 107 < LOD - 0.16    
Sb 121 1,922          657          1.40    Sb 121 1,400      396          1.79    
Au 197 < LOD - 0.34    Au 197 < LOD - 0.32    
Hg 199 20                4              0.96    Hg 199 3              1              0.92    
Pb 208 304,473     114,205 10.45 Pb 208 91,841    37,875    51.43 

Pb 1st Cleaner Feed +150 µm, 22 Spots Pb 1st Cleaner Feed -150 +75 µm, 41 Spots
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Table 41: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb 1st Clnr Feed 

 

 

Table 42: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Final Product 

 

 

Table 43: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Final Product 

 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 369          81            0.48    Co 59 75            11            0.19      
Ni 60 1,301      243          3.92    Ni 60 301          41            1.96      
Cu 63 62            16            1.17    Cu 63 63            13            0.49      
Zn 66 32,456    17,714    21.96 Zn 66 6,056      1,868      10.22    
As 75 23,413    2,483      13.32 As 75 20,140    1,504      8.31      
Se 77 < LOD - 3.59    Se 77 < LOD - 1.33      
Ag 107 11            4              0.22    Ag 107 < LOD - 0.12      
Sb 121 2,097      512          0.60    Sb 121 742          138          0.39      
Au 197 < LOD - 0.46    Au 197 < LOD - 0.19      
Hg 199 12            5              1.35    Hg 199 < LOD - 0.59      
Pb 208 224,800 101,831 9.09    Pb 208 36,864    14,646    10.68    

Pb 1st Cleaner Feed -75 +45 µm, 33 Spots Pb 1st Cleaner Feed 45 +20 µm, 38 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 199             23            0.20    Co 59 545          58            0.49    
Ni 60 815             140          3.04    Ni 60 1,922      255          2.90    
Cu 63 55                15            0.39    Cu 63 29            8              0.64    
Zn 66 21,463       3,609      14.97 Zn 66 137,008 74,704    45.31 
As 75 16,154       1,265      5.30    As 75 29,419    2,330      8.26    
Se 77 < LOD - 1.68    Se 77 < LOD - 2.06    
Ag 107 8                  2              0.13    Ag 107 8              2              0.16    
Sb 121 2,880          1,090      0.38    Sb 121 4,186      934          0.88    
Au 197 < LOD - 0.38    Au 197 < LOD - 0.32    
Hg 199 < LOD - 0.67    Hg 199 9              2              0.88    
Pb 208 173,067     77,319    11.22 Pb 208 298,702 139,717 3.33    

Pb Final Concentrate +150 µm, 38 Spots Pb Final Concentrate -150 +75 µm, 33 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 172          25            0.17    Co 59 211          18            0.42      
Ni 60 863          120          1.98    Ni 60 850          84            2.47      
Cu 63 43            5              0.42    Cu 63 50            8              0.43      
Zn 66 3,187      1,377      10.87 Zn 66 1,059      537          13.32    
As 75 21,008    1,304      15.71 As 75 14,093    1,259      6.14      
Se 77 < LOD - 1.72    Se 77 < LOD - 1.49      
Ag 107 10            1              0.14    Ag 107 < LOD - 0.13      
Sb 121 1,507      233          0.46    Sb 121 1,133      340          0.59      
Au 197 < LOD - 0.25    Au 197 < LOD - 0.26      
Hg 199 5              1              0.63    Hg 199 < LOD - 0.67      
Pb 208 23,827    7,846      1.64    Pb 208 59,555    38,322    7.89      

Pb Final Concentrate -75 +45 µm, 33 Spots Pb Final Concentrate -45 +20 µm, 35 Spots
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Table 44: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Flash Feed 

 

 

Table 45: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Flash Feed 

 

 

Table 46: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Rougher Tails 

 

 

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD
Fe 57 - - - Fe 57 - - -
Co 59 74                22            0.18         Co 59 64            9               0.18         
Ni 60 377             254          1.96         Ni 60 377          47            2.15         
Cu 63 99                16            0.43         Cu 63 10            4               4.62         
Zn 66 8,927          2,819      7.88         Zn 66 18,290    8,187      18.74      
As 75 16,513       1,584      5.60         As 75 18,676    1,395      10.98      
Se 77 < LOD - 2.14         Se 77 < LOD - 2.17         
Ag 107 < LOD - 0.12         Ag 107 < LOD - 0.14         
Sb 121 512             71            0.43         Sb 121 725          76            0.41         
Au 197 < LOD - 0.17         Au 197 < LOD - 0.18         
Hg 199 < LOD - 0.64         Hg 199 < LOD - 0.65         
Pb 208 6,340          740          2.48         Pb 208 8,282      1,764      4.47         

Pb Flash Feed +150 µm, 33 Spots Pb Flash Feed -150 +75 µm, 39 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 149          21            0.19         Co 59 103             19            0.29          
Ni 60 986          118          2.06         Ni 60 574             128          3.04          
Cu 63 21            12            4.33         Cu 63 220             278          1.92          
Zn 66 11,367    2,809      10.19      Zn 66 13,551       13,558    28.17       
As 75 21,847    1,897      14.16      As 75 16,668       1,778      22.29       
Se 77 < LOD - 2.26         Se 77 < LOD - 3.10          
Ag 107 < LOD - 0.14         Ag 107 8                  2               0.22          
Sb 121 570          69            0.41         Sb 121 860             163          0.59          
Au 197 < LOD - 0.17         Au 197 < LOD - 0.25          
Hg 199 10            10            0.70         Hg 199 12                13            1.13          
Pb 208 23,495    5,163      2.69         Pb 208 15,016       3,237      12.22       

Pb Flash Feed -75 +45 µm, 33 Spots Pb Flash Feed -45 +20 µm, 33 Spots

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 191             19            1.03         Co 59 485          61            1.13         
Ni 60 732             81            6.05         Ni 60 1,939      181          2.69         
Cu 63 212             58            1.42         Cu 63 90            16            1.67         
Zn 66 334,586     70,207    22.31      Zn 66 61,729    14,180    22.54      
As 75 21,016       1,781      16.73      As 75 27,264    2,192      28.23      
Se 77 < LOD - 4.83         Se 77 < LOD - 2.01         
Ag 107 < LOD - 0.45         Ag 107 < LOD - 0.13         
Sb 121 1,872          225          1.22         Sb 121 1,566      205          0.39         
Au 197 < LOD - 0.48         Au 197 < LOD - 0.19         
Hg 199 < LOD - 2.27         Hg 199 < LOD - 2.15         
Pb 208 6,941          925          2.73         Pb 208 11,583    2,937      1.31         

Pb Rougher Tails +150 µm, 35 Spots Pb Rougher Tails -150 +75 µm, 32 Spots
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Table 47: LA-ICP-MS trace element analysis of pyrite averaged data from size fractions of Pb Rougher Tails 

 

 

The three elements present at highest levels in this analysis are Zn, As, and Pb.  

  

Element Isotope ppm Error (±) LOD Element Isotope ppm Error (±) LOD

Fe 57 - - - Fe 57 - - -
Co 59 44            5               0.20         Co 59 100             23            0.25          
Ni 60 275          36            2.31         Ni 60 415             64            2.09          
Cu 63 17            3               0.38         Cu 63 279             268          0.54          
Zn 66 15,957    3,580      7.26         Zn 66 3,498,689 647,578  14.98       
As 75 14,281    1,083      6.63         As 75 21,975       1,954      6.93          
Se 77 < LOD - 1.80         Se 77 < LOD - 2.01          
Ag 107 < LOD - 0.12         Ag 107 < LOD - 0.12          
Sb 121 494          61            0.40         Sb 121 1,290          512          0.37          
Au 197 < LOD - 0.21         Au 197 < LOD - 0.20          
Hg 199 < LOD - 0.80         Hg 199 < LOD - 0.83          
Pb 208 19,946    7,063      0.95         Pb 208 9,818          1,940      3.77          

Pb Rougher Tails -75 +45 µm, 30 Spots Pb Rougher Tails -45 +20 µm, 32 Spots



 
160 (255) 

 

3.7 COMPARISON OF FLOATABILITY OF NAVAN AND 
COMMERCIAL PYRITE 

3.7.1 Introduction 

These tests compared the flotation performance of Navan pyrite (subhedral pyrite, 

relatively unoxidised  framboidal pyrite, and aged framboidal pyrite) with 

commercially available pyrite in the Tara Mines Standard SQ6 Laboratory Flotation 

Test. This series of flotation tests examined five different pyrite conditions. As 

stated in previous chapters, Tara Mines Laboratory does not measure the mineral 

content of the ore but rather the elemental content of Zn, Pb, and Fe metal. Because 

of the nature of the ore it is assumed that the Zn is present in sphalerite only, the Pb 

is present in galena only, and the Fe is present in pyrite only (Wunderlich, 2013). 

These metals are detected by Tara Mines Laboratory using established XRF 

techniques as discussed in Section 2.2.1. Thus, head grades of the run-of-mine ore 

are reported in assay of Zn, Pb, and Fe metals, with a high level of Fe metal detected 

in a sample being analogous to a high level of pyrite. The target head grades of the 

five ore blends used in this series of tests are shown in Table 48. Also shown are 

the types of pyrite used in each blend. Here, a distinction is made between four 

different types of pyrite: 

1. Navan subhedral pyrite: this refers to the pyrite, present in the majority of 

the Navan deposit, which is generally not rich in pyrite framboids. 

2. Commercial pyrite: this is the Strem Chemicals natural-occurring pyrite. 

3. Navan framboidal pyrite: this refers to the pyrite, occurring in Navan CGO, 

which is rich in framboidal pyrite. 

4. Navan framboidal pyrite, aged: this refers to Navan CGO that has been 

exposed to oxygen for 12 months. It has been the experience of the Tara 

Mines Process Department that CGO left in piles for a period and not 

processed quickly causes more flotation selectivity issues than ‘fresh’ CGO. 

The Navan subhedral pyrite and the commercial pyrite feature in two different 

blends each, and the Navan framboidal oxidised pyrite appears in one blend only. 

A brief note about aging ore: ores can oxidise in the ground, via exposure to water. 

Ore in the Navan reserve holds a residual 3% water by weight. However, once 

blasted and taken to surface the ore is exposed to more oxygen and has the 

opportunity to oxidise faster. Therefore all the ore has some level of oxidation – the 
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Navan framboidal pyrite in the CGO simply has more. Because the oxidation of the 

ore is unquantified here, the ore is simply referred to as ‘aged’. 

Table 48: Flotation test ore target blends and pyrite types 

Metal 

Assay  

Test 1 Test 2 Test 3 Test 4 Test 5 

Wt% Zn 6.00 6.00 6.00 6.00 6.00 

Wt% Pb  1.20 1.20 1.20 1.20 1.20 

Wt% Fe 2.00 2.00 4.50 4.50 4.50 

Pyrite 

Type 

Navan 

Subhedral 

Commercial Navan 

Framboidal 

Commercial Navan 

Framboidal 

Aged 

 
3.7.2 Selection of Ore 

The first flotation test performed in this study will serve as a baseline and is 

therefore performed on an ore of typical Tara ore mineral composition, comparable 

to previous Tara Mines Laboratory flotation tests. This way the results can be 

directly compared with previous tests, and the test procedure verified. The feed to 

further tests will vary in only the amount and origin (Navan or commercial) of the 

pyrite to be tested, as described in Table 48. This requires the collection of different 

types of ore – ore high in pyrite, ore high in galena, ore high in sphalerite, waste 

ore low in pyrite – so that blends can be created that minimise the background level 

of Navan pyrite. Pyrite is ubiquitous throughout the Navan deposit, present at 2 – 4 

wt% minimum, and so finding pyrite-free ore was a challenge. The strategy adopted 

was to use relatively pyrite-free UDL waste rock as the base for all flotation test 

blends, adding sphalerite-, galena-, and pyrite-rich (CGO) ore as required to give 

the desired blend. Although this strategy minimised the level of background pyrite 

it did not remove it completely, as Table 49 shows. 

Table 49: Pyrite composition of flotation tests 

Pyrite Composition Test 1 Test 2 Test 3 Test 4 Test 5 

Navan Pyrite 100% 40% 100% 22% 100% 

Commercial Pyrite 0% 60% 0% 78% 0% 
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Therefore the two commercial pyrite blends in reality contain only 60% and 78% 

commercial pyrite, respectively. 

CGO comprises roughly 3% of the total orebody, and contains the highest 

concentration of pyrite, predominantly in framboidal form. Pyrite present in other 

lithologies is generally not framboidal in nature, although with some local 

exceptions (Ashton, 2015). For these tests Fe-rich ore was drawn from the CGO 

area, the waste ore was collected from the UDL lens, and the high-Zn and high-Pb 

ore was collected from the PBO lens. The pyrite for Test 1 was provided not by 

CGO but instead from background levels of pyrite present in the other ore samples. 

 
3.7.3 Collection of Ore 

Ore for this series of tests was collected from the underground mine at Navan on 

dates in 2018 and 2019. The ore was collected as hand samples, broken from the 

head of the stope by a rock hammer and a scaling bar. The seams of target minerals 

were identified locally by torchlight by Mine Geology staff, and efforts were made 

to collect only the hand samples clearly rich in the target minerals. Roughly 30 kg 

of ore was collected in each case. The ore was drawn from the locations listed in 

Table 50. 

Table 50: Ore Collection from Underground 

Date / Type of Ore High-Pyrite High-Sphalerite High-Galena Waste 

Friday 16th February 2018 30 kg - - - 

Friday 14th December 2018 - 20 kg 25 kg 35 kg 

Friday 22nd February 2019 - 35 kg 45 kg - 

Friday 8th March 2019 12 kg - - - 

 

The ore collected in February 2018 was for initial characterisation of framboidal 

pyrite, and this was not kept in an inert atmosphere. This ore was therefore 

considered aged by the time the flotation tests were performed in Q2/Q3 2019. The 

ore collected in December 2018 had two problems: the high-sphalerite ore sample 

was found to have, after XRF analysis at Tara Mines Laboratory, only traces of Zn 

and so was classified as waste rock; and a simple menu of a choice of high-galena 

ore, high-sphalerite ore, and waste ore was insufficient to create the required 

flotation test feed grades. Thus, the collection of further samples was required, this 
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time with more certainty about the sphalerite content. Ore was sourced as per Table 

51. 

Table 51: Sources of ore 

Ore Type Location in Tara Mines 
High Pyrite 1175 4508A1 
High Galena 1075 3214AF 
High Sphalerite 850 9416AF 
Waste Ore (UDL) 860 TRDRM6 

 

The above location names adhere to the Mine Planning Engineers’ naming 

convention: for the high pyrite location 1175 refers to the level, in meters, from an 

arbitrary mine datum; 45 refers to the block (“Block 45”, in local terms); 08 refers 

to the drift; and A1 means Access 1. The ore was gathered by the author by hand, 

as shown in Figure 110. 

 
Figure 110: Gathering of galena-rich ore hand samples 

3.7.4 Ore Handling, Preparation, and Blending 

The ore, with the exception of the high pyrite ore, was collected by the author and 

by a member of Mine Geology staff. In March 2019 the high pyrite ore was 

collected by an underground shift boss immediately after a production blast, and 

was taken to surface and immediately stored in an inert argon gas environment. For 

normal mill production, the time between blasting and milling is days at most, 

whereas for the ore for these flotation tests the time between gathering and milling 

was months. Therefore it was necessary to mitigate against the oxidation of the 

more reactive framboidal pyrite by storing it in an inert atmosphere. 
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After collection underground, the hand samples were brought to surface and all 

were crushed to 100% passing 5 cm. The Navan ore contains a residual 3% moisture 

by weight, and so the crushed ore was then spread out on a flat surface on the floor 

of a warm room and allowed to air dry for 48 hours. Thereafter, two processes were 

followed: 

1. For the three ore samples collected in December 2018:  

The three crushed ore samples were crushed further by Tara Mines 

Laboratory staff to 100% passing 2.36 mm. In this way the whole original 

bulk sample was kept together at all times, and homogenised. 

2. For the high-galena and high-sphalerite ore collected in February 2019, the 

following procedure was followed, using the high-galena ore as an example: 

The crushed ore was sieved at 2.36 mm to separate the finer particles 

from the rocks that needed further crushing. The remaining -5 cm to 

+2.36 mm rocks were each examined by eye and rocks rich in galena 

were segregated from the bulk into a separate bin. Both of these bins were 

then crushed separately to 100% passing 2.36 mm, and in this way the 

original bulk sample was not homogenised. 

This procedure produced the menu of ore as laid out in Table 52. 
Table 52: Menu of ore for flotation test feed blends 

Sample Date 
XRF Metal Assay Weight 

Kg %Zn %Pb %Fe 

High Pyrite, Aged Feb-18 4.81 0.58 35.23 50 
High Sphalerite Dec-18 <0.05 <0.05 1.39 20 
High Galena Dec-18 2.18 0.77 1.99 25 
UDL Waste Dec-18 <0.05 <0.05 0.52 35 
         
High Sphalerite Feb-19      
  Bulk  17.20 1.90 2.03 30 
  High Zn  17.92 2.15 2.49 0.3 
  -2.36 mm  17.27 2.28 2.53 5 
         
High Galena Feb-19      
  Bulk  14.27 2.46 1.52 37 
  High Pb   23.07 4.97 1.65 3.3 
  -2.36mm  15.74 3.28 1.85 3.7 
         
High Pyrite, Unoxidised Mar-19 0.40 0.15 35.13 2.5 
         
Commercial Pyrite - 0.0 0.0 46.5 1.5 
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Five unique blends were mathematically calculated from this menu, using the XRF 

metal assays and weights, each corresponding to one of the conditions laid out in 

Table 49. 

The blend for Test 1 was as per Table 53. 

Table 53: Test 1a, 1b, 1c: Background levels of Navan pyrite – ore feed calculations 

      Zn, g Pb, g Fe, g Other, g total, g Fraction 

High Sphalerite - -2.36 mm 268.19 35.41 39.29 1210.06 1552.95 25.8% 
  High Galena 97.23 34.55 88.89 4246.38 4467.05 74.2% 
           
   Total  365.43 69.95 128.18 5456.44 6020.00   
           

Calculated Feed Assay: 6.07% 1.16% 2.13% 90.64%    
Measured Feed Assay: 6.72% 1.20% 1.98% 90.10%    

Recalculated Feed Assay 1a: 6.23% 1.43% 2.06% 90.28%    
Recalculated Feed Assay 1b: 6.32% 1.35% 1.94% 90.39%    
Recalculated Feed Assay 1c: 6.16% 1.38% 1.90% 90.56%    

Desired Feed Assay: 6.00% 1.20% 2.00% 90.80%     
 

Table 53 shows the result of blending a theoretical suitable feed. The calculations 

are performed on the basis of target total grams of Zn, Pb, and Fe metal, which arise 

from multiplying the metal assay provided in Table 52 by the total grams as given 

in Table 53. Thereafter follows a list of assays of the same material, drawn from 

different sources: 

• Calculated Feed Assay refers to the theoretical predicted assay of this blend, 

based on the assays of the constituent feed materials and their relative mass. 

• Measured Feed Assay is determined from an XRF analysis of a small aliquot 

of the 6.02 kg blended ore taken prior to starting the flotation test. 

• The three Recalculated Feed Assays are the recalculated feed assays for 

each of the three flotation tests, and this data is available in the Results 

section of this chapter. 

• The Desired Feed Assay is drawn from Table 48 and shown here as a 

reminder of the target assay. 

These results show good agreement, and give confidence that the assays are 

representative and the blending and sampling techniques are accurate.  

The feed for Test 2 was calculated in the same manner, and shown in Table 54. 
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Table 54: Test 2a, 2b, 2c: Background levels of commercial pyrite - feed blend calculations 

      Zn, g Pb, g Fe, g Other, g total, g Fraction 
High Galena - High Pb: 278.57 60.01 19.92 848.99 1207.50 20.1% 

UDL Waste: 0.00 0.00 21.50 4134.83 4160.48 69.1% 
High Sphalerite - Bulk: 83.83 9.24 9.90 384.54 487.50 8.1% 

Commercial Pyrite 0.00 0.00 76.50 88.02 164.52 2.7% 
           
  Total   362.40 69.25 127.82 5456.38 6020.00   
           

Calculated Feed Assays: 6.02% 1.15% 2.12% 90.64%    
Measured Feed Assays: 5.78% 1.34% 1.84% 91.04%    

Recalculated Feed Assay 2a: 5.90% 1.39% 1.95% 90.76%    
Recalculated Feed Assay 2b: 5.88% 1.29% 1.87% 90.96%    
Recalculated Feed Assay 2c: 5.66% 1.27% 1.96% 91.11%    

Desired Feed Assays: 6.00% 1.20% 2.00% 90.80%     
 

The feed blend for Test 2 is shown visually in Figure 111. 

 
Figure 111: Test 2 feed ore blend prior to mixing 

The ore in Figure 111 was placed in a 20 litre barrel, sealed, and mixed by manually 

rolling, turning, and shaking the barrel for a period of 5 minutes. The extra 20 g in 

the feed blend is to allow for losses in the mixing, and for initial sampling. This was 

the preparation method for all five blends. The remaining three blends not 

Commercial Pyrite 

UDL Waste 

High Sphalerite - Bulk 

High Galena – High Pb 
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mentioned above were prepared the same way, and the tables of feed calculations 

and results are shown in Table 55, Table 56,  and Table 57 respectively. 

 

Table 55: Test 3a, 3b, 3c: Elevated levels of Navan pyrite, aged  - feed ore blend calculations 

      Zn, g Pb, g Fe, g Other, g total, g Fraction 
High Galena - Bulk: 370.38 63.85 39.45 2121.82 2595.50 43.1% 

High Pyrite, Unoxidised: 2.59 0.97 227.64 416.79 648.00 10.8% 
UDL Waste: 0.00 0.00 14.35 2759.38 2776.50 46.1% 

           
Total: 372.97 64.82 281.44 5297.99 6020.00   

           
Calculated Feed Assay: 6.20% 1.08% 4.68% 88.01%    
Measured Feed Assay: 5.09% 1.11% 4.47% 89.33%    

Recalculated Feed Assay 3a: 5.47% 1.13% 4.31% 89.09%    
Recalculated Feed Assay 3b: 5.64% 1.18% 4.61% 88.57%    
Recalculated Feed Assay 3c: 5.41% 1.21% 4.20% 89.18%    

Desired Feed Assay: 6.00% 1.20% 4.50% 88.30%     
 

Table 56: Test 4a, 4b, 4c: Elevated levels of commercial pyrite - feed ore blend calculations 

      Zn, g Pb, g Fe, g Other, g total, g Fraction 
High Galena - Bulk: 369.16 63.64 39.32 2114.87 2587.00 43.0% 
Commercial Pyrite: 0.00 0.00 225.99 260.01 486.00 8.1% 

UDL Waste: 0.00 0.00 15.23 2928.83 2947.00 49.0% 
           

Total:  369.16 63.64 280.54 5303.71 6020.00   
           

Calculated Feed Assay: 6.13% 1.06% 4.66% 88.10%    
Measured Feed Assay: 5.52% 1.13% 4.77% 88.58%    

Recalculated Feed Assay 4a: 5.22% 1.12% 4.51% 89.15%    
Recalculated Feed Assay 4b: 5.30% 1.20% 4.72% 88.78%    
Recalculated Feed Assay 4c: 5.26% 1.04% 4.68% 89.02%    

Desired Feed Assay: 6.00% 1.20% 4.50% 88.30%     
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Table 57: Test 5a, 5b, 5c: Elevated levels of Navan pyrite, aged - feed ore blend calculations 

      Zn, g Pb, g Fe, g Other, g total, g Fraction 

High Galena - Bulk: 357.61 61.65 38.09 2048.66 2506.00 41.6% 
High Pyrite, Aged: 25.66 3.07 188.13 317.14 534.00 8.9% 

UDL Waste: 0.00 0.00 15.40 2961.62 2980.00 49.5% 
           
  Total   383.26 64.72 241.62 5327.42 6020.00   
           

Calculated Feed Assay: 6.37% 1.08% 4.01% 88.50%    
Measured Feed Assay: 4.95% 1.01% 4.15% 89.89%    

Recalculated Feed Assay 5a: 5.65% 1.13% 3.59% 89.63%    
Recalculated Feed Assay 5b: 6.92% 1.11% 3.45% 88.52%    
Recalculated Feed Assay 5c: 5.62% 1.11% 3.46% 89.81%    

Desired Feed Assay: 6.00% 1.20% 4.50% 88.30%     
 

This completes the preparation of all 15 2 kg flotation test feed ore blends. 
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3.7.5 Preparation of Reagents 

All chemical reagents used in the flotation test are dosed in liquid solution form. Of 

the reagents used only MIBC was supplied to Tara Mines in liquid form: all others 

were supplied as solids and needed to be diluted and mixed before use. Distilled 

water was used to form the solutions, to minimise any effect from potable tap water.  

Sodium cyanide (NaCN) was used as a pyrite depressant in Pb flotation. It was 

prepared from solid NaCN though dilution in water to 1 wt% (molarity, as in each 

case following) and dosed via a graduated syringe. 

Methyl isobutyl carbinol (MIBC) is a frothing agent, added to ensure stable froth 

in Pb and Zn flotation. It was supplied to the mine site in liquid form and was not 

diluted for these tests. It was administered via a graduated syringe.  

Zinc sulfate (ZnSO4) was used as a sphalerite depressant in Pb flotation. It was 

diluted to 10 wt% before being dosed via a graduated syringe.  

Sodium isopropyl xanthate (SIPX) is a collector used in Pb flotation. It was diluted 

to a 0.1 wt% solution and dosed via a graduated syringe. This chemical is very 

sensitive to ultraviolet (UV) light and degrades over hours, so in each case it was 

mixed directly prior to the flotation test starting. 

Copper Sulfate (CuSO4) is an activator used in Zn flotation. Sphalerite is a 

challenging mineral to float, and the use of activators is a common solution to the 

problem of difficult-to-float minerals. CuSO4 provides Cu2+ ions that bind to the 

surface of sphalerite crystals, disguising the sphalerite as copper. Copper floats 

readily. 10 wt% copper sulfate solution was dosed via a graduated syringe. 

Potassium amyl xanthate (PAX) is a collector used to collect the copper-coated 

sphalerite in the Zn flotation circuit. This chemical is also very sensitive to UV light 

and degrades over hours, so in each case it was mixed directly prior to the flotation 

test starting. It was dosed via a graduated syringe 
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3.7.6 Results 

Five sets of tests were performed in triplicate – a total of 15 tests. The results of 

Tara Mines Laboratory flotation tests are commonly shown in tabulated form, with 

the results normalised. An example of this is shown using the results of Flotation 

Test 1a in Table 58. 

 

Table 58: Flotation Test 1a full results 

 
 
 
Note the feed weight is recalculated to be 1985 g, some 15 g short of the actual feed 

of 2 kg. This 15 g is lost during the 4-hour test, with at least 10 g being lost in the 

pores of the 10 filter papers. The dried filter cakes are weighed before representative 

samples are drawn from each of the 10 samples and submitted for XRF analysis for 

wt% Zn, Pb, and Fe. The tables of results are then calculated from the weights and 

assay of each sample in the following manner: 

The metal unit is the product of the weight % and the metal assay. The metal unit 

is unitless – it is not measurable in grams and is only used for the construction of 

the metal distribution table. The metal units are not constructed to sum to 100.  

Raw Results: 
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.55 6.51 72.96 1.48 10.08 112.92 2.29 1.59 79.15 1.11 30.73
Pb 4 ClTl 0.04 15.86 20.59 4.07 0.65 0.85 0.17 0.10 0.60 0.08 0.82
Pb 3 ClTl 0.09 15.86 20.59 4.07 1.50 1.95 0.39 0.24 1.37 0.19 1.88
Pb 2 ClTl 0.20 15.98 9.25 3.85 3.15 1.82 0.76 0.50 1.28 0.37 3.91

Zn Conc 8.87 62.43 1.58 0.81 553.69 14.01 7.18 87.24 9.82 3.49 176.10
Zn 4 ClTl 0.39 32.18 2.91 3.76 12.50 1.13 1.46 1.97 0.79 0.71 7.71
Zn 3 ClTl 0.54 21.67 2.25 4.51 11.80 1.22 2.46 1.86 0.86 1.19 10.81
Zn 2 ClTl 0.75 8.91 1.58 5.12 6.71 1.19 3.85 1.06 0.83 1.87 14.95
Zn 1 ClTl 6.78 3.43 0.52 3.54 23.26 3.53 24.01 3.67 2.47 11.67 134.67
Zn RGH Tl 80.78 0.14 0.05 2.02 11.31 4.04 163.18 1.78 2.83 79.31 1604.00
Cal HEAD 100.00 6.35 1.43 2.06 634.64 142.66 205.75 100.00 100.00 100.00 1985.58

Cumulative  Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.55 6.51 72.96 1.48 10.08 112.92 2.29 1.59 79.15 1.11 30.73
Pb 3 Conc 1.59 6.75 71.60 1.55 10.73 113.77 2.46 1.69 79.75 1.19 31.55
Pb 2 Conc 1.68 7.27 68.73 1.69 12.23 115.72 2.84 1.93 81.11 1.38 33.43
Pb 1 Conc 1.88 8.18 62.50 1.92 15.38 117.54 3.60 2.42 82.39 1.75 37.34

Zn 4 Conc 8.87 62.43 1.58 0.81 553.69 14.01 7.18 87.24 9.82 3.49 176.10
Zn 3 Conc 9.26 61.16 1.64 0.93 566.18 15.14 8.64 89.21 10.61 4.20 183.81
Zn 2 Conc 9.80 58.97 1.67 1.13 577.98 16.37 11.10 91.07 11.47 5.39 194.62
Zn 1 Conc 10.55 55.40 1.66 1.42 584.69 17.56 14.95 92.13 12.31 7.27 209.57
Zn R/Conc 17.34 35.07 1.22 2.25 607.95 21.08 38.96 95.79 14.78 18.94 344.24
Zn R/Feed        98.12 6.31 0.26 2.06 619.26 25.12 202.14 97.58 17.61 98.25 1948.24
Cal HEAD 100.00 6.35 1.43 2.06 634.64 142.66 205.75 100.00 100.00 100.00 1985.58
Assayed head sample 6.72 1.20 1.98
Original calculated heads 6.07 1.16 2.13
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The metal distribution is the percentage of each metal unit at each rougher or cleaner 

stage compared to the total sum of metal units, and is designed to sum to 100.  

The measured weight of each sample is shown in the right-hand column. For the 

cumulative results table, the metal assay is not directly calculated by XRF in all 

cases but is instead, for all but the final concentrate grades, back-calculated from 

the metal units and the wt%. This cumulative table shows the concentrate grade, or 

purity, at each step in the cleaning process – a parameter which is not possible to 

measure directly during the flotation test itself.  

The numerical value of the distribution of a metal at a given cleaning stage is known 

as the ‘recovery’, and the assay at that stage is known as the ‘grade’. The grade and 

recovery can be represented either as tables of data or visually on a Cartesian plot 

in the form of a grade-recovery curve. The grade-recovery curve shows the cost, in 

terms of decreased recovery, of achieving a higher-grade product – or alternatively 

the decrease in grade required to recover more metal. Grade-recovery curves are a 

standard format in metallurgy for understanding and reporting flotation 

performance, and typically each flotation system (unique combination of ore 

lithology, comminution and flotation circuit design and operation, and reagent 

addition scheme) will require its own empirically-derived grade-recovery curve. 

For these open-circuit flotation tests grade-recovery curves contain only as many 

points are there are cleaning stages. Because each test was performed in triplicate 

the results can be combined, and combined grade-recovery curves can be drawn for 

Zn, Pb, or Fe. In this case the focus will be on Fe, as it is analogous to pyrite (as 

explained earlier). For Test 1a data as shown in Table 58, the following grade-

recovery curves are generated: 
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Figure 112: Pb, Zn grade as function of recovery, Test 1a 

 

Figure 113: Fe Grade as Function of Recovery, Test 1a 

Grade-recovery curves are constructed with the final cleaner stage on the leftmost 

side and are read from right to left in order of successive cleaning stages. For the 

Zn and Pb metal grade-recovery curves in Figure 112 it is clear that successive 

cleaning stages result in a decrease in recovery coupled with a corresponding 

increase in grade. This is the case for both Zn and Pb and is typical behaviour for 

the metal for which recovery is desirable. The grade-recovery curve for Fe metal, 

shown in Figure 113, is quite the opposite: the curve shows both a decrease in 

recovery and a decrease in grade with successive cleaning steps. This is as expected, 

as the flotation system is designed to suppress pyrite. 

Thus, the results are reported in terms of grade-recovery data, both tabulated and 

graphed, for Fe metal. This data is presented over the following pages. The full 

results are available in Appendix Ⅲ.
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Test 1: Fe in Pb Cleaner Grade - Fe in Pb Cleaner Recovery 

Data  
Test 2: Fe in Pb Cleaner Grade - Fe in Pb Cleaner Recovery 

Data 
 a b c  a b c 

Cleaner Stage Grade Recovery Grade Recovery Grade Recovery  Grade Recovery Grade Recovery Grade Recovery 
4th Cleaner Concentrate 1.48 1.11 2.25 2.23 2.05 1.93  1.87 1.64 2.24 2.51 3.10 3.43 
3rd Cleaner Concentrate 1.55 1.19 2.24 2.23 2.05 1.93  2.01 1.82 2.20 2.51 3.05 3.43 
2nd Cleaner Concentrate 1.69 1.38 2.14 2.23 2.05 1.93  2.29 2.20 2.13 2.51 2.96 3.43 
1st Cleaner Concentrate 1.92 1.75 2.58 3.11 1.87 1.93  2.74 3.10 2.35 3.20 4.27 5.98 

 
  

Test 3: Fe in Pb Cleaner Grade - Fe in Pb Cleaner Recovery 
Data  

Test 4: Fe in Pb Cleaner Grade - Fe in Pb Cleaner Recovery 
Data 

 a b c  a b c 
Cleaner Stage Grade Recovery Grade Recovery Grade Recovery  Grade Recovery Grade Recovery Grade Recovery 

4th Cleaner Concentrate 4.06 1.32 8.26 3.42 8.71 4.01  1.27 0.39 0.98 0.32 4.16 1.95 
3rd Cleaner Concentrate 4.39 1.46 8.15 3.42 9.39 4.83  1.48 0.47 0.95 0.32 4.08 1.95 
2nd Cleaner Concentrate 4.92 1.71 7.48 3.42 10.16 6.75  1.64 0.55 1.21 0.45 4.20 2.16 
1st Cleaner Concentrate 6.48 2.56 8.69 4.67 9.04 7.52  2.00 0.74 1.564 0.71 4.44 2.69 

 

 
Test 5: Fe in Pb Cleaner Grade - Fe in Pb Cleaner Recovery 

Data 
 a b c 

Cleaner Stage Grade Recovery Grade Recovery Grade Recovery 
4th Cleaner Concentrate 4.71 2.34 3.46 1.58 3.03 1.35 
3rd Cleaner Concentrate 5.03 2.67 3.37 1.58 2.94 1.35 
2nd Cleaner Concentrate 5.41 3.23 3.24 1.58 3.65 1.87 
1st Cleaner Concentrate 5.68 4.10 4.06 2.35 4.61 2.93 
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 Test 1: Fe in Zn Cleaner Grade - Fe in Zn Cleaner Recovery Data  Test 2: Fe in Zn Cleaner Grade - Fe in Zn Cleaner Recovery Data 

 a b c  a b c 
Cleaner Stage Grade Recovery Grade Recovery Grade Recovery  Grade Recovery Grade Recovery Grade Recovery 
4th Cleaner Concentrate 0.81 3.49 0.70 3.08 0.60 2.58  3.82 17.56 1.68 6.55 1.69 6.37 
3rd Cleaner Concentrate 0.93 4.20 0.82 3.80 0.70 3.18  4.12 19.63 1.81 7.17 2.14 8.46 
2nd Cleaner Concentrate 1.13 5.39 0.98 4.77 0.92 4.46  4.40 21.85 2.14 8.79 2.89 12.10 
1st Cleaner Concentrate 1.42 7.27 1.43 7.85 1.30 7.02  4.59 24.32 2.93 13.17 4.54 22.33 

              
 Test 3: Fe in Zn Cleaner Grade - Fe in Zn Cleaner Recovery Data  Test 4: Fe in Zn Cleaner Grade - Fe in Zn Cleaner Recovery Data 

 a b c  a b c 
Cleaner Stage Grade Recovery Grade Recovery Grade Recovery  Grade Recovery Grade Recovery Grade Recovery 
4th Cleaner Concentrate 0.90 1.66 0.43 0.71 0.45 0.84  6.44 12.40 6.09 10.91 5.73 9.67 
3rd Cleaner Concentrate 1.30 2.47 0.49 0.82 0.72 1.36  6.95 13.79 7.01 13.00 6.40 11.14 
2nd Cleaner Concentrate 2.07 4.06 0.99 1.70 1.46 2.91  7.89 16.41 8.60 17.18 7.49 13.69 
1st Cleaner Concentrate 3.38 7.18 2.29 4.28 3.14 7.01  9.36 21.22 11.27 26.48 10.03 21.06 

              
 Test 5: Fe in Zn Cleaner Grade - Fe in Zn Cleaner Recovery Data        
 a b c        
Cleaner Stage Grade Recovery Grade Recovery Grade Recovery        
4th Cleaner Concentrate 0.65 1.46 0.65 1.63 0.46 1.04        
3rd Cleaner Concentrate 1.03 2.38 0.87 2.22 0.60 1.39        
2nd Cleaner Concentrate 1.71 4.08 1.25 3.28 1.04 2.48        
1st Cleaner Concentrate 3.12 8.13 2.19 6.09 2.07 5.36        
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The tables above comprise the full results of the series of flotation tests. The data shows good agreement among tests of the same type. This means 

that the flotation test method, open to interpretation by the operator (as discussed earlier), was consistent.  The recovery figures refer to overall 

recovery, meaning that for example the recovery of 3.49% Fe to the Zn 4th cleaner concentrate in Test 1a is 3.49% of the Fe metal in the original 

flotation test feed, and not simply 3.49% of the Fe metal in the feed to the Zn flotation half of the test. Generally speaking, there is more recovery 

of Fe metal to the Zn concentrates than to the Pb concentrates. These results will be examined in detail in Section 4.7.
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4 CHAPTER 4: SUMMARY AND 
DISCUSSION 

4.1 SUMMARY OF REFLECTIVE LIGHT MICROSCOPE 

CHARACTERISATION OF PYRITE 

Reflective light microscopy analysis of Navan pyrite allowed the morphology of 

the mineral to be seen. The first observation of note is that the pyrite crystals in the 

Navan deposit are at sub-millimetre sizes. This can be clearly seen in Figure 35, 

shown again here in Figure 114. 

 
Figure 114: High-Pyrite Navan Ore (a); High-Pyrite Navan Ore with identifiable crystal shape (b) 

 

Figure 114 shows pyrite as bright, golden-coloured sparkles, although the 

individual pyrite crystal grains are too small to see. Shown in Figure 114b is a single 

crystal of barite, with a scale bar for context. More analysis of the pyrite particles 

found in the Zn concentrate, seen in Section 3.1 in Figure 36, confirm the small 

size. Figure 39, shown again here as Figure 115, illustrates that the pyrite phases 

are on the order of one or two hundreds of microns, and that there was no large area 

of phase-pure pyrite detected. 
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Figure 115: Thin slide of Navan CGO showing pyrite phases 

As a consequence of the small sizes of pyrite crystal there is a lot of regions of 

relative pyrite impurity, with small areas of pyrite neighboured with small areas of 

other crystal phases. In particular the bottom right area of Figure 115 shows an area 

rich in crystal phase diversity. Visually, via initial reflective light microscopy 

analysis, the Navan pyrite appears small and laden with inclusions.  
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4.2 SUMMARY OF SEM CHARACTERISATION OF PYRITE 

The analysis of euhedral pyrite in Figures 45 – 47 showed the growth modes and 

fracturing of large euhedral pyrite crystals and was useful for understanding the 

theory of pyrite crystallography, and for training in SEM operation. Figure 47 in 

particular showed that pyrite can cleave in non-angular ways. 

Thin slide analysis of Navan CGO pyrite again confirmed the reflective light 

microscopy findings in terms of the size of pyrite crystallites. It is clear from Figure 

48, and even more so in Figure 49, that the size of the Navan pyrite crystal phases 

rarely exceed 500 µm. Figure 49 shows some sphalerite inclusions in the pyrite 

phases. Figure 50 and 51 offer a closer view of the pyrite phase, but it is not clear 

from the image if the darker areas are inclusions of some non-sulfide-gangue, holes 

left by the removal of a larger crystal during sample preparation, or simply uneven 

surfaces created by the sample preparation process. 

Framboidal pyrite texture can be seen clearly in Figures 53 – 62. The particular 

framboid texture with radiating needle-like crystals on the edge of framboids has 

been termed ‘sunflower’ pyrite by others (Merinero et al., 2017). This is seen clearly 

in Figure 52, and repeated again here in Figure 116. 

 
Figure 116: Sunflower pyrite texture in the Navan ore 
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The phenomena of infilling growth in framboids is discussed by Ohfuji and Rickard 

(Ohfuji and Rickard, 2005). In this way the original framboid can continue to grow 

and eventually be assimilated into regions of euhedral pyrite. In another publication, 

Rickard talks about the formation of secondary pyrite phases internal to framboids 

(Rickard, 2019). Furthermore, in his popular science book, Rickard explains how 

pyrite framboids formed by bacterial action in mud can go on to recrystalise into 

other morphologies of pyrite (Rickard, 2015). In Figure 59 and Figure 61 through 

63 there is evidence of a form of secondary growth phases within Navan framboids, 

or of some recrystalising of framboids into larger pyrite particles. A possible route 

for the morphing of a framboid into a different pyrite texture is shown as a collage 

of Figures 59, 61, 62, and 63 in Figure 117. 

 
Figure 117: Possible recrystalising of Navan pyrite framboids 

 
 
Analysis of pin stub grain mount SEM images shows, by facile analysis of the 

greyscale, that heavier elements occur more frequently in the smaller size fraction. 

Figure 65 shows the largest size fraction, with Figure 66 showing a detail of a grain 
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of ore containing galena. The following 6 Figures then show the electron images of 

the decreasing size particles. Figure 118 is a collage of these images, starting with 

(on the top left) the biggest size fraction, the detail of the galena phase identified 

therein, and continuing to show how the brighter spots on the greyscale increase 

with decreasing particle size (as the arrow goes from left to right). This makes 

intuitive sense given that size separation of particles in the slurry in the Tara Mines 

comminution circuit operates on a mass rather than a volume basis, with heavy 

particles being considered big. Thus, heavier particles tend to spend more time in 

the comminution circuit, and so get more size reduction. 

 
Figure 118: Increasing heavier elements with decreasing size fraction 

 
Identification of pyrite directly from the pin stub images is very challenging. Figure 

119 directly compared Figure 64, the electron image of the +212 µm size fraction 

pin stub, with Figure 99 of the same pin with EDX analysis. It is very challenging 

to identify the pyrite with the naked eye alone. 
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Figure 119: Comparison of EDX image to SEM image of pyrite 

 
Analysis of the commercial pyrite, mounted on resin pucks, shows that the pyrite 

phase is very pure. There are no other phases visible, and the texture is uniform and 

very euhedral. Figure 120 shows a selection of images from the SEM analysis of 

commercial pyrite: note the angular fracture lines and sharp edges. This is in stark 

contrast to the needle growths of pyrite around framboids, as discussed above, and 

far more like the fracture patterns seen in the analysis of the high street euhedral 

pyrite. 

 
Figure 120: Size-reduced commercial pyrite showing linear fracture lines 
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4.3 SUMMARY OF XRF CHARACTERISATION OF PYRITE 

The assumption that all Fe signals originate from pyrite is a shorthand method used 

by the Tara Mines Process Department to estimate the amount of pyrite in an ore or 

powder sample. It provides an acceptable level of accuracy, in engineering terms, 

in the estimation of the pyrite content. This shorthand method is possible because 

of the composition of the Navan ore, which contains very few Fe-bearing minerals 

either in major or minor concentrations (Wunderlich, 2013). This also conforms to 

general practise of reporting the payable metals (Pb, Zn) rather than their mineral 

equivalents (galena, sphalerite). Payable metals are spoken about in all Tara Mines 

Process Department communications, rather than minerals, because it is the payable 

metals concentration which determines the price of concentrate products. Table 59 

shows the calculation steps involved in determining the wt% of Fe, Zn, and Pb in 

pyrite, sphalerite, and galena respectively. 

 
Table 59: Element and mineral wt% calculations 

Element AMU   Mineral  Formula   Mineral  AMU   Mineral  
Wt% 

Element 

Fe 55.8   Pyrite FeS2   Pyrite 120   Pyrite 46.50 Fe 

Zn 65.4   Sphalerite ZnS   
Sphaleri

te 97.5   Sphalerite 67.08 Zn 

Pb 207.2   Galena PbS   Galena 239.3   Galena 86.59 Pb  

S 32.1                     
 

Table 60 shows the ratio of element to mineral, as calculated from Table 59. 
Table 60: Ratio of elemental content in minerals 

Fe : FeS2 → 1 : 2.14 
Zn : ZnS → 1 : 1.49 
Pb : PbS → 1 : 1.15 

 

Therefore, the wt% of pyrite can be calculated from any sample using the shorthand 

method simply by multiplying the Fe assay by 2.14. Thus, the pyrite content based 

on the Fe assays presented in Tables 8 – 10 can be calculated. This data is presented 

in Table 61.  
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Table 61: Calculation of pyrite content from XRF tests 

 
 

Clearly, based on this method, the estimation of the commercial pyrite is too low – 

the commercial pyrite is known to be at least 95% pure. This low reading could be 

owing to the fact that the XRF instruments at Tara Mines Laboratory do not usually 

characterise samples with >20% Fe, and so (as discussed in Section 3.3.1) the XRF 

instrument is not calibrated to such levels of Fe. The calculations of other levels of 

pyrite can be checked against the XRD semi-quantitative data. Similarly, the 

presence of Fe in sphalerite will be assessed in XRD and in LA-ICP-MS, and if Fe 

is found to be in the sphalerite mineral then this will cause the calculation of the 

wt% pyrite mineral composition to drop.  

Test Number Fe% → Pyrite
1 31.89 → 68.24
2 31.51 → 67.43
3 31.86 → 68.18

Average 31.75 → 67.95
1 2.00 → 4.28
2 1.80 → 3.85
3 1.87 → 4.00

Average 1.89 → 4.04
1 40.86 → 87.44
2 41.02 → 87.78
3 40.50 → 86.67

Average 40.79 → 87.30
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4.4 SUMMARY OF XRD CHARACTERISATION OF PYRITE 

4.4.1 Commercial Pyrite 

4.4.1.1 Single-Crystal XRD 

The single-crystal analysis of commercial pyrite provided a table of crystal 

parameters of the pyrite used in this study that could be used to generate computer-

simulated structures and models using the software packages Olex2 (discussed 

previously) and Mercury (discussed in this section). 

 

4.4.1.2 Impurities in P-XRD 

There are some unidentified peaks in the data gathered from the individual size 

fractions of the commercial pyrite. These are evident in all runs from the >424 µm 

size fraction sample to the -106 +75 µm size fraction, inclusive. These impurities 

are shown in Figure 121 below: 

 
Figure 121: Unidentified Impurity Peaks Detected in Commercial Pyrite Samples 

However, these impurities were inconsistent across different samples and were not 

identifiable by the EVA peak matching software, and therefore have been 

designated as arising from cross-contamination from unclean sample holders 
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containing small amounts of unknown crystalline powder perhaps synthesised by 

other XRD laboratory users. There were no other identifiable peaks seen: for 

example there was no trace of any peaks showing the silica mentioned in the 

Certificate of Analysis or anything else that may suggest the nature of the missing 

1.2 wt%. As such, P-XRD confirms the commercial powder to be pure to within the 

1% low detection limit. 

 

4.4.1.3 Preferred Orientation 

Pyrite is commonly cleaved on the 100, 021, 111, 110 faces (Murphy and Strongin, 

2009). However, it is clear from initial observation of the peak heights of the 

commercial pyrite that the relative peak heights change across size fractions. The 

changing of relative peak heights suggests that different planes of the pyrite crystal 

are being exposed to the X-rays, and this means that that the pyrite crystal is cleaved 

along different directions. As the pyrite particles get smaller, more and more of the 

most common crystal fault line is exposed. Determining the preferred orientation 

(most common fault line) will give information about how pyrite crystals break 

down when crushed or milled. 

Firstly, the individual size fractions were analysed in quadruplicate, in order to 

determine if the relative peaks heights were consistent, or random. This was done 

as four separate sample preparations using physically different powder samples 

from the same bulk size fraction sample. It is noticeable that an identifiable peak 

height pattern emerges as the size fraction decreases, culminating in the <45 µm 

size fraction sample as shown in Figure 122. 
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Figure 122: Consistent Peak Height Ratios in -45 µm Commercial Pyrite 

 
The relative peaks heights of the pyrite P-XRD pattern can be simulated on the 

Mercury software package. Mercury is a crystal structure visualisation, exploration, 

and analysis package, similar to Olex2 described earlier. To determine the preferred 

orientation demonstrated by the peak heights ratio shown in Figure 122, the crystal 

parameters of commercial pyrite, as determined by single-crystal XRD, are loaded 

into Mercury. Then, the powder pattern tool is used to generate a simulated P-XRD 

pattern, based on preferred orientation and the March-Dollase parameter. By 

altering the (hkl) value of the preferred orientation and the March-Dollase 

parameter in Mercury, the peak heights change in relation to one another. Educated 

guesswork is used to arrive at a simulated peak height ratio that matched the peaks 

height ratio in Figure 122. 

As shown in Figure 123, a (hkl) of (3,1,1) and a March-Dollase parameter of 0.6 

provides a very close peak-height-ratio match, compared to the experimental data 

in Figure 122. 
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Figure 123: Mercury estimation of preferred orientation in commercial pyrite 

The experimental P-XRD pattern of commercial pyrite, the red pattern from Figure 

122, is overlaid on Mercury simulated P-XRD pattern of commercial pyrite in 

Figure 124. 

 
Figure 124: Experimental P-XRD pattern of commercial pyrite overlaid on Mercury simulated P-XRD 
pattern of commercial pyrite 

This suggests that the (3,1,1) plane of pyrite may be preferentially exposed in the 

commercial pyrite sample. 

 

4.4.2 Navan Pyrite  

4.4.2.1 Pyrite in the Navan CGO 
Tara Mines Exploration Department have confirmed that they have found some 

traces of marcasite in the Tara ore, although it is not present in large quantities. The 

marcasite signal detected in the sample of typical Navan ore attests to this – indeed, 

analysis by the Bruker D2 Phaser determines that marcasite is a major mineral in 

the Navan CGO. The mineral breakdown is presented again in Table 62. 
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Table 62: Semi-quantitative mineral composition data for Navan CGO 

 
The only minerals containing Fe, as identified by P-XRD, are pyrite, marcasite, and 

sphalerite. The three experimental runs on the three samples of Navan CGO are 

listed in descending order in Table 62. For pyrite and marcasite, runs two and three 

are in close agreement, whereas for the sphalerite, quartz, and galena runs one and 

three are in close agreement. The averages of run two and three only are shown in 

Table 63.  
Table 63: Average of experimental runs 2 and 3, from Table 62 

Mineral Formula PDF Card Wt% 
Pyrite FeS2 PDF 42-1340 73.65% 
Marcasite FeS2 PDF 37-0475 7.95% 

Sphalerite, ferroan Zn0.825Fe0.175S PDF 89-4936 3.65% 
Quartz SiO2 PDF 70-3755 3.75% 
Calcite, syn CaCO3 PDF 05-0586 8.70% 

    Total 97.70% 
 

This offers a strong total of 97.70%. The averages of run one and three only are 

shown in Table 64. 
Table 64: Average of experimental runs 1 and 3, from Table 62 

Mineral Formula PDF Card Wt% 
Pyrite FeS2 PDF 42-1340 83.50% 
Marcasite FeS2 PDF 37-0475 6.20% 
Sphalerite, ferroan Zn0.825Fe0.175S PDF 89-4936 3.95% 

Quartz SiO2 PDF 70-3755 1.70% 
Calcite, syn CaCO3 PDF 05-0586 2.30% 
    Total 97.65% 

Mineral Formula Colour PDF Card Wt% Concentration
Pyrite FeS2 Red PDF 42-1340 90.10% Major
Pyrite FeS2 Red PDF 42-1340 70.40% Major
Pyrite FeS2 Red PDF 42-1340 76.90% Major
Marcasite FeS2 MediumSeaGreen PDF 37-0475 4.60% Minor
Marcasite FeS2 MediumSeaGreen PDF 37-0475 8.10% Major
Marcasite FeS2 MediumSeaGreen PDF 37-0475 7.80% Major
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 2.20% Minor
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 1.60% Minor
Sphalerite, ferroan Zn0.825Fe0.175S Blue PDF 89-4936 5.70% Major
Quartz SiO2 Lime PDF 70-3755 2.00% Minor
Quartz SiO2 Lime PDF 70-3755 6.10% Major
Quartz SiO2 Lime PDF 70-3755 1.40% Minor
Calcite, syn CaCO3 DarkOrange PDF 05-0586 1.00% Minor
Calcite, syn CaCO3 DarkOrange PDF 05-0586 13.80% Major
Calcite, syn CaCO3 DarkOrange PDF 05-0586 3.60% Minor
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This offers a similar total of 97.65%. However, the pyrite content is 10% less in the 

average of runs one and three, comparted to the average of runs two and three. An 

average of the initially most disparate runs, runs one and two, is shown in Table 65. 
Table 65: Average of experimental runs 1 and 2, from Table 62 

Mineral Formula PDF Card Wt% 
Pyrite FeS2 PDF 42-1340 80.25% 
Marcasite FeS2 PDF 37-0475 6.35% 
Sphalerite, ferroan Zn0.825Fe0.175S PDF 89-4936 1.90% 
Quartz SiO2 PDF 70-3755 4.05% 
Calcite, syn CaCO3 PDF 05-0586 7.40% 
    Total 99.95% 

 

This shows a good total of 99.95%, and also agrees very well with the average of 

runs one and three, as displayed in Table 64. The pyrite and marcasite content of 

Table 64 and Table 65 agree very well, and as these are the two major minerals 

detected these are likely to be the most accurately measured minerals. An average 

of these tables in shown in Table 66. 
Table 66: Average values from Table 64 and Table 65 

Mineral Formula PDF Card Wt% 
Pyrite FeS2 PDF 42-1340 81.88% 
Marcasite FeS2 PDF 37-0475 6.28% 
Sphalerite, ferroan Zn0.825Fe0.175S PDF 89-4936 2.93% 
Quartz SiO2 PDF 70-3755 2.88% 
Calcite, syn  CaCO3 PDF 05-0586 4.85% 
    Total 98.80% 

 

This is the most accurate representation of the relative concentration of detectable 

minerals in the Navan CGO, as determined by P-XRD. The Bruker D2 Phaser has 

a low detection limit of ~1%, which explains the apparent lack of signal for barite 

and galena – even though barite and galena is observed in SEM-EDX images of 

thin sections of Navan CGO. Also, the lack of dolomite in the Navan CGO P-XRD 

pattern is interesting, given its strong presence in the normal ore. 

Furthermore, the sphalerite PDF card that best fitted this Navan CGO P-XRD 

pattern has a component of Fe in its structure. This confirms previous reports that 

Navan sphalerite contains Fe (Wunderlich, 2013). 
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This analysis can be compared with the XRF assay of this sample, conducted in 

Section 3.3.1 and shown again here in Table 67. It shows a strong Fe signal of 

31.75%, which if multiplied by 2.14 as per Section 4.3 gives ~68% - still a long 

way short of the combined pyrite and marcasite contribution of 87%. 
Table 67: XRF analysis of Navan CGO, repeated from Table 8 

Navan CGO 

Test Number Zn% Pb% Fe% 

1 0.09 0.15 31.89 
2 0.10 0.15 31.51 
3 0.09 0.14 31.86 

Average 0.09 0.15 31.75 
 

 
4.4.2.2 Navan Pyrite in Flotation Test 1 

The P-XRD-calculated mineral breakdown of the Flotation Test 1 feed, which is 

very similar to the Tara Mines concentrator feed, is shown again in Table 68.  
Table 68: Semi-quantitative mineral composition data for Flotation Feed 1 (Navan low-pyrite ore) 

 
 

By exactly the same method as used in the previous section, the average value of 

the mineral composition of this ore sample was determined to be as shown in Table 

69. 
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Table 69: Average values from Table 68 

Mineral Formula PDF Card Wt% 
Dolomite CaMg(CO3)2 PDF 36-0426 59.85% 
Calcite CaCO3 PDF 47-1743 13.15% 
Quartz SiO2 PDF 79-1910 12.08% 
Galena PbS PDF 01-0880 8.93% 
Sphalerite, ferroan Zn0.825Fe0.175S PDF 89-4936 5.30% 
Pyrite FeS2 PDF 42-1340 0.75% 

  Total 99.30% 
 

Table 69 shows a strong total of 99.30%. However, notably the galena signal is 

stronger than the sphalerite signal. This same sample has been assayed by XRF, and 

found to have ~x6 times the Zn content as Pb content. Table 70 is a repeat of Table 

9 shown previously. 
Table 70: XRF assay of Test 1 flotation feed 

Flotation Test 1 Feed 

Test Number Zn% Pb% Fe% 

1 6.40 1.17 2.00 
2 6.25 1.11 1.80 
3 6.27 1.12 1.87 

Average 6.31 1.13 1.89 
 

Thus, the accuracy of the XRD and XRF techniques differ somewhat. This is what 

is meant by semi-quantitative compositional wt% analysis via XRD compared to 

fully-quantitative analysis via XRF. The XRD limit of detection is ~1 wt%, but the 

error in the estimation of mineral composition wt% is far greater. 
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4.5 SUMMARY OF SEM-EDX CHARACTERISATION OF PYRITE 

SEM-EDX analysis provides elemental information about the subject of interest. 

Fully-quantitative EDX data, obtained using the sulfide mineral standards as 

described in Section 3.5.2, is accurate to ~1 wt%.  

 

4.5.1 Commercial Pyrite 

Analysis of the elemental wt% of Si, S, and Fe for the commercial pyrite was 

described in Section 3.5.2.1. Table 20 gave this values for six spots across the >425 

and -75 +53 µm size fractions of commercial pyrite. The average of these six values 

is shown in Table 71. 

 
Table 71: Average EDX values for commercial pyrite 

Commercial Pyrite %Si %S %Fe Total 
Average of six random sites 0.07 50.98 44.26 95.31 

 
Using the multiplier of 2.14 as developed in Section 4.3, this gives a pyrite content 

of ~95%. This is in good agreement with the certificate of analysis figure of 

97.40%, as provided by Strem Chemicals, and gives confidence in the EDX 

analysis. It is also easy to calculate the S/Fe ratio. By dividing the wt% Fe and S by 

their AMUs respectively, and then dividing the S value by the Fe value, the ratio of 

atomic weights, and by extension atoms, can be calculated. This calculation is not 

possible using XRF results only, as in these tests the XRF does not analyse for S. 

Here, the S/Fe ratio is calculated to be 2.00. 

Thus, EDX analysis of commercial pyrite confirms its purity levels and ideal 

stoichiometry. 

 

4.5.2 Navan Pyrite 

4.5.2.1 Navan CGO Thin Slide 
Analysis of this slides of Navan CGO pyrite, as conducted in Section 3.5.2.2.1 and 

reported in Table 24 given the elemental breakdown of galena, sphalerite, euhedral 

/ subhedral pyrite, and barite. The average values of the elemental composition 

reported in Table 24 is reported here in Table 72. Note that in this case framboidal 

pyrite is not analysed, and effort was made to pick the most subhedral-looking 

grains. 
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Table 72: Average values from Table 24 

Mineral  %S %Fe %Zn %Ba %Pb Total 
Galena  13.86 0.53 0.18 0.00 73.04 87.62 

Sphalerite 33.20 0.48 66.62 0.00 0.00 100.29 

Subhedral Pyrite  52.49 43.90 0.22 0.00 0.00 96.60 

Barite 10.37 0.69 0.00 60.70 21.34 93.10 
 

Again, using the 2.14 multiplier, the pyrite is calculated to be ~94% pure. The S/Fe 

ratio is calculated to be 2.08, which is very close to being perfectly stoichiometric, 

given the ±1% accuracy of the EDX analysis. Note also the Fe signal from the 

sphalerite analysis: this is below the 1% level and so is not a reliable measure, but 

there is a quantity of Fe in the sphalerite. Equally, there is Fe readings from the 

galena and barite, including a strong Pb signal from the barite. However, the barite 

and galena were not investigated further.  

The analysis of EDX data from framboidal pyrite is conducted in a similar manner. 

The framboids analysed in Figure 96 and Figure 97 are shown again in Figure 125. 

 
Figure 125: Pyrite framboids as shown in Figure 96 (1) and Figure 97 (2) 

Table 73: Average values of EDX assay of S and Fe, from Table 25 and Table 26 

Pyrite Framboid Site %S %Fe Total S/Fe 
Ratio  

Framboidal 1 Pyrite Site 1 (Edge) 54.10 43.21 97.31 2.18 
Framboidal 1 Pyrite Site 2 (Edge) 53.29 42.84 96.13 2.16 
Framboidal 1 Pyrite Site 3 (Middle) 50.80 41.66 92.46 2.12 
Framboidal 2 Pyrite Site 1 (Middle) 53.91 44.33 98.24 2.11 
Framboidal 2 Pyrite Site 2 (Edge) 54.22 44.83 99.05 2.10 
Framboidal 2 Pyrite Site 3 (Edge) 53.90 44.24 98.14 2.12 
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The average of the EDX assay for S and Fe is provided in Table 73, along with the 

S/Fe ratio. A small note: the worst total given in Table 73 is 92.46%, and is provided 

from Site 3 in Figure 125a. This particular site appears to be slightly deeper than its 

neighbouring sites, and does not seem to have as flat a surface. These effects would 

have been more obvious on a SE image, which shows topography more clearly. 

However, it seems that the pyrite particle with the least flat surface gives the least 

accurate EDX signal. This shows the importance of a flat sample surface for 

quantitative EDX analysis. 

The EDX analysis of what was identified as a previous framboid site, shown 

previously in Figure 98 and again here in Figure 126, can be used to calculate its 

S/Fe ratio. 

 
Figure 126: Previous framboid site for S/Fe ratio analysis 

The averages of the EDX analysis for S and Fe, as presented in Table 74, show very 

good results – a total of 99.90% and an S/Fe ratio of 2.00. 
Table 74: Average of EDX data for previous framboid site in Figure 126 

Location  %S %Fe Total S/Fe Ratio  
Average of four spot analysis 53.43 46.47 99.90 2.00 
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4.5.2.2 Pin Stub Grain Mounts of Navan Ore 

SEM-EDX analysis of pin stub grain mounts of typical Navan ore was conducted 

in order to make a brief, qualitative liberation study of the pyrite in the Tara Mines 

concentrator flotation feed. A summary of the findings is presented in Figure 127. 

This shows, circled in white, examples of what appear to be liberated pyrite 

particles. Liberated pyrite particles are easy to spot in the +212 µm size fraction, 

however as the particles get smaller the issue of resolution becomes more pressing. 

The resolution of the -20 µm size fraction, as shown in the pixelated image in Figure 

127, is so poor that nothing can be distinguished. No particles could be 

distinguished in the -45 +20 µm size fraction either. 

 

 
Figure 127: Summary of liberation analysis of pyrite in the Tara Mines concentrator feed 

However, the trend is clear: pyrite is more liberated in the smaller size fractions.  

The XRF by size and the SEM-EDX on the pin mounts by size indicate there is 

preferential deportment of the sulphides to the finer size fractions, this is typically 

the result of non-random breakage, the pyrite and other sulphides will also become 

more liberated at finer size fractions as the particle size and mineral grain size 

converge. If the breakage was random then the grade would not change with size 

but the liberation would as the particle size and the mineral grain size converged.  

Nothing more can be said – to investigate instances of pyrite locked with other 

minerals would require a full QEMSCAN analysis, which is outside the scope of 

this study. The issue of resolution is simply one of instrument time: more time 

would allow for clearer images at the smaller scale. 
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An EDX assay of the ore particles was also conducted, and presented in Table 28. 

However, the wt% totals are very poor, ranging from ~60% to ~80%, and the 

highest wt% Zn is 4.7. This data can be compared directly to the XRF analysis of 

the same material as presented in Table 11, where the highest wt% Zn is 15%. This 

confirms the analysis of the framboid EDX results earlier, that fully-quantitative 

EDX data from undulating surfaces is poor and unreliable. 
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4.6 SUMMARY OF LA-ICP-MS CHARACTERISATION OF PYRITE 

4.6.1 Summary of LA-ICP-MS Analysis of Commercial Pyrite 

The analysis of commercial pyrite by LA-ICP-MS shows very low traces of Co, 

Cu, As, and Se. The highest impurity recorded is As, at 485 ppm, which translates 

to <0.05 wt%. This analysis confirms the phase-purity of the commercial pyrite. 

 
4.6.2 Summary of LA-ICP-MS Analysis of Navan Sphalerite 

The analysis of Navan sphalerite by LA-ICP-MS shows Fe content varying from 

~3,000 to ~10,000 ppm. This equates to 0.3% - 1.0% Fe by weight. However, it 

also shows Pb varying from ~1,500 to ~8,000 ppm, equating to 0.15% to 0.8% Pb 

by weight. Pb atoms cannot site-substitute into the sphalerite crystal structure, 

owing to their large atomic radius (202 pm atomic radius for Pb compared to 139 

pm for Zn). Furthermore, EDX analysis of the sphalerite phases, as conducted in 

Section 3.5.2.2.1, did not detect any Pb. This suggests that some ‘impurities’ 

detected by the LA-ICP-MS may in reality be signals from inclusions in the 

sphalerite, rather than elements within the crystal structure of sphalerite. It is 

possible that there are galena phase inclusions in the sphalerite sites selected – this 

theory is supported by the consistent presence of Ag, especially in sites from the Pb 

rougher tails section, with some values as high as 149 ppm Ag. Typically, Tara 

Mines expect ~50 g/t of silver associated with the galena (1 g/t = 1 ppm), which 

would suggest that the presence of both Pb and Ag indicates galena inclusions. 

There is also a relatively consistent ~0.1 wt% Cd, 0.05 wt% In signal. Generally, 

the impurities give higher readings for the Pb Rougher Tails sample than for the Zn 

Final Concentrate sample. This is expected, given that the Zn Final Concentrate 

sample would be expected to have a higher concentration of cleaner sphalerite 

particles. 

Thus, although it is clear from P-XRD and from LA-ICP-MS analysis that there is 

Fe present in the sphalerite phase, getting an exact determination needs more 

detailed work. However, the trace element analysis conducted here does hold true 

for bulk sphalerite particles which include inclusions. 
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4.6.3 Summary of LA-ICP-MS Analysis of Navan Pyrite 

As is the case with the analysis of sphalerite, it is difficult to discern the trace 

elements present in the Navan pyrite compared to the trace elements present in any 

inclusions of other minerals accidentally analysed by the laser beam. The three 

highest-reading trace elements detected are presented in Table 75 showing the 

spread of the data in wt%. 

 
Table 75: Summary of largest trace elements in Navan Pyrite 

Wt% Zn As Pb 
Lowest Highest Lowest Highest Lowest Highest 

Pb Flash Feed 0.9 1.8 1.6 2.1 0.6 2.3 
Pb Flash Concentrate 1.5 7.0 2.4 3.7 3.8 41.1 
Flotation Feed 2.9 11.7 3.2 3.4 1.2 2.5 

Pb 1st Cleaner Feed  0.6 4.0 1.5 2.3 3.6 30.4 
Pb Final Concentrate 0.1 13.7 1.4 2.9 2.3 29.8 

Pb Rougher Tails 1.5 33.4 1.4 2.7 0.6 1.1 
 

Again, the large Pb and Zn signals indicate that inclusion of galena and sphalerite 

have been analysed, as well as the pyrite itself. However, it can be said that the 

pyrite bulk phase is relatively impure, compared to the same analysis conducted on 

the commercial pyrite. 
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4.7 SUMMARY OF FLOTATION TEST COMPARISON OF NAVAN 

AND COMMERCIAL PYRITE 

Flotation is a surface-chemistry phenomena, as described in Section 2.4. Thus, 

surface chemistry governs the floatability and depression of minerals of interest. 

Desired minerals are encouraged to float by making them hydrophobic and so 

attracted to air bubbles, whereas undesired minerals are discouraged from floating 

by making them hydrophilic. In this case efforts have been made to prevent pyrite 

from floating. However, pyrite still floats. 

Misplacement of minerals to the wrong product in flotation circuits occurs for three 

reasons (Sui et al., 1997): 

1. Inadequate liberation of the desirable or undesirable minerals; 

2. Mechanical entrainment of the undesirable minerals in the rising bubbles; 

and 

3. True flotation of the undesirable minerals due to inherent properties or 

surface contamination. 

Pyrite floats as a consequence of all of these reasons, to a greater or lesser extent, 

however in particular for this case the focus will be on pyrite liberation and the 

surface contamination of the pyrite mineral, as these are the parameters that are 

varied in this study. 

The Navan pyrite is in, as shown by SEM and LA-ICP-MS analysis, a relatively 

Pb-rich environment. Pb2+ ions, as mentioned before, readily attach to xanthate 

collectors. Oxidation of galena is assumed to take place, at different rates, in the ore 

before mining and in the stockpiles and during the processing of the ore after 

mining. Furthermore, oxidation of galena is enhanced by galvanic interaction with 

pyrite, due to the large difference in their rest potentials (GREET, 2005). This 

results in the release of Pb2+ ions. The contamination of pyrite surfaces with the 

products of this metal ion transfer may affect the mineral floatability. This can 

happen through activation of pyrite by deposition of metal ions (Pb2+) inducing 

interaction with the collector and increasing floatability (Basilio et al., 1996). 

As mentioned above, this study has some control over pyrite liberation and pyrite 

surface contamination: 

• Liberation: the Navan pyrite particles naturally arrive at a given degree of 

liberation after milling, prior to flotation. This parameter was attempted to 
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be measured in background Navan pyrite in Section 3.5.2.2.2, however no 

reliable measurement could be made. Furthermore, SEM analysis of the 

Navan CGO clearly shows very small pyrite phases, so it is reasonable to 

expect poor liberation in this sample. Nonetheless, the partially-liberated 

Navan pyrite in Test 1 and Test 3 can still be compared to the fully liberated 

commercial pyrite in Test 2 and Test 4. 

• Surface contamination: as discussed, oxidising galena will contaminate the 

surfaces of pyrite with Pb2+ ions. Thus, the 12-month aged Navan CGO 

sample used in Test 5 should have far more surface contamination than the 

relatively fresh Navan CGO used in Test 3. Furthermore, the commercial 

pyrite has virtually no pre-existing surface contamination. The surface 

contamination claims made here is backed indirectly through the LA-ICP-

MS data, showing high levels of Pb associated with the Navan pyrite 

generally, and no Pb detected in the commercial pyrite. 

A summary of the 15 flotation tests is provided in Table 76, showing the recovery 

and grade of Fe metal to the Pb and Zn 4th cleaner concentrate products, 

respectively. The 4th cleaner concentrate product is equivalent to the final 

concentrate powder in the full-scale plant. 
Table 76: Flotation test summary table, for Fe metal 

Test 
Feed Assay (Wt%) Fe in Pb Concentrate Fe in Zn Concentrate Pyrite Type 

Target 
Wt% Fe %Zn %Pb %Fe Grade Recovery Grade Recovery 

Test 1a 6.23 1.43 2.06 1.48 1.11 0.81 3.49 Navan 
Background 

Pyrite – 
2.0% 

Test 1b 6.32 1.35 1.94 2.25 2.23 0.70 3.08 

Test 1c 6.16 1.38 1.90 2.05 1.93 0.60 2.58 

Test 2a 5.90 1.39 1.95 1.87 1.64 3.82 17.56 Commercial 

Test 2b 5.88 1.29 1.87 2.24 2.51 1.68 6.55 Pyrite 

Test 2c 5.66 1.27 1.96 3.10 3.43 1.69 6.37 2.0% 

Test 3a 5.47 1.13 4.31 4.06 1.32 0.90 1.66 Navan 

Test 3b 5.64 1.18 4.61 8.26 3.42 0.43 0.71 CGO – 
Fresh 

Test 3c 5.41 1.21 4.20 8.71 4.01 0.45 0.84 Pyrite – 
4.5% 

Test 4a 5.22 1.12 4.51 1.27 0.39 6.44 12.4 Commercial 

Test 4b 5.30 1.20 4.72 0.98 0.32 6.09 10.91 Pyrite 

Test 4c 5.26 1.04 4.68 4.16 1.95 5.73 9.67 4.5% 

Test 5a 5.65 1.13 3.59 4.71 2.34 0.65 1.46 Navan 

Test 5b 6.92 1.11 3.45 3.46 1.58 0.65 1.63 CGO – Aged 

Test 5c 5.62 1.11 3.46 3.03 1.35 0.46 1.04 Pyrite – 
3.5% 
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Firstly, Test 2a recovery of Fe metal to Zn final concentrate appears to be an outlier. 

Also, the Fe metal recovery to the Pb final concentrate in Test 3a seems low, 

compared to Test 3b and Test 3c, with higher recovery of Fe metal to the Zn final 

concentrate. Test 4c has a relatively high recovery of Fe metal to the Pb final 

concentrate. All other results show good agreement. However, to statistically 

examine the difference in wt% Fe grade and recovery in both the Pb and Zn 

concentrate all three results are required in each case. Therefore, all results are 

accepted for an ANOVA analysis of Fe grade and recovery in both the Pb and Zn 

concentrate. Statistical analysis of the results were conducted on SAS, and pairwise 

comparisons of means were conducted (via the LSMEANS procedure) to determine 

if the two sample means compared are drawn from the same population.  

The results are summarised below. In each case, ‘significant difference’ refers to a 

P value of <0.05, implying a confidence level of at least 95%: 

• Test 1 v Test 2: this compares the effect of surface contamination, to a small 

extent, and liberation, to a greater extent. There is no significant difference 

wt% Fe recovery and grade to the Pb concentrate, however there is a 

significant difference in the wt% Fe recovery and grade to the Zn 

concentrate, with commercial pyrite appearing to float twice as much, 

compared to the Navan pyrite.  

• Test 3 v Test 4: this compares the effect of surface contamination, to a 

moderate extent, and liberation, to a greater extent. There is a significant 

difference in wt% Fe recovery and grade to the Pb concentrate, with the 

commercial pyrite is depressed very well in the Pb circuit, compared to the 

Navan CGO pyrite. There is also a significant difference in the wt% Fe 

recovery and grade to the Zn concentrate, where liberated, clean commercial 

pyrite appears to float far more than the unliberated, more surface-

contaminated Navan CGO pyrite.  

• Test 4 v Test 5: this compares the effect of surface contamination, to a 

greater extent, and liberation, also to a greater extent. There is no significant 

difference between the grade and recovery of wt% Fe to the Pb concentrate. 

However, there is a significant difference in the grade and recovery of wt% 

Fe to the Zn concentrate. 
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• Test 3 v Test 5: this compares the effect of surface contamination only. 

There is a significant difference between the grade of wt% Fe to the Pb 

concentrate, although there is no significant difference in recovery. Also, 

there is no significant difference in the grade or recovery of wt% Fe to the 

Zn concentrate. 

• Test 2 v Test 4: this is an interesting comparison. For an almost twofold 

increase in commercial pyrite feed in Test 4 compared to Test 2, there is no 

significant difference in the wt% Fe grade and recovery to the Pb 

concentrate. There is also no significant difference in the recovery of wt% 

Fe to the Zn concentrate, however there is a significant difference in the 

grade of Fe in the Zn concentrate, with the Zn concentrate in Test 4 

appearing to be richer in Fe compared to that of Test 2. 

Some trends are clear: 

• The commercial pyrite floats to a greater extent than the Navan pyrite, in 

almost every case, particularly in the Zn circuit. 

• There is no obvious difference, in terms of pyrite flotation, between the 

fresh and aged Navan CGO pyrite. 

• The higher the feed of commercial pyrite, the more it floats in the Zn circuit. 

Clearly, commercial pyrite and Navan pyrite behave very differently in the Tara 

Mines Standard SQ6 Flotation Test. In terms of the commercial pyrite floating 

better in the Zn circuit, the xanthate used in Zn collection is stronger than the 

xanthate used in galena collection, so this would explain why more pyrite could 

float. However, this would not explain why the commercial pyrite is twice as likely 

to float, compared to the Navan pyrite. The addition of CuSO4 and the subsequent 

release of Cu2+ ions could interfere with the clean surface of the commercial pyrite, 

inducing it to float. 

The commercial pyrite has a greater clean surface area and perhaps the dosage of 

cyanide Fe depressant needs to be increased, to reflect this. 

Another explanation could be that an unknown portion of the 2.0% background Fe 

level in the Navan ore could be coming from sphalerite or another non-pyrite Fe 

source, and that although there is the same level of Fe in both Test 1 and Test 2 

there is more pyrite in Test 2. However, apart from pyrite, marcasite and sphalerite 

there is no other known major carrier of Fe metal. S/Fe ratio analysis of Navan CGO 
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does not show any evidence of sulfur-deficient FeS phases, which may react 

differently. 

These results need further investigation, for a complete explanation. However, the 

behaviour of commercial and Navan pyrite has been shown to be very different. 
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5 CHAPTER 5: FINAL REMARKS, 
CONCLUSIONS, AND FUTURE 
WORK 

5.1 OVERVIEW OF RESULTS 

5.1.1 Commercial Pyrite 

The commercial pyrite was found to be very pure. The certificate of analysis 

provided by Strem Chemicals claimed a purity of 97.40 wt% pyrite, with 1.4 %Si 

and an unidentified 1.2% by weight. Imaging of the commercial pyrite under the 

SEM showed that the powder particles cleaved in an angular nature, strongly 

suggesting that the form was originally relatively large particles of euhedral pyrite. 

There were no inclusions identified via SEM analysis. 

XRF analysis of commercial pyrite at Tara Mines Laboratory yielded a calculated 

purity of 95%, which agrees strongly with the original certificate of analysis. 

Single-crystal XRD was used to generate a table of crystal parameters for the 

commercial pyrite, which was then used in Olex2 and Mercury to generate 

simulated pyrite crystal lattices and P-XRD patterns. Powder-XRD analysis of the 

commercial pyrite showed phase purity, with no unidentified peaks. A clear trend 

is evident in relative peak heights as the commercial pyrite particle size decreases: 

analysis of these relative peak heights suggests that there is some preferred 

orientation along the (3,1,1) crystal plane. 

SEM-EDX analysis of commercial pyrite gave an S/Fe ratio of 2.00. This agrees 

with all previous analysis. 

LA-ICP-MS analysis of commercial pyrite once again demonstrated the purity of 

the mineral, with the largest impurity detected at <0.05 wt% As. 

Floatability testwork on the commercial pyrite offered some interesting points. The 

pyrite floated very well in Zn flotation, although its performance in Pb flotation was 

comparable to that of the Navan pyrite. The flotation results suggest that the 

flotation test is ill-equipped to deal with very pure, clean, perfectly liberated 

particles, and that increased depression of commercial pyrite is required in order to 

get similar results to Navan pyrite. The floating of the commercial pyrite in the Zn 

circuit may be affected by the addition of copper ions to the flotation test at that 

stage. 
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In summary, the commercial pyrite was found to be very pure, and to float very 

well in the Zn flotation circuit. 

 

5.1.2 Navan Pyrite 

The Navan pyrite, in comparison to the commercial pyrite, was found to be 

relatively impure. Reflective light microscopy showed that all Navan pyrite is on 

the micron, rather than the millimetre, scale. This proved to give many problems in 

characterising the Navan pyrite. Also, reflective light microscopy showed that the 

Navan pyrite was subhedral, with few linear fault lines and lots of intergrowth of 

other mineral phases. 

SEM analysis confirmed the relative impurity of the pyrite phases, with inclusion 

of galena, sphalerite, barite and other non-sulfide gangue minerals identified. SEM 

also identified framboidal pyrite growth textures, including ‘sunflower’ 

morphologies with framboid- like centres and radiating crystal fingers. A site of a 

recrystallised framboid was also identified.  

XRF analysis of Navan ore showed that the Navan CGO sample contained ~68% 

pyrite, and that the general background level of pyrite in the wider orebody was 

~4%. This was as pure as the CGO pyrite sample and the general background pyrite 

samples ever became, for this study. 

No Navan pyrite crystal was big enough for single-crystal XRD analysis. Navan 

pyrite, both background and CGO, was analysed via P-XRD. Semi-quantitative 

analysis of the mineral phases by P-XRD showed a presence of marcasite, as well 

as sphalerite, as the other Fe-bearing minerals. Detailed analysis of the semi-

quantitative data demonstrated how much the XRF and P-XRD estimations differ. 

SEM-EDX analysis of Navan CGO pyrite found a very consistent S/Fe ratio of 

~2.12. The recrystallised pyrite framboid had an S/Fe ratio of 2.00, and there was 

found to be no varying of S/Fe ratio among crystals in a framboid. This indicated 

that the pyrite appeared to be close to pure, at least to the limit of detection for the 

EDX. An attempt to perform a qualitative pyrite liberation study on the pyrite 

particles in the feed to the Tara Mines concentrator failed to provide detailed results, 

as the resolution of the EDX analysis was too poor. However, the trend of increasing 

liberation with decreasing particle size was established. The XRF analysis of Navan 

ore by size fractions, combined with the SEM-EDX pin stub grain mount analysis 
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of the Navan ore by size, indicate that there is preferential deportment of the 

sulphides (PbS, ZnS, FeS2) to the finer size fractions. This suggests that the 

breakage of the ore is non-random, and instead happens along crystal grain 

boundaries. Thus, the pyrite (and other sulfides) become more liberated at finer size 

fractions as particle size and mineral grain size converge. EDX analysis of the pin 

stub grain mounts demonstrated how poor the elemental estimation is when 

analysing imperfect (non-flat) surfaces.  

LA-ICP-MS analysis of pyrite once again faced issues with the small particle size: 

it was challenging to locate sufficient pyrite particles large enough, and deep 

enough, to get inclusion-free data. The LA-ICP-MS data suggests that the pyrite at 

Navan is laden with inclusions. This is because of the consistent high levels of Pb 

and Zn detected, which have been demonstrated not to occur in the pyrite lattice. 

Also, levels of silver detected support the theory that galena has been ablated. 

Flotation analysis of Navan pyrite showed typical performance.  

 
5.2 DISCUSSION 

The aim of this study was to compare Navan pyrite to a commercially available 

pyrite from natural origins, in order to investigate the commercial potential of a 

relatively pure stream of Navan pyrite. If the Navan pyrite was found to be similar, 

under the parameters tested here, to the commercial pyrite, then the commercial 

potential of Navan pyrite may be realised. However, there was no relatively pure 

stream of Navan pyrite available to analyse, so inferences had to be made from the 

pyrite samples that could be gathered. 

Firstly, it is difficult to quantify exactly how much Navan pyrite is in a given 

sample. This is because sphalerite and marcasite have been identified as other 

present Fe-bearing minerals, so the Fe signal from XRF alone, however accurate, 

will not be enough to give an accurate wt% pyrite. SEM, and later SEM-EDX 

analysis failed to identify any marcasite, either in the thin slides or in the pin stub 

grain mounts. LA-ICP-MS analysis of sphalerite failed to determine the exact 

quantity of Fe present in the mineral, as the laser beam kept hitting galena and other 

unknown inclusions, possibly including pyrite or marcasite. Therefore the exact 

quantity of Navan pyrite in any given sample at any stage in this analysis was 

unknown.  
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Microscopy analysis has shown that Navan pyrite is subhedral and framboidal, 

including radiating pyrite crystal fingers. These non-uniform crystal phases can be 

compared to the seemingly euhedral commercial pyrite. 

P-XRD offered semi-quantitative analysis of the pyrite content, but this estimation 

had an associated error and, as discussed above, failed to fully quantify the wt% of 

any mineral. 

LA-ICP-MS work was frustrating, as many pyrite samples selected were either 

slightly too small for the laser beam, or too shallow, or not flat. This work would 

have given more reliable data about the pyrite itself if the analysis had been 

conducted on a thin section. 

The flotation results proved interesting. The analysis of the literature highlighted 

the importance of the activation of pyrite surfaces by Pb2+ and Cu2+ ions, however 

in practice there would seem to be a small effect from Pb2+, although the 

commercial pyrite floated readily in the Zn circuit. This may suggest that Cu2+ play 

a strong role. Alternatively, the Fe depressant dosage could have been too low. 

Furthermore, the exact quantities of pyrite present in the ore blend were, as pointed 

out above, ultimately unknown – possibly there was more pyrite in the commercial 

pyrite blends than the natural pyrite blends.  

Uses of pyrite outlined in Section 1.4.1 can now be returned to, based on these 

results. 

The use of Navan pyrite in agriculture seems unlikely, given the strong Pb signals 

from the LA-ICP-MS analysis. Pb is a heavy meatal that should not enter the food 

chain. 

The use of Navan pyrite for the production of sulfuric acid is still a possibility, 

depending on the phase purity of pyrite required by potential customers. 

Navan pyrite for use in the remediation of wastewater seems unlikely, given the 

traces of Pb, As, Sb, and Hg detected in the bulk crystal phase. However, depending 

on the process it may still be viable. 

Navan pyrite cannot be used as an electrode sensor, as described in Section 1.4.1.5: 

the crystals are far too small. Nor can Navan pyrite be used in batteries or PV cells, 

as this analysis would suggest that it is not pure enough.  
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5.3 CONCLUSION 

This study demonstrated that Navan pyrite and commercial pyrite supplied by 

Strem Chemicals exhibited different characteristics 

Morphologically, the Navan and commercial pyrite are very different. Commercial 

pyrite appears to be euhedral and has particles of sizes upwards of 425 µm, whereas 

the Navan pyrite has been shown to have subhedral and framboidal texture with 

crystal phases on the < 212 µm level.  

Chemically, the commercial pyrite was shown to be very pure. The Navan pyrite 

however was shown to have bulk impurities and other contaminating elements in 

the pyrite phase. 

In terms of crystallography, the commercial pyrite was shown to be pure. The 

Navan pyrite sample however showed evidence of marcasite, although this was 

never identified visually. Thus, even with a relatively pure XRF or EDX signal, the 

presence of marcasite, however small, cannot be discounted. 

Commercial pyrite floats far more readily than Navan pyrite in the flotation tests 

conducted here. 

Based on this work, the commercial potential of Navan pyrite depends on further 

characterisation and performance testing. 

 

5.4 FURTHER WORK 

The quantification of Fe in the sphalerite phases would help greatly in determining 

the amount of pyrite in a given sample. LA-ICP-MS analysis of sphalerite would 

provide such information, and should in future be carried out on a flat thin section. 

Equally, this would provide much more accurate information about the impurities 

the pyrite crystal. 

The flotation testwork should be investigated further, to determine more clearly the 

reason for the ease of flotation of the commercial pyrite. Particularly, the  Tara 

Mines Standard SQ6 Laboratory Flotation Test Procedure could be improved by 

including a water balance, which would address the issue of true flotation of mineral 

species versus entrainment. Currently, the flotation test operator has leeway to pull 

or not pull as much froth as is deemed suitable, with some practise required to get 

repeatable results. A water balance would provide data for this point. Furthermore, 

the issue of pH could be revisited. Tara Mines have retired their plant pH control 
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system many years ago, for commercial reasons, and the pH of the flotation test 

slurry has lost some significance. Indeed, a 2013 study of the Tara plant flotation 

circuit galena recovery did not address pH (Barker, 2013). Fe-bearing grinding 

media have a strong influence on the pH of flotation slurry, bringing the pH down 

to acidic values (Peng et al., 2003). However, although the flotation test procedure 

used here contains steel grinding media, steel grinding mills, and steel flotation 

tanks, the Tara plant primary autogenous grinding mill is rubber lined; likewise the 

flotation tanks. Furthermore, the plant flotation slurry pH is stable, and alkaline. 

Thus, in the case of Tara Mines, the relationship between flotation test slurry pH 

and plant flotation slurry pH is not obvious. The Tara Mines Standard SQ6 

Laboratory Flotation Test Procedure as conducted here was in the same vein as 

previous tests, however the test procedure would benefit from the addition of a 

water balance, a deeper understanding of pH, and the systematic inclusion of 

statistical hypothesis testing. Time of Flight – Secondary Ion Microscopy (TOF-

SIMS) is a recognised technique for the analysis of surface contaminates, is 

employed in conjunction with flotation tests, and could be used to further 

understand pyrite flotation (Peng et al., 2003, Barker, 2013).  

Samples of Navan pyrite, separated by the magnetic machine being developed by 

Ceinnmat, should be subjected to further characterisation tests and performance 

tests. This would allow for better understanding of the commercial potential of the 

Navan pyrite. QEMSCAN analysis should be performed on this sample of Navan 

pyrite, in order to provide full pyrite mineral liberation and locking data. 
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7 APPENDICES 
7.1 APPENDIX Ⅰ: POWDER XRD – FULL GRAPHICAL 

COMMERCIAL PYRITE POWDER RESULTS 

 

 
Figure 128: P-XRD analysis of +425 µm size fraction of commercial pyrite, with peaks indexed to PDF 42-
1340 

 

 
Figure 129: P-XRD analysis of -425 +300 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 
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Figure 130: P-XRD analysis of -300 +212 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 

 

 
Figure 131: P-XRD analysis of -212 +150 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 
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Figure 132: P-XRD analysis of -150 +106 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 

 

 
Figure 133: P-XRD analysis of -106 +75 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 
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Figure 134: P-XRD analysis of -75 +53 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 

 
Figure 135: P-XRD analysis of -53 +45 µm size fraction of commercial pyrite, with peaks indexed to PDF 
42-1340 
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Figure 136: P-XRD analysis of -45 µm size fraction of commercial pyrite, with peaks indexed to PDF 42-
1340 
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7.2 APPENDIX Ⅱ: SINGLE-CRYSTAL XRD RESULTS 

7.2.1 Single-Crystal XRD Data for Commercial Pyrite 

 
 

Structure Report for Commercial Pyrite Sample 
 

Filename: TCD1324 
 

Submitted by: James Devane 
Reference: Boliden Pyrite 

Group: Lyons 
 

 
 

Fig. 1. Solid state structure of TCD1324, with atomic displacement shown at 50% 
probability. Asymmetric unit atoms labelled only. 

08/08/19 

Author: Brendan Twamley  
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Fig. 2. Packing diagram of TCD1324 viewed normal to the b-axis. 

Crystal Structure Report for TCD1324 

 
A specimen of FeS2, approximate dimensions 0.050 mm x 0.060 mm x 0.090 mm, 
was used for the X-ray crystallographic analysis. The X-ray intensity data were 
measured (λ = 1.54178 Å) at 100(2)K on a Bruker Apex Kappa Duo with an 
Oxford Cobra Cryosystem low temperature device using a MiTeGen micromount. 
See Table 1 for collection parameters and exposure time. Bruker APEX software 
was used to correct for Lorentz and polarization effects. 
 
A total of 4326 frames were collected. The total exposure time was 12.02 hours. 
The frames were integrated with the Bruker SAINT software package using a 
wide-frame algorithm. The integration of the data using a cubic unit cell yielded a 
total of 3009 reflections to a maximum θ angle of 69.00° (0.83 Å resolution), of 
which 51 were independent (average redundancy 59.000, completeness = 96.2%, 
Rint = 6.83%, Rsig = 1.30%) and 51 (100.00%) were greater than 2σ(F2). The final 
cell constants of a = 5.41460(10) Å, b = 5.41460(10) Å, c = 5.41460(10) Å, 
volume = 158.745(9) Å3, are based upon the refinement of the XYZ-centroids of 
2690 reflections above 20 σ(I) with 28.55° < 2θ < 138.0°.Data were corrected for 
absorption effects using the Multi-Scan method (SADABS). The ratio of 
minimum to maximum apparent transmission was 0.267. The calculated minimum 
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and maximum transmission coefficients (based on crystal size) are 0.0420 and 
0.0870.  
 
The structure was solved with the XT structure solution program using Intrinsic 
Phasing and refined with the XL refinement package using Least Squares 
minimisation with Olex2, using the space group Pa3 for the formula unit, 
FeS2.The final anisotropic full-matrix least-squares refinement on F2 with 6 
variables converged at R1 = 1.83%, for the observed data and wR2 = 4.95% for 
all data. The goodness-of-fit was 1.163. The largest peak in the final difference 
electron density synthesis was 0.401 e-/Å3 and the largest hole was -0.462 e-/Å3 
with an RMS deviation of 0.133 e-/Å3. On the basis of the final model, the 
calculated density was 5.020 g/cm3and F(000), 232 e-.  
 
Refinement Note: Refinement based on fractional coordinates from COD 
5000115. 
 

References: 
Bruker (2013). SAINT v8.37A, Bruker AXS Inc., Madison, WI, USA.  
Bruker (2017). APEX3 v2017.3-0, Bruker AXS Inc., Madison, WI, USA.  
Bruker (2016/2). SADABS, Bruker AXS Inc., Madison, Wisconsin, USA.  
Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. 
(2009), J. Appl. Cryst. 42, 339-341. 
Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122. 
Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8 
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Table 1: Data collection details for TCD1324. 

Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s Wavelength/Å Voltage/kV Current/mA Temperature/K 
Omega 55.021 110.58 338.50 360.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 32.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Phi 55.021 110.89 69.66 0.00 -23.00 2.00 180 10.00 1.54184 50 0.6 215 
Omega 55.021 -55.62 180.12 128.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 224.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 338.49 192.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 320.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Phi 55.021 110.89 0.81 360.00 23.00 2.00 180 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 289.02 256.00 -64.50 2.00 63 10.00 1.54184 50 0.6 215 
Omega 55.021 110.58 338.50 96.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Phi 55.021 95.89 78.65 0.00 -57.00 2.00 180 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 289.02 128.00 -64.50 2.00 63 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 336.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 256.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 120.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 
Omega 55.021 -55.62 180.12 160.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 72.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Phi 55.021 110.89 93.65 0.00 -57.00 2.00 180 10.00 1.54184 50 0.6 215 

Phi 55.021 -2.67 38.56 360.00 23.00 2.00 180 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 288.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 240.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 
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Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s Wavelength/Å Voltage/kV Current/mA Temperature/K 
Omega 55.021 -55.62 180.12 64.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 289.02 64.00 -64.50 2.00 63 10.00 1.54184 50 0.6 215 
Omega 55.021 -55.62 180.12 360.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 338.50 264.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Phi 55.021 80.89 63.65 0.00 -57.00 2.00 180 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 192.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 144.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 0.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 
Omega 55.021 -0.33 235.42 360.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 48.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 312.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 216.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 82.83 354.14 110.28 80.58 2.00 36 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 192.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 
Omega 55.021 -65.58 170.17 90.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 288.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 108.94 89.68 172.02 -45.27 2.00 70 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 96.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 289.02 160.00 -64.50 2.00 63 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 94.59 264.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 
Omega 55.021 110.58 94.59 24.00 -54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -76.00 157.29 223.89 56.79 2.00 72 10.00 1.54184 50 0.6 215 
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Axis dx/mm 2θ/° ω/° φ/° χ/° Width/° Frames Time/s Wavelength/Å Voltage/kV Current/mA Temperature/K 
Omega 55.021 -55.62 180.12 128.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 32.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 
Omega 55.021 110.58 338.50 336.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Omega 55.021 110.58 338.50 144.00 64.50 2.00 74 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 289.02 0.00 -64.50 2.00 63 10.00 1.54184 50 0.6 215 

Omega 55.021 99.20 79.99 124.08 -45.38 2.00 70 10.00 1.54184 50 0.6 215 

Phi 55.021 95.89 78.65 360.00 -57.00 2.00 180 10.00 1.54184 50 0.6 215 

Omega 55.021 -55.62 180.12 320.00 54.74 2.00 71 10.00 1.54184 50 0.6 215 
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  Table 2. Crystal data and structure refinement for tcd1324. 

Identification code  tcd1324 

Empirical formula  FeS2 

Formula weight  119.97 

Temperature  215(2) K 

Wavelength  1.54178 Å 

Crystal system  Cubic 

Space group  Pa3 

Unit cell dimensions a = 5.41460(10) Å a= 90°. 

 b = 5.41460(10) Å b= 90°. 

 c = 5.41460(10) Å g = 90°. 

Volume 158.745(9) Å3 

Z 4.00008 

Density (calculated) 5.020 Mg/m3 

Absorption coefficient 95.600 mm-1 

F(000) 232 

Crystal size 0.09 x 0.06 x 0.05 mm3 

Theta range for data collection 16.544 to 69.003°. 

Index ranges -6≤h≤6, -6≤k≤6, -6≤l≤6 

Reflections collected 3009 

Independent reflections 51 [R(int) = 0.0683] 

Completeness to theta = 67.679° 96.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.1675 and 0.0448 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 51 / 0 / 6 

Goodness-of-fit on F2 1.163 

Final R indices [I>2σ(I)] R1 = 0.0183, wR2 = 0.0495 

R indices (all data) R1 = 0.0183, wR2 = 0.0495 

Largest diff. peak and hole 0.401 and -0.462 e.Å-3 
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 Table 3. Atomic coordinates (x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for tcd1324. U (eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

_______________________________________________________________________________

_  

 x y z U(eq) 

_______________________________________________________________________________

_   

S(1) 3849(1) 3849(1) 3849(1) 5(1) 

Fe(1) 5000 5000 0 5(1) 

_______________________________________________________________________________

_ 
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 Table 4.  Bond lengths [Å] and angles [°] for tcd1324. 

_____________________________________________________  

S(1)-S(1)#1  2.1594(18) 

S(1)-Fe(1)  2.26273(19) 

S(1)-Fe(1)#2  2.26273(19) 

S(1)-Fe(1)#3  2.26273(19) 

 

S(1)#1-S(1)-Fe(1)#3 102.33(2) 

S(1)#1-S(1)-Fe(1)#2 102.33(2) 

S(1)#1-S(1)-Fe(1) 102.33(2) 

Fe(1)#3-S(1)-Fe(1)#2 115.566(15) 

Fe(1)#3-S(1)-Fe(1) 115.566(15) 

Fe(1)-S(1)-Fe(1)#2 115.566(15) 

S(1)-Fe(1)-S(1)#4 85.648(8) 

S(1)#4-Fe(1)-S(1)#5 94.353(8) 

S(1)#6-Fe(1)-S(1)#5 85.647(8) 

S(1)#6-Fe(1)-S(1)#4 85.647(8) 

S(1)#6-Fe(1)-S(1)#7 94.353(8) 

S(1)-Fe(1)-S(1)#5 180.0 

S(1)#8-Fe(1)-S(1)#4 94.353(8) 

S(1)-Fe(1)-S(1)#8 85.647(8) 

S(1)#7-Fe(1)-S(1)#4 180.00(3) 

S(1)-Fe(1)-S(1)#6 94.353(8) 

S(1)#8-Fe(1)-S(1)#5 94.353(8) 

S(1)#8-Fe(1)-S(1)#6 180.000(15) 

S(1)#7-Fe(1)-S(1)#5 85.647(8) 

S(1)-Fe(1)-S(1)#7 94.352(8) 

S(1)#8-Fe(1)-S(1)#7 85.647(8) 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,-z+1    #2 -x+1/2,-y+1,z+1/2    #3 -x+1,y-1/2,-z+1/2       

#4 x+1/2,y,-z+1/2    #5 -x+1,-y+1,-z    #6 -x+1,y+1/2,-z+1/2       

#7 -x+1/2,-y+1,z-1/2    #8 x,-y+1/2,z-1/2       
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 Table 5.  Anisotropic displacement parameters (Å2x 103) for tcd1324. The anisotropic 

displacement factor exponent takes the form:  -2p2 [h2 a*2U11 + ... + 2 h k a* b* U12] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

S (1) 5(1)  5(1) 5(1)  0(1) 0(1)  0(1) 

Fe (1) 5(1)  5(1) 5(1)  0(1) 0(1)  0(1) 

______________________________________________________________________________  
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7.2.2 Single-Crystal XRD Data for Navan Barite 

 

 

Structure Report for Navan Barite 
 

Filename: TCD1172b 

 

Submitted by: James Devane 

Reference: mineral sample 

Group: Facility 

 

 

 
Fig. 1. Symmetry generated structure of TCD1172b with polyhedral 

representation for the SO4 groups.  

6/3/19 

Author: Brendan Twamley  
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Fig. 2. Packing diagram of TCD1172b viewed normal to the b-axis. Polyhedral 
representation for all SO4 groups. 

 

Crystal Structure Report for TCD1172b 

 
A specimen of BaO4S, approximate dimensions 0.100 mm x 0.150 mm x 0.160 

mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured (λ = 0.71073 Å) at 100(2)K on a Bruker D8 Quest ECO with an 

Oxford Cryostream low temperature device using a MiTeGen micromount. See 

Table 1 for collection parameters and exposure time. Bruker APEX software was 

used to correct for Lorentz and polarization effects. 

 

A total of 187 frames were collected. The total exposure time was 0.52 hours. The 

frames were integrated with the Bruker SAINT software package using a wide-

frame algorithm. The integration of the data using an orthorhombic unit cell 

yielded a total of 2314 reflections to a maximum θ angle of 27.51° (0.77 Å 

resolution), of which 432 were independent (average redundancy 5.356, 

completeness = 99.5%, Rint = 2.60%, Rsig = 1.96%) and 403 (93.29%) were 

greater than 2σ(F2). The final cell constants of a = 8.7986(5) Å, b = 5.4228(4) Å, c 

= 7.1084(5)Å, volume = 339.16(4) Å3, are based upon the refinement of the XYZ-

centroids of 2215 reflections above 20 σ(I) with 7.369° < 2θ < 55.01°. Data were 

corrected for absorption effects using the Multi-Scan method (SADABS). The 
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ratio of minimum to maximum apparent transmission was 0.724. The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 

0.2460 and 0.3760.  

 

The structure was solved with the XT structure solution program using Intrinsic 

Phasing and refined with the XL refinement package using Least Squares 

minimisation with Olex2, using the space group Pnma, with Z = 4 for the formula 

unit, BaO4S. The final anisotropic full-matrix least-squares refinement on F2 with 

34 variables converged at R1 = 1.61%, for the observed data and wR2 = 3.84% 

for all data. The goodness-of-fit was 1.191. The largest peak in the final difference 

electron density synthesis was 0.570 e-/Å3 and the largest hole was -0.821 e-/Å3 

with an RMS deviation of 0.188 e-/Å3. On the basis of the final model, the 

calculated density was 4.571 g/cm3 and F(000), 416 e-.  

 

Refinement Note: Known compound COD 1000037, 1524206, 9000159, 

9004122 

 
References: 
Bruker (2013). SAINT v8.37A, Bruker AXS Inc., Madison, WI, USA.  
Bruker (2017). APEX3 v2017.3-0, Bruker AXS Inc., Madison, WI, USA.  
Bruker (2016/2). SADABS, Bruker AXS Inc., Madison, Wisconsin, USA.  
Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. 
(2009), J. Appl. Cryst. 42, 339-341. 
Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122. 
Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8 

 

Table 1: Data collection details for TCD1172b. 

Axis 
dx/m

m 
2θ/
° ω/° φ/° χ/° 

Widt
h/° 

Fra
mes 

Tim
e/s 

Waveleng
th/Å 

Voltage/
kV 

Current/
mA 

Temperatu
re/K 

Ome
ga 

41.3
27 

51.
23 

233.
48 

324.
00 

54.
76 

2.00 85 
10.0
0 

0.71073 50 20.0 100 

Phi 
41.3
27 

23.
14 

16.0
7 

131.
99 

54.
76 

2.00 68 
10.0
0 

0.71073 50 20.0 100 

Ome
ga 

41.3
27 

51.
23 

233.
48 

216.
00 

54.
76 

2.00 34 
10.0
0 

0.71073 50 20.0 100 

  Table 2. Crystal data and structure refinement for tcd1172b. 

Identification code  tcd1172b 

Empirical formula  BaO4S 

Formula weight  233.40 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 
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Space group  Pnma 

Unit cell dimensions a = 8.7986(5) Å a= 90°. 

 b = 5.4228(4) Å b= 90°. 

 c = 7.1084(5) Å g = 90°. 

Volume 339.16(4) Å3 

Z 4 

Density (calculated) 4.571 Mg/m3 

Absorption coefficient 12.162 mm-1 

F(000) 416 

Crystal size 0.16 x 0.15 x 0.1 mm3 

Theta range for data collection 3.685 to 27.508°. 

Index ranges -10≤h≤11, -7≤k≤6, -9≤l≤9 

Reflections collected 2314 

Independent reflections 432 [R(int) = 0.0260] 

Completeness to theta = 25.242° 99.4 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7455 and 0.5395 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 432 / 0 / 34 

Goodness-of-fit on F2 1.191 

Final R indices [I>2σ(I)] R1 = 0.0161, wR2 = 0.0371 

R indices (all data) R1 = 0.0188, wR2 = 0.0384 

Largest diff. peak and hole 0.570 and -0.821 e.Å-3 
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 Table 3. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for tcd1172b. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

_______________________________________________________________________________

_  

 x y z U(eq) 

_______________________________________________________________________________

_   

Ba(1) 8161(1) 7500 6585(1) 5(1) 

S(1) 4365(1) 7500 3101(1) 3(1) 

O(3) 4192(3) 5285(4) 1887(3) 6(1) 

O(2) 3131(4) 7500 4509(5) 7(1) 

O(1) 5870(4) 7500 3962(5) 11(1) 

_______________________________________________________________________________

_ 
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 Table 4.  Bond lengths [Å] and angles [°] for  tcd1172b. 

_____________________________________________________  

Ba(1)-O(3)#1  2.784(2) 

Ba(1)-O(3)#2  2.891(2) 

Ba(1)-O(3)#3  2.784(2) 

Ba(1)-O(3)#4  2.784(2) 

Ba(1)-O(3)#5  2.784(2) 

Ba(1)-O(3)#6  2.891(2) 

Ba(1)-O(2)#1  3.0410(15) 

Ba(1)-O(2)#7  2.777(3) 

Ba(1)-O(2)#8  3.0410(15) 

Ba(1)-O(1)  2.745(3) 

Ba(1)-O(1)#3  3.307(2) 

Ba(1)-O(1)#9  3.307(2) 

S(1)-O(3)#10  1.487(2) 

S(1)-O(3)  1.487(2) 

S(1)-O(2)  1.477(3) 

S(1)-O(1)  1.459(3) 

 

O(3)#1-Ba(1)-O(3)#4 65.73(9) 

O(3)#5-Ba(1)-O(3)#2 91.65(5) 

O(3)#3-Ba(1)-O(3)#6 91.65(5) 

O(3)#1-Ba(1)-O(3)#5 152.43(2) 

O(3)#1-Ba(1)-O(3)#6 142.38(7) 

O(3)#4-Ba(1)-O(3)#5 107.32(7) 

O(3)#4-Ba(1)-O(3)#2 142.38(7) 

O(3)#1-Ba(1)-O(3)#3 107.32(7) 

O(3)#3-Ba(1)-O(3)#2 65.04(7) 

O(3)#4-Ba(1)-O(3)#3 152.43(2) 

O(3)#4-Ba(1)-O(3)#6 109.95(5) 

O(3)#5-Ba(1)-O(3)#3 65.71(9) 

O(3)#2-Ba(1)-O(3)#6 49.10(9) 

O(3)#1-Ba(1)-O(3)#2 109.95(5) 

O(3)#5-Ba(1)-O(3)#6 65.04(8) 

O(3)#1-Ba(1)-O(2)#1 48.54(7) 

O(3)#3-Ba(1)-O(2)#8 144.70(7) 

O(3)#4-Ba(1)-O(2)#8 48.54(7) 

O(3)#5-Ba(1)-O(2)#1 144.70(7) 

O(3)#6-Ba(1)-O(2)#8 61.88(7) 

O(3)#3-Ba(1)-O(2)#1 81.30(7) 

O(3)#5-Ba(1)-O(2)#8 81.30(7) 

O(3)#2-Ba(1)-O(2)#1 61.88(7) 

O(3)#2-Ba(1)-O(2)#8 105.64(8) 

O(3)#6-Ba(1)-O(2)#1 105.64(8) 

O(3)#1-Ba(1)-O(2)#8 107.79(7) 

O(3)#4-Ba(1)-O(2)#1 107.79(8) 

O(3)#6-Ba(1)-O(1)#3 134.12(7) 

O(3)#5-Ba(1)-O(1)#3 100.94(7) 

O(3)#1-Ba(1)-O(1)#3 63.08(7) 

O(3)#1-Ba(1)-O(1)#9 115.92(7) 

O(3)#2-Ba(1)-O(1)#3 90.85(7) 

O(3)#5-Ba(1)-O(1)#9 45.58(7) 

O(3)#4-Ba(1)-O(1)#3 115.92(7) 

O(3)#3-Ba(1)-O(1)#9 100.94(7) 

O(3)#3-Ba(1)-O(1)#3 45.58(7) 

O(3)#2-Ba(1)-O(1)#9 134.12(7) 

O(3)#6-Ba(1)-O(1)#9 90.85(7) 

O(3)#4-Ba(1)-O(1)#9 63.08(7) 

O(2)#7-Ba(1)-O(3)#6 148.95(6) 

O(2)#7-Ba(1)-O(3)#1 66.59(7) 

O(2)#7-Ba(1)-O(3)#5 86.03(7) 

O(2)#7-Ba(1)-O(3)#4 66.59(7) 

O(2)#7-Ba(1)-O(3)#2 148.95(6) 

O(2)#7-Ba(1)-O(3)#3 86.03(7) 

O(2)#7-Ba(1)-O(2)#8 104.60(6) 

O(2)#7-Ba(1)-O(2)#1 104.60(6) 

O(2)#1-Ba(1)-O(2)#8 126.15(11) 

O(2)#1-Ba(1)-O(1)#9 163.35(8) 

O(2)#1-Ba(1)-O(1)#3 59.73(8) 

O(2)#7-Ba(1)-O(1)#9 59.43(6) 

O(2)#8-Ba(1)-O(1)#9 59.73(8) 

O(2)#8-Ba(1)-O(1)#3 163.35(8) 

O(2)#7-Ba(1)-O(1)#3 59.43(6) 

O(1)-Ba(1)-O(3)#4 73.67(8) 
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O(1)-Ba(1)-O(3)#3 131.80(7) 

O(1)-Ba(1)-O(3)#2 69.56(8) 

O(1)-Ba(1)-O(3)#1 73.67(8) 

O(1)-Ba(1)-O(3)#6 69.56(8) 

O(1)-Ba(1)-O(3)#5 131.80(7) 

O(1)-Ba(1)-O(2)#1 63.39(6) 

O(1)-Ba(1)-O(2)#7 132.21(10) 

O(1)-Ba(1)-O(2)#8 63.39(6) 

O(1)-Ba(1)-O(1)#3 122.43(3) 

O(1)#9-Ba(1)-O(1)#3 110.16(10) 

O(1)-Ba(1)-O(1)#9 122.43(3) 

O(3)-S(1)-O(3)#10 107.75(19) 

O(2)-S(1)-O(3)#10 108.54(12) 

O(2)-S(1)-O(3) 108.54(12) 

O(1)-S(1)-O(3)#10 109.67(12) 

O(1)-S(1)-O(3) 109.67(12) 

O(1)-S(1)-O(2) 112.5(2) 

Ba(1)#1-O(3)-Ba(1)#11 110.97(8) 

Ba(1)#1-O(3)-Ba(1)#12 108.98(7) 

Ba(1)#11-O(3)-Ba(1)#12 114.96(7) 

S(1)-O(3)-Ba(1)#11 113.41(12) 

S(1)-O(3)-Ba(1)#1 106.73(11) 

S(1)-O(3)-Ba(1)#12 101.08(11) 

Ba(1)#13-O(2)-Ba(1)#8 105.02(7) 

Ba(1)#1-O(2)-Ba(1)#8 126.15(11) 

Ba(1)#13-O(2)-Ba(1)#1 105.02(7) 

S(1)-O(2)-Ba(1)#13 132.10(19) 

S(1)-O(2)-Ba(1)#8 95.84(9) 

S(1)-O(2)-Ba(1)#1 95.84(9) 

Ba(1)#11-O(1)-Ba(1)#14 110.16(10) 

Ba(1)-O(1)-Ba(1)#14 99.08(7) 

Ba(1)-O(1)-Ba(1)#11 99.08(7) 

S(1)-O(1)-Ba(1)#14 91.12(11) 

S(1)-O(1)-Ba(1) 162.0(2) 

S(1)-O(1)-Ba(1)#11 91.12(11) 

_____________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,-z+1    #2 x+1/2,y,-z+1/2    #3 -x+3/2,-y+1,z+1/2       

#4 -x+1,y+1/2,-z+1    #5 -x+3/2,y+1/2,z+1/2    #6 x+1/2,-y+3/2,-z+1/2       

#7 x+1/2,y,-z+3/2    #8 -x+1,-y+2,-z+1    #9 -x+3/2,-y+2,z+1/2       

#10 x,-y+3/2,z    #11 -x+3/2,-y+1,z-1/2    #12 x-1/2,y,-z+1/2       

#13 x-1/2,y,-z+3/2    #14 -x+3/2,-y+2,z-1/2       
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 Table 5.  Anisotropic displacement parameters  (Å2x 103) for tcd1172b. The anisotropic 

displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Ba(1) 4(1)  5(1) 5(1)  0 0(1)  0 

S(1) 4(1)  3(1) 3(1)  0 0(1)  0 

O(3) 9(1)  3(1) 6(1)  -2(1) 0(1)  -1(1) 

O(2) 7(2)  8(2) 6(2)  0 5(1)  0 

O(1) 5(2)  15(2) 14(2)  0 -4(1)  0 

______________________________________________________________________________ 
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 Table 6. Torsion angles [°] for tcd1172b. 

________________________________________________________________  

O(3)#10-S(1)-O(3)-Ba(1)#1 -123.31(11) 

O(3)#10-S(1)-O(3)-Ba(1)#11 114.18(13) 

O(3)#10-S(1)-O(3)-Ba(1)#12 -9.42(19) 

O(3)-S(1)-O(2)-Ba(1)#8 -122.10(11) 

O(3)#10-S(1)-O(2)-Ba(1)#1 122.10(11) 

O(3)#10-S(1)-O(2)-Ba(1)#13 -121.57(11) 

O(3)#10-S(1)-O(2)-Ba(1)#8 -5.25(15) 

O(3)-S(1)-O(2)-Ba(1)#13 121.58(11) 

O(3)-S(1)-O(2)-Ba(1)#1 5.25(15) 

O(3)#10-S(1)-O(1)-Ba(1)#14 -3.97(14) 

O(3)#10-S(1)-O(1)-Ba(1)#11 -114.16(11) 

O(3)-S(1)-O(1)-Ba(1)#11 3.97(14) 

O(3)-S(1)-O(1)-Ba(1)#14 114.16(11) 

O(3)#10-S(1)-O(1)-Ba(1) 120.93(11) 

O(3)-S(1)-O(1)-Ba(1) -120.93(11) 

O(2)-S(1)-O(3)-Ba(1)#11 -128.46(15) 

O(2)-S(1)-O(3)-Ba(1)#1 -5.96(17) 

O(2)-S(1)-O(3)-Ba(1)#12 107.93(14) 

O(2)-S(1)-O(1)-Ba(1) 0.000(1) 

O(2)-S(1)-O(1)-Ba(1)#14 -124.90(5) 

O(2)-S(1)-O(1)-Ba(1)#11 124.90(5) 

O(1)-S(1)-O(3)-Ba(1)#1 117.36(15) 

O(1)-S(1)-O(3)-Ba(1)#12 -128.75(15) 

O(1)-S(1)-O(3)-Ba(1)#11 -5.15(18) 

O(1)-S(1)-O(2)-Ba(1)#1 -116.33(7) 

O(1)-S(1)-O(2)-Ba(1)#8 116.33(7) 

O(1)-S(1)-O(2)-Ba(1)#13 0.000(1) 

________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,-z+1    #2 x+1/2,y,-z+1/2    #3 -x+3/2,-y+1,z+1/2       

#4 -x+1,y+1/2,-z+1    #5 -x+3/2,y+1/2,z+1/2    #6 x+1/2,-y+3/2,-z+1/2       

#7 x+1/2,y,-z+3/2    #8 -x+1,-y+2,-z+1    #9 -x+3/2,-y+2,z+1/2       

#10 x,-y+3/2,z    #11 -x+3/2,-y+1,z-1/2    #12 x-1/2,y,-z+1/2       

#13 x-1/2,y,-z+3/2    #14 -x+3/2,-y+2,z-1/2       
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7.3 APPENDIX Ⅲ: EDX INTERACTION VOLUME CALCULATIONS 
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7.4 APPENDIX IV: FULL TABULATED FLOTATION TEST 

RESULTS 
Table 77: Flotation Test 1a full results 

 
 

Raw Results: 
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.55 6.51 72.96 1.48 10.08 112.92 2.29 1.59 79.15 1.11 30.73
Pb 4 ClTl 0.04 15.86 20.59 4.07 0.65 0.85 0.17 0.10 0.60 0.08 0.82
Pb 3 ClTl 0.09 15.86 20.59 4.07 1.50 1.95 0.39 0.24 1.37 0.19 1.88
Pb 2 ClTl 0.20 15.98 9.25 3.85 3.15 1.82 0.76 0.50 1.28 0.37 3.91

Zn Conc 8.87 62.43 1.58 0.81 553.69 14.01 7.18 87.24 9.82 3.49 176.10
Zn 4 ClTl 0.39 32.18 2.91 3.76 12.50 1.13 1.46 1.97 0.79 0.71 7.71
Zn 3 ClTl 0.54 21.67 2.25 4.51 11.80 1.22 2.46 1.86 0.86 1.19 10.81
Zn 2 ClTl 0.75 8.91 1.58 5.12 6.71 1.19 3.85 1.06 0.83 1.87 14.95
Zn 1 ClTl 6.78 3.43 0.52 3.54 23.26 3.53 24.01 3.67 2.47 11.67 134.67
Zn RGH Tl 80.78 0.14 0.05 2.02 11.31 4.04 163.18 1.78 2.83 79.31 1604.00
Cal HEAD 100.00 6.35 1.43 2.06 634.64 142.66 205.75 100.00 100.00 100.00 1985.58

Cumulative  Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.55 6.51 72.96 1.48 10.08 112.92 2.29 1.59 79.15 1.11 30.73
Pb 3 Conc 1.59 6.75 71.60 1.55 10.73 113.77 2.46 1.69 79.75 1.19 31.55
Pb 2 Conc 1.68 7.27 68.73 1.69 12.23 115.72 2.84 1.93 81.11 1.38 33.43
Pb 1 Conc 1.88 8.18 62.50 1.92 15.38 117.54 3.60 2.42 82.39 1.75 37.34

Zn 4 Conc 8.87 62.43 1.58 0.81 553.69 14.01 7.18 87.24 9.82 3.49 176.10
Zn 3 Conc 9.26 61.16 1.64 0.93 566.18 15.14 8.64 89.21 10.61 4.20 183.81
Zn 2 Conc 9.80 58.97 1.67 1.13 577.98 16.37 11.10 91.07 11.47 5.39 194.62
Zn 1 Conc 10.55 55.40 1.66 1.42 584.69 17.56 14.95 92.13 12.31 7.27 209.57
Zn R/Conc 17.34 35.07 1.22 2.25 607.95 21.08 38.96 95.79 14.78 18.94 344.24
Zn R/Feed        98.12 6.31 0.26 2.06 619.26 25.12 202.14 97.58 17.61 98.25 1948.24
Cal HEAD 100.00 6.35 1.43 2.06 634.64 142.66 205.75 100.00 100.00 100.00 1985.58
Assayed head sample 6.72 1.20 1.98
Original calculated heads 6.07 1.16 2.13
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Table 78: Flotation Test 1b full results 

 
 
 
Table 79: Flotation Test 1c full results 

 

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.92 10.44 61.52 2.25 20.02 117.96 4.31 3.17 87.23 2.23 37.51
Pb 4 ClTl 0.01 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.23
Pb 3 ClTl 0.08 0 0 0 0.00 0.00 0.00 0.00 0.00 0.00 1.63
Pb 2 ClTl 0.32 21.48 4.15 5.31 6.87 1.33 1.70 1.09 0.98 0.88 6.26

Zn Conc 8.52 62.82 0.92 0.70 535.39 7.84 5.97 84.70 5.80 3.08 166.73
Zn 4 ClTl 0.43 34.98 1.45 3.23 15.16 0.63 1.40 2.40 0.46 0.72 8.48
Zn 3 ClTl 0.43 20.93 1.22 4.31 9.06 0.53 1.87 1.43 0.39 0.96 8.47
Zn 2 ClTl 1.27 12.22 0.96 4.70 15.52 1.22 5.97 2.46 0.90 3.08 24.85
Zn 1 ClTl 5.73 2.55 0.29 2.99 14.62 1.66 17.14 2.31 1.23 8.85 112.16
Zn RGH Tl 81.28 0.19 0.05 1.91 15.44 4.06 155.24 2.44 3.01 80.19 1590.00
Cal HEAD 100.00 6.32 1.35 1.94 632.09 135.23 193.59 100.00 100.00 100.00 1956.32

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.92 10.44 61.52 2.25 20.02 117.96 4.31 3.17 87.23 2.23 37.51
Pb 3 Conc 1.93 10.38 61.15 2.24 20.02 117.96 4.31 3.17 87.23 2.23 37.74
Pb 2 Conc 2.01 9.95 58.61 2.14 20.02 117.96 4.31 3.17 87.23 2.23 39.37
Pb 1 Conc 2.33 11.53 51.14 2.58 26.89 119.28 6.01 4.25 88.21 3.11 45.63

Zn 4 Conc 8.52 62.82 0.92 0.70 535.39 7.84 5.97 84.70 5.80 3.08 166.73
Zn 3 Conc 8.96 61.47 0.95 0.82 550.55 8.47 7.37 87.10 6.26 3.80 175.21
Zn 2 Conc 9.39 59.60 0.96 0.98 559.62 9.00 9.23 88.53 6.65 4.77 183.68
Zn 1 Conc 10.66 53.96 0.96 1.43 575.14 10.22 15.20 90.99 7.56 7.85 208.53
Zn R/Conc 16.39 35.98 0.72 1.97 589.76 11.88 32.34 93.30 8.78 16.71 320.69
Zn R/Feed        97.67 6.20 0.16 1.92 605.20 15.94 187.58 95.75 11.79 96.89 1910.69
Cal HEAD 100.00 6.32 1.35 1.94 632.09 135.23 193.59 100.00 100.00 100.00 1956.32

Assayed head sample 6.72 1.20 1.98
Original calculated heads 6.07 1.16 2.13

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.80 7.6 68.39 2.05 13.65 122.80 3.68 2.22 88.68 1.93 34.00
Pb 4 ClTl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 3 ClTl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 2 ClTl 0.17 0.00 0.00 0.00 0.00 0.00 0.00 3.29

Zn Conc 8.19 63.49 0.85 0.60 520.07 6.96 4.91 84.43 5.03 2.58 155.11
Zn 4 ClTl 0.41 39.97 1.37 2.73 16.57 0.57 1.13 2.69 0.41 0.59 7.85
Zn 3 ClTl 0.61 27.74 1.28 3.97 17.04 0.79 2.44 2.77 0.57 1.28 11.63
Zn 2 ClTl 1.05 13.25 1.04 4.63 13.95 1.10 4.88 2.27 0.79 2.56 19.94
Zn 1 ClTl 5.53 3.74 0.39 3.38 20.69 2.16 18.70 3.36 1.56 9.83 104.76
Zn RGH Tl 82.23 0.17 0.05 1.88 13.98 4.11 154.58 2.27 2.97 81.22 1557.00
Cal HEAD 100.00 6.16 1.38 1.90 615.95 138.48 190.32 100.00 100.00 100.00 1893.58

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.80 7.60 68.39 2.05 13.65 122.80 3.68 2.22 88.68 1.93 34.00
Pb 3 Conc 1.80 7.60 68.39 2.05 13.65 122.80 3.68 2.22 88.68 1.93 34.00
Pb 2 Conc 1.80 7.60 68.39 2.05 13.65 122.80 3.68 2.22 88.68 1.93 34.00
Pb 1 Conc 1.97 6.93 62.36 1.87 13.65 122.80 3.68 2.22 88.68 1.93 37.29

Zn 4 Conc 8.19 63.49 0.85 0.60 520.07 6.96 4.91 84.43 5.03 2.58 155.11
Zn 3 Conc 8.61 62.36 0.88 0.70 536.64 7.53 6.05 87.12 5.44 3.18 162.96
Zn 2 Conc 9.22 60.05 0.90 0.92 553.68 8.32 8.48 89.89 6.01 4.46 174.59
Zn 1 Conc 10.27 55.25 0.92 1.30 567.63 9.41 13.36 92.16 6.80 7.02 194.53
Zn R/Conc 15.81 37.22 0.73 2.03 588.32 11.57 32.06 95.52 8.35 16.84 299.29
Zn R/Feed        98.03 6.14 0.16 1.90 602.30 15.68 186.64 97.78 11.32 98.07 1856.29
Cal HEAD 100.00 6.16 1.38 1.90 615.95 138.48 190.32 100.00 100.00 100.00 1893.58

Assayed head sample 6.72 1.20 1.98
Original calculated heads 6.07 1.16 2.13
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Table 80: Flotation Test 2a full results 

 
 
Table 81: Flotation Test 2b full results 

 

Raw Results:
WEIGHT WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.71 8.55 69.05 1.87 14.63 118.16 3.20 2.48 85.26 1.64 34.04
Pb 4 ClTl 0.05 13.38 17.12 6.62 0.71 0.91 0.35 0.12 0.66 0.18 1.06
Pb 3 ClTl 0.12 14.39 11.47 6.31 1.71 1.37 0.75 0.29 0.99 0.38 2.37
Pb 2 ClTl 0.33 13.44 3.80 5.35 4.40 1.24 1.75 0.75 0.90 0.90 6.51

Zn Conc 8.98 59.28 0.67 3.82 532.44 6.02 34.31 90.19 4.34 17.56 178.67
Zn 4 ClTl 0.33 27.63 1.18 12.06 9.24 0.39 4.03 1.56 0.28 2.06 6.65
Zn 3 ClTl 0.39 12.10 0.97 11.06 4.76 0.38 4.35 0.81 0.28 2.23 7.82
Zn 2 ClTl 0.65 3.53 0.58 7.45 2.29 0.38 4.82 0.39 0.27 2.47 12.88
Zn 1 ClTl 6.65 1.82 0.37 7.84 12.10 2.46 52.12 2.05 1.78 26.68 132.25
Zn RGH Tl 80.78 0.10 0.09 1.11 8.08 7.27 89.67 1.37 5.25 45.90 1607.00
Cal HEAD 100.00 5.90 1.39 1.95 590.35 138.58 195.36 100.00 100.00 100.00 1989.25

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.71 8.55 69.05 1.87 14.63 118.16 3.20 2.48 85.26 1.64 34.04
Pb 3 Conc 1.76 8.70 67.48 2.01 15.34 119.07 3.55 2.60 85.92 1.82 35.10
Pb 2 Conc 1.88 9.06 63.94 2.29 17.06 120.44 4.30 2.89 86.91 2.20 37.47
Pb 1 Conc 2.21 9.70 55.04 2.74 21.46 121.68 6.06 3.63 87.81 3.10 43.98

Zn 4 Conc 8.98 59.28 0.67 3.82 532.44 6.02 34.31 90.19 4.34 17.56 178.67
Zn 3 Conc 9.32 58.14 0.69 4.12 541.68 6.41 38.34 91.75 4.63 19.63 185.32
Zn 2 Conc 9.71 56.28 0.70 4.40 546.43 6.79 42.69 92.56 4.90 21.85 193.14
Zn 1 Conc 10.36 52.98 0.69 4.59 548.72 7.17 47.51 92.95 5.17 24.32 206.02
Zn R/Conc 17.00 32.98 0.57 5.86 560.82 9.63 99.64 95.00 6.95 51.00 338.27
Zn R/Feed        97.79 5.82 0.17 1.94 568.90 16.90 189.31 96.37 12.19 96.90 1945.27
Cal HEAD 100.00 5.90 1.39 1.95 590.35 138.58 195.36 100.00 100.00 100.00 1989.25

Assayed head sample 5.78 1.34 1.84
Original calculated heads 6.02 1.15 2.12

DISTRIBUTIONSASSAYS UNITS

Raw Results:
WEIGHT WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 2.10 11.81 56.20 2.24 24.80 118.00 4.70 4.22 91.52 2.51 41.68
Pb 4 ClTl 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.83
Pb 3 ClTl 0.07 0.00 0.00 0.00 0.00 0.00 0.00 1.39
Pb 2 ClTl 0.33 14.28 1.36 3.84 4.78 0.46 1.29 0.81 0.35 0.69 6.65

Zn Conc 7.30 63.52 0.48 1.68 463.69 3.50 12.26 78.90 2.72 6.55 144.91
Zn 4 ClTl 0.13 35.19 0.68 8.84 4.64 0.09 1.17 0.79 0.07 0.62 2.62
Zn 3 ClTl 0.25 26.21 0.64 12.06 6.60 0.16 3.04 1.12 0.13 1.62 5.00
Zn 2 ClTl 0.74 16.71 0.55 11.03 12.42 0.41 8.20 2.11 0.32 4.38 14.75
Zn 1 ClTl 8.48 7.68 0.27 9.55 65.10 2.29 80.95 11.08 1.77 43.21 168.26
Zn RGH Tl 80.55 0.07 0.05 0.94 5.64 4.03 75.72 0.96 3.12 40.42 1599.00
Cal HEAD 100.00 5.88 1.29 1.87 587.67 128.94 187.32 100.00 100.00 100.00 1985.09

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 2.10 11.81 56.20 2.24 24.80 118.00 4.70 4.22 91.52 2.51 41.68
Pb 3 Conc 2.14 11.58 55.10 2.20 24.80 118.00 4.70 4.22 91.52 2.51 42.51
Pb 2 Conc 2.21 11.21 53.36 2.13 24.80 118.00 4.70 4.22 91.52 2.51 43.90
Pb 1 Conc 2.55 11.62 46.52 2.35 29.58 118.46 5.99 5.03 91.87 3.20 50.55

Zn 4 Conc 7.30 63.52 0.48 1.68 463.69 3.50 12.26 78.90 2.72 6.55 144.91
Zn 3 Conc 7.43 63.02 0.48 1.81 468.34 3.59 13.43 79.69 2.79 7.17 147.53
Zn 2 Conc 7.68 61.81 0.49 2.14 474.94 3.75 16.47 80.82 2.91 8.79 152.53
Zn 1 Conc 8.43 57.83 0.49 2.93 487.35 4.16 24.66 82.93 3.23 13.17 167.28
Zn R/Conc 16.90 32.68 0.38 6.25 552.45 6.45 105.61 94.01 5.00 56.38 335.54
Zn R/Feed        97.45 5.73 0.11 1.86 558.09 10.48 181.33 94.97 8.13 96.80 1934.54
Cal HEAD 100.00 5.88 1.29 1.87 587.67 128.94 187.32 100.00 100.00 100.00 1985.09
Assayed head sample 5.78 1.34 1.84
Original calculated heads 6.02 1.15 2.12

ASSAYS UNITS DISTRIBUTIONS
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Table 82: Flotation Test 2c full results 

 
 
Table 83: Flotation Test 3a full results 

 

Raw Results:
WEIGHT WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 2.17 12.85 53.08 3.10 27.91 115.30 6.73 4.93 91.09 3.43 41.57
Pb 4 ClTl 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.65
Pb 3 ClTl 0.07 0.00 0.00 0.00 0.00 0.00 0.00 1.37
Pb 2 ClTl 0.47 4.38 1.13 10.64 2.06 0.53 5.01 0.36 0.42 2.55 9.02

Zn Conc 7.40 63.04 0.48 1.69 466.27 3.55 12.50 82.35 2.80 6.37 141.55
Zn 4 ClTl 0.38 36.13 0.74 10.94 13.56 0.28 4.10 2.39 0.22 2.09 7.18
Zn 3 ClTl 0.46 16.00 0.65 15.58 7.34 0.30 7.15 1.30 0.24 3.64 8.78
Zn 2 ClTl 1.43 9.92 0.50 14.03 14.20 0.72 20.08 2.51 0.57 10.23 27.39
Zn 1 ClTl 8.01 3.66 0.24 9.82 29.31 1.92 78.65 5.18 1.52 40.06 153.27
Zn RGH Tl 79.58 0.07 0.05 0.78 5.57 3.98 62.07 0.98 3.14 31.62 1523.00
Cal HEAD 100.00 5.66 1.27 1.96 566.22 126.57 196.30 100.00 100.00 100.00 1913.78

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 2.17 12.85 53.08 3.10 27.91 115.30 6.73 4.93 91.09 3.43 41.57
Pb 3 Conc 2.21 12.65 52.26 3.05 27.91 115.30 6.73 4.93 91.09 3.43 42.22
Pb 2 Conc 2.28 12.25 50.62 2.96 27.91 115.30 6.73 4.93 91.09 3.43 43.59
Pb 1 Conc 2.75 10.90 42.14 4.27 29.98 115.83 11.75 5.29 91.51 5.98 52.61

Zn 4 Conc 7.40 63.04 0.48 1.69 466.27 3.55 12.50 82.35 2.80 6.37 141.55
Zn 3 Conc 7.77 61.74 0.49 2.14 479.82 3.83 16.60 84.74 3.02 8.46 148.73
Zn 2 Conc 8.23 59.19 0.50 2.89 487.16 4.13 23.75 86.04 3.26 12.10 157.51
Zn 1 Conc 9.66 51.89 0.50 4.54 501.36 4.84 43.83 88.55 3.83 22.33 184.90
Zn R/Conc 17.67 30.03 0.38 6.93 530.67 6.76 122.48 93.72 5.34 62.39 338.17
Zn R/Feed        97.25 5.51 0.11 1.90 536.24 10.74 184.55 94.71 8.49 94.02 1861.17
Cal HEAD 100.00 5.66 1.27 1.96 566.22 126.57 196.30 100.00 100.00 100.00 1913.78

Assayed head sample 5.78 1.34 1.84
Original calculated heads 6.02 1.15 2.12

ASSAYS UNITS DISTRIBUTIONS

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.40 4.83 68.34 4.06 6.75 95.57 5.68 1.24 84.83 1.32 27.77
Pb 4 ClTl 0.04 6.14 15.19 16.51 0.23 0.57 0.62 0.04 0.51 0.14 0.75
Pb 3 ClTl 0.07 6.14 15.19 16.51 0.41 1.00 1.09 0.07 0.89 0.25 1.31
Pb 2 ClTl 0.20 6.65 5.86 18.08 1.34 1.18 3.64 0.25 1.05 0.85 4.00

Zn Conc 7.94 60.80 0.85 0.90 482.68 6.75 7.14 88.32 5.99 1.66 157.65
Zn 4 ClTl 0.21 25.35 2.05 16.55 5.34 0.43 3.48 0.98 0.38 0.81 4.18
Zn 3 ClTl 0.31 10.16 1.51 21.86 3.20 0.48 6.88 0.59 0.42 1.60 6.25
Zn 2 ClTl 0.68 3.12 0.89 19.66 2.14 0.61 13.45 0.39 0.54 3.12 13.59
Zn 1 ClTl 5.20 0.80 0.36 10.06 4.16 1.87 52.34 0.76 1.66 12.14 103.31
Zn RGH Tl 83.95 0.48 0.05 4.01 40.29 4.20 336.62 7.37 3.73 78.11 1667.00
Cal HEAD 100.00 5.47 1.13 4.31 546.54 112.66 430.95 100.00 100.00 100.00 1985.81

Cumulative  Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.40 4.83 68.34 4.06 6.75 95.57 5.68 1.24 84.83 1.32 27.77
Pb 3 Conc 1.44 4.86 66.94 4.39 6.99 96.14 6.30 1.28 85.34 1.46 28.52
Pb 2 Conc 1.50 4.92 64.67 4.92 7.39 97.14 7.39 1.35 86.23 1.71 29.83
Pb 1 Conc 1.70 5.12 57.72 6.48 8.73 98.32 11.03 1.60 87.28 2.56 33.83

Zn 4 Conc 7.94 60.80 0.85 0.90 482.68 6.75 7.14 88.32 5.99 1.66 157.65
Zn 3 Conc 8.15 59.88 0.88 1.30 488.02 7.18 10.63 89.29 6.37 2.47 161.83
Zn 2 Conc 8.46 58.04 0.90 2.07 491.21 7.65 17.51 89.88 6.79 4.06 168.08
Zn 1 Conc 9.15 53.93 0.90 3.38 493.35 8.26 30.96 90.27 7.34 7.18 181.67
Zn R/Conc 14.35 34.67 0.71 5.80 497.51 10.14 83.30 91.03 9.00 19.33 284.98
Zn R/Feed        98.30 5.47 0.15 4.27 537.81 14.33 419.92 98.40 12.72 97.44 1951.98
Cal HEAD 100.00 5.47 1.13 4.31 546.54 112.66 430.95 100.00 100.00 100.00 1985.81
Assayed head sample 5.09 1.11 4.47
Original calculated heads 6.2 1.08 4.68
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Table 84: Flotation Test 3b full results 

 
 
Table 85: Flotation Test 3c full results 

 

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.91 6.49 56.15 8.26 12.40 107.32 15.79 2.20 90.94 3.42 37.78
Pb 4 ClTl 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.53
Pb 3 ClTl 0.17 0.00 0.00 0.00 0.00 0.00 0.00 3.42
Pb 2 ClTl 0.37 7.27 1.33 15.66 2.68 0.49 5.77 0.47 0.42 1.25 7.28

Zn Conc 7.62 67.21 0.53 0.43 512.47 4.04 3.28 90.89 3.42 0.71 150.72
Zn 4 ClTl 0.07 23.37 0.42 7.60 1.55 0.03 0.50 0.27 0.02 0.11 1.31
Zn 3 ClTl 0.25 14.11 0.68 16.39 3.48 0.17 4.04 0.62 0.14 0.88 4.87
Zn 2 ClTl 0.70 5.04 0.57 17.07 3.52 0.40 11.93 0.62 0.34 2.59 13.82
Zn 1 ClTl 6.27 2.84 0.23 10.99 17.81 1.44 68.91 3.16 1.22 14.94 123.95
Zn RGH Tl 82.61 0.12 0.05 4.25 9.91 4.13 351.11 1.76 3.50 76.11 1633.00
Cal HEAD 100.00 5.64 1.18 4.61 563.82 118.02 461.33 100.00 100.00 100.00 1976.68

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.91 6.49 56.15 8.26 12.40 107.32 15.79 2.20 90.94 3.42 37.78
Pb 3 Conc 1.94 6.40 55.37 8.15 12.40 107.32 15.79 2.20 90.94 3.42 38.31
Pb 2 Conc 2.11 5.88 50.84 7.48 12.40 107.32 15.79 2.20 90.94 3.42 41.73
Pb 1 Conc 2.48 6.08 43.48 8.69 15.08 107.81 21.55 2.67 91.35 4.67 49.01

Zn 4 Conc 7.62 67.21 0.53 0.43 512.47 4.04 3.28 90.89 3.42 0.71 150.72
Zn 3 Conc 7.69 66.83 0.53 0.49 514.02 4.07 3.78 91.17 3.45 0.82 152.03
Zn 2 Conc 7.94 65.20 0.53 0.99 517.50 4.24 7.82 91.78 3.59 1.70 156.90
Zn 1 Conc 8.64 60.33 0.54 2.29 521.02 4.64 19.75 92.41 3.93 4.28 170.72
Zn R/Conc 14.91 36.15 0.41 5.95 538.83 6.08 88.67 95.57 5.15 19.22 294.67
Zn R/Feed        97.52 5.63 0.10 4.51 548.74 10.21 439.78 97.33 8.65 95.33 1927.67
Cal HEAD 100.00 5.64 1.18 4.61 563.82 118.02 461.33 100.00 100.00 100.00 1976.68
Assayed head sample 5.09 1.11 4.47
Original calculated heads 6.2 1.08 4.68

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.93 5.78 55.90 8.71 11.17 108.03 16.83 2.06 89.20 4.01 37.02
Pb 4 ClTl 0.23 4.59 4.40 15.25 1.04 0.99 3.45 0.19 0.82 0.82 4.33
Pb 3 ClTl 0.63 5.31 1.12 12.74 3.37 0.71 8.09 0.62 0.59 1.93 12.16
Pb 2 ClTl 0.70 14.90 1.30 4.60 10.47 0.91 3.23 1.93 0.75 0.77 13.46

Zn Conc 7.84 63.07 0.54 0.45 494.43 4.23 3.53 91.32 3.50 0.84 150.17
Zn 4 ClTl 0.15 15.82 0.41 14.71 2.36 0.06 2.20 0.44 0.05 0.52 2.86
Zn 3 ClTl 0.37 7.32 0.54 17.47 2.73 0.20 6.51 0.50 0.17 1.55 7.14
Zn 2 ClTl 1.00 2.79 0.39 17.19 2.79 0.39 17.19 0.52 0.32 4.09 19.16
Zn 1 ClTl 6.44 1.40 0.24 12.40 9.01 1.54 79.80 1.66 1.28 19.00 123.28
Zn RGH Tl 80.71 0.05 0.05 3.46 4.04 4.04 279.24 0.75 3.33 66.47 1546.00
Cal HEAD 100.00 5.41 1.21 4.20 541.41 121.12 420.08 100.00 100.00 100.00 1915.58

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.93 5.78 55.90 8.71 11.17 108.03 16.83 2.06 89.20 4.01 37.02
Pb 3 Conc 2.16 5.66 50.51 9.39 12.21 109.03 20.28 2.25 90.02 4.83 41.35
Pb 2 Conc 2.79 5.58 39.28 10.16 15.58 109.74 28.37 2.88 90.60 6.75 53.51
Pb 1 Conc 3.50 7.45 31.65 9.04 26.05 110.65 31.60 4.81 91.36 7.52 66.97

Zn 4 Conc 7.84 63.07 0.54 0.45 494.43 4.23 3.53 91.32 3.50 0.84 150.17
Zn 3 Conc 7.99 62.19 0.54 0.72 496.79 4.29 5.72 91.76 3.55 1.36 153.03
Zn 2 Conc 8.36 59.74 0.54 1.46 499.52 4.50 12.24 92.26 3.71 2.91 160.17
Zn 1 Conc 9.36 53.66 0.52 3.14 502.31 4.89 29.43 92.78 4.03 7.01 179.33
Zn R/Conc 15.80 32.37 0.41 6.91 511.32 6.43 109.23 94.44 5.31 26.00 302.61
Zn R/Feed        96.50 5.34 0.11 4.03 515.36 10.47 388.48 95.19 8.64 92.48 1848.61
Cal HEAD 100.00 5.41 1.21 4.20 541.41 121.12 420.08 100.00 100.00 100.00 1915.58

Assayed head sample 5.09 1.11 4.47
Original calculated heads 6.2 1.08 4.68
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Table 86: Flotation Test 4a full results 

 
 
Table 87: Flotation Test 4b full results 

 

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.37 8.23 69.49 1.27 11.28 95.21 1.74 2.16 84.90 0.39 27.27
Pb 4 ClTl 0.07 16.04 30.39 5.63 1.11 2.11 0.39 0.21 1.88 0.09 1.38
Pb 3 ClTl 0.07 13.14 16.58 5.10 0.86 1.09 0.34 0.17 0.97 0.07 1.31
Pb 2 ClTl 0.17 21.46 7.31 5.13 3.74 1.27 0.89 0.72 1.14 0.20 3.47

Zn Conc 8.69 53.91 0.41 6.44 468.38 3.56 55.95 89.78 3.18 12.40 172.93
Zn 4 ClTl 0.26 21.75 1.10 23.96 5.68 0.29 6.26 1.09 0.26 1.39 5.20
Zn 3 ClTl 0.43 10.65 1.13 27.41 4.58 0.49 11.79 0.88 0.43 2.61 8.56
Zn 2 ClTl 0.84 4.66 1.01 25.77 3.93 0.85 21.74 0.75 0.76 4.82 16.79
Zn 1 ClTl 7.01 2.46 0.46 19.56 17.24 3.22 137.09 3.30 2.87 30.39 139.50
Zn RGH Tl 81.09 0.06 0.05 2.65 4.87 4.05 214.89 0.93 3.62 47.64 1614.00
Cal HEAD 100.00 5.22 1.12 4.51 521.67 112.14 451.07 100.00 100.00 100.00 1990.41

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.37 8.23 69.49 1.27 11.28 95.21 1.74 2.16 84.90 0.39 27.27
Pb 3 Conc 1.44 8.61 67.61 1.48 12.39 97.31 2.13 2.37 86.77 0.47 28.65
Pb 2 Conc 1.51 8.80 65.38 1.64 13.25 98.40 2.47 2.54 87.75 0.55 29.96
Pb 1 Conc 1.68 10.12 59.35 2.00 16.99 99.68 3.36 3.26 88.88 0.74 33.43

Zn 4 Conc 8.69 53.91 0.41 6.44 468.38 3.56 55.95 89.78 3.18 12.40 172.93
Zn 3 Conc 8.95 52.97 0.43 6.95 474.06 3.85 62.21 90.87 3.43 13.79 178.13
Zn 2 Conc 9.38 51.03 0.46 7.89 478.64 4.34 74.00 91.75 3.87 16.41 186.69
Zn 1 Conc 10.22 47.20 0.51 9.36 482.57 5.19 95.74 92.50 4.63 21.22 203.48
Zn R/Conc 17.23 29.01 0.49 13.51 499.81 8.41 232.83 95.81 7.50 51.62 342.98
Zn R/Feed        98.32 5.13 0.13 4.55 504.68 12.47 447.71 96.74 11.12 99.26 1956.98
Cal HEAD 100.00 5.22 1.12 4.51 521.67 112.14 451.07 100.00 100.00 100.00 1990.41

Assayed head sample 5.52 1.13 4.77
Original calculated heads 6.13 1.06 4.66

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.56 11.02 67.73 0.98 17.20 105.72 1.53 3.24 88.05 0.32 31.00
Pb 4 ClTl 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.83
Pb 3 ClTl 0.16 14.47 5.65 3.79 2.29 0.89 0.60 0.43 0.74 0.13 3.14
Pb 2 ClTl 0.37 12.73 2.71 3.23 4.73 1.01 1.20 0.89 0.84 0.25 7.38

Zn Conc 8.46 56.16 0.39 6.09 474.91 3.30 51.50 89.57 2.75 10.91 167.94
Zn 4 ClTl 0.29 12.45 0.23 33.57 3.65 0.07 9.84 0.69 0.06 2.08 5.82
Zn 3 ClTl 0.68 8.15 0.49 29.16 5.52 0.33 19.73 1.04 0.28 4.18 13.44
Zn 2 ClTl 1.66 3.98 0.42 26.48 6.60 0.70 43.88 1.24 0.58 9.30 32.91
Zn 1 ClTl 8.99 1.27 0.29 14.34 11.41 2.61 128.89 2.15 2.17 27.31 178.50
Zn RGH Tl 77.80 0.05 0.07 2.76 3.89 5.45 214.72 0.73 4.54 45.50 1545.00
Cal HEAD 100.00 5.30 1.20 4.72 530.19 120.07 471.89 100.00 100.00 100.00 1985.96

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.56 11.02 67.73 0.98 17.20 105.72 1.53 3.24 88.05 0.32 31.00
Pb 3 Conc 1.60 10.73 65.96 0.95 17.20 105.72 1.53 3.24 88.05 0.32 31.83
Pb 2 Conc 1.76 11.07 60.55 1.21 19.49 106.62 2.13 3.68 88.80 0.45 34.97
Pb 1 Conc 2.13 11.36 50.47 1.56 24.22 107.62 3.33 4.57 89.63 0.71 42.35

Zn 4 Conc 8.46 56.16 0.39 6.09 474.91 3.30 51.50 89.57 2.75 10.91 167.94
Zn 3 Conc 8.75 54.70 0.38 7.01 478.56 3.37 61.34 90.26 2.80 13.00 173.76
Zn 2 Conc 9.43 51.35 0.39 8.60 484.07 3.70 81.07 91.30 3.08 17.18 187.20
Zn 1 Conc 11.08 44.27 0.40 11.27 490.67 4.39 124.95 92.55 3.66 26.48 220.11
Zn R/Conc 20.07 25.01 0.35 12.65 502.08 7.00 253.84 94.70 5.83 53.79 398.61
Zn R/Feed        97.87 5.17 0.13 4.79 505.97 12.45 468.56 95.43 10.37 99.29 1943.61
Cal HEAD 100.00 5.30 1.20 4.72 530.19 120.07 471.89 100.00 100.00 100.00 1985.96
Assayed head sample 5.52 1.13 4.77
Original calculated heads 6.13 1.06 4.66
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Table 88: Flotation Test 4c full results 

 
Table 89: Flotation Test 5a full results 

 
 

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 2.19 17.34 41.63 4.16 38.04 91.33 9.13 7.23 87.62 1.95 42.72
Pb 4 ClTl 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.89
Pb 3 ClTl 0.18 17.02 5.58 5.75 2.99 0.98 1.01 0.57 0.94 0.22 3.42
Pb 2 ClTl 0.43 18.00 5.09 5.80 7.66 2.17 2.47 1.46 2.08 0.53 8.29

Zn Conc 7.90 56.00 0.35 5.73 442.40 2.76 45.27 84.04 2.65 9.67 153.83
Zn 4 ClTl 0.26 16.11 0.29 26.77 4.16 0.07 6.92 0.79 0.07 1.48 5.03
Zn 3 ClTl 0.40 8.02 0.29 30.12 3.17 0.11 11.91 0.60 0.11 2.54 7.70
Zn 2 ClTl 1.29 5.57 0.55 26.87 7.16 0.71 34.55 1.36 0.68 7.38 25.04
Zn 1 ClTl 7.87 1.94 0.27 22.75 15.27 2.13 179.12 2.90 2.04 38.25 153.31
Zn RGH Tl 79.45 0.07 0.05 2.24 5.56 3.97 177.96 1.06 3.81 38.00 1547.00
Cal HEAD 100.00 5.26 1.04 4.68 526.42 104.24 468.33 100.00 100.00 100.00 1947.23

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 2.19 17.34 41.63 4.16 38.04 91.33 9.13 7.23 87.62 1.95 42.72
Pb 3 Conc 2.24 16.99 40.78 4.08 38.04 91.33 9.13 7.23 87.62 1.95 43.61
Pb 2 Conc 2.42 16.99 38.22 4.20 41.03 92.31 10.14 7.79 88.56 2.16 47.03
Pb 1 Conc 2.84 17.14 33.26 4.44 48.69 94.48 12.61 9.25 90.64 2.69 55.32

Zn 4 Conc 7.90 56.00 0.35 5.73 442.40 2.76 45.27 84.04 2.65 9.67 153.83
Zn 3 Conc 8.16 54.74 0.35 6.40 446.56 2.84 52.18 84.83 2.72 11.14 158.86
Zn 2 Conc 8.55 52.58 0.35 7.49 449.73 2.95 64.09 85.43 2.83 13.69 166.56
Zn 1 Conc 9.84 46.43 0.37 10.03 456.89 3.66 98.65 86.79 3.51 21.06 191.60
Zn R/Conc 17.71 26.66 0.33 15.68 472.17 5.79 277.76 89.69 5.55 59.31 344.91
Zn R/Feed        97.16 4.92 0.10 4.69 477.73 9.76 455.72 90.75 9.36 97.31 1891.91
Cal HEAD 100.00 5.26 1.04 4.68 526.42 104.24 468.33 100.00 100.00 100.00 1947.23
Assayed head sample 5.52 1.13 4.77
Original calculated heads 6.13 1.06 4.66

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.79 8.58 55.16 4.71 15.36 98.72 8.43 2.72 87.70 2.34 34.94
Pb 4 ClTl 0.12 7.39 8.43 9.74 0.90 1.02 1.18 0.16 0.91 0.33 2.37
Pb 3 ClTl 0.24 8.30 3.40 8.50 1.96 0.80 2.00 0.35 0.71 0.56 4.60
Pb 2 ClTl 0.45 7.93 1.47 6.95 3.57 0.66 3.13 0.63 0.59 0.87 8.80

Zn Conc 8.09 63.68 0.47 0.65 514.95 3.80 5.26 91.21 3.38 1.46 157.87
Zn 4 ClTl 0.20 22.62 1.41 16.60 4.47 0.28 3.28 0.79 0.25 0.91 3.86
Zn 3 ClTl 0.30 9.31 1.14 20.30 2.80 0.34 6.11 0.50 0.31 1.70 5.88
Zn 2 ClTl 0.78 3.19 0.78 18.73 2.48 0.61 14.58 0.44 0.54 4.06 15.20
Zn 1 ClTl 4.03 0.94 0.32 7.83 3.79 1.29 31.58 0.67 1.15 8.78 78.73
Zn RGH Tl 84.01 0.17 0.06 3.38 14.28 5.04 283.94 2.53 4.48 78.98 1640.00
Cal HEAD 100.00 5.65 1.13 3.59 564.57 112.57 359.50 100.00 100.00 100.00 1952.25

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.79 8.58 55.16 4.71 15.36 98.72 8.43 2.72 87.70 2.34 34.94
Pb 3 Conc 1.91 8.50 52.19 5.03 16.25 99.74 9.61 2.88 88.61 2.67 37.31
Pb 2 Conc 2.15 8.48 46.84 5.41 18.21 100.55 11.61 3.23 89.32 3.23 41.91
Pb 1 Conc 2.60 8.39 38.96 5.68 21.78 101.21 14.75 3.86 89.91 4.10 50.71

Zn 4 Conc 8.09 63.68 0.47 0.65 514.95 3.80 5.26 91.21 3.38 1.46 157.87
Zn 3 Conc 8.28 62.70 0.49 1.03 519.43 4.08 8.54 92.00 3.62 2.38 161.73
Zn 2 Conc 8.59 60.83 0.52 1.71 522.23 4.42 14.65 92.50 3.93 4.08 167.61
Zn 1 Conc 9.36 56.03 0.54 3.12 524.71 5.03 29.24 92.94 4.47 8.13 182.81
Zn R/Conc 13.40 39.45 0.47 4.54 528.50 6.32 60.81 93.61 5.61 16.92 261.54
Zn R/Feed        97.40 5.57 0.12 3.54 542.78 11.36 344.75 96.14 10.09 95.90 1901.54
Cal HEAD 100.00 5.65 1.13 3.59 564.57 112.57 359.50 100.00 100.00 100.00 1952.25

Assayed head sample 5.68 1.24 3.79
Original calculated heads 5.99 1.09 4.07
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Table 90: Flotation Test 5b full results 

 
Table 91: Flotation Test 5c full results 

  

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.58 7.12 62.84 3.46 11.22 99.06 5.45 1.84 89.35 1.58 30.96
Pb 4 ClTl 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.80
Pb 3 ClTl 0.07 0.00 0.00 0.00 0.00 0.00 0.00 1.29
Pb 2 ClTl 0.31 9.14 1.85 8.55 2.81 0.57 2.63 0.46 0.51 0.76 6.04

Zn Conc 8.63 65.48 0.59 0.65 565.40 5.09 5.61 92.81 4.60 1.63 169.59
Zn 4 ClTl 0.19 32.84 0.79 11.00 6.12 0.15 2.05 1.00 0.13 0.60 3.66
Zn 3 ClTl 0.21 10.94 0.57 17.39 2.29 0.12 3.64 0.38 0.11 1.06 4.11
Zn 2 ClTl 0.56 3.58 0.66 17.28 2.01 0.37 9.68 0.33 0.33 2.81 11.00
Zn 1 ClTl 6.40 1.49 0.22 7.25 9.53 1.41 46.37 1.56 1.27 13.46 125.61
Zn RGH Tl 82.02 0.12 0.05 3.28 9.84 4.10 269.04 1.62 3.70 78.10 1611.00
Cal HEAD 100.00 6.09 1.11 3.44 609.22 110.86 344.47 100.00 100.00 100.00 1964.06

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.58 7.12 62.84 3.46 11.22 99.06 5.45 1.84 89.35 1.58 30.96
Pb 3 Conc 1.62 6.94 61.26 3.37 11.22 99.06 5.45 1.84 89.35 1.58 31.76
Pb 2 Conc 1.68 6.67 58.87 3.24 11.22 99.06 5.45 1.84 89.35 1.58 33.05
Pb 1 Conc 1.99 7.05 50.06 4.06 14.03 99.63 8.08 2.30 89.86 2.35 39.09

Zn 4 Conc 8.63 65.48 0.59 0.65 565.40 5.09 5.61 92.81 4.60 1.63 169.59
Zn 3 Conc 8.82 64.79 0.59 0.87 571.52 5.24 7.66 93.81 4.73 2.22 173.25
Zn 2 Conc 9.03 63.54 0.59 1.25 573.81 5.36 11.30 94.19 4.84 3.28 177.36
Zn 1 Conc 9.59 60.04 0.60 2.19 575.81 5.73 20.98 94.52 5.17 6.09 188.36
Zn R/Conc 15.99 36.62 0.45 4.21 585.34 7.14 67.35 96.08 6.44 19.55 313.97
Zn R/Feed        98.01 6.07 0.11 3.43 595.18 11.24 336.38 97.70 10.14 97.65 1924.97
Cal HEAD 100.00 6.09 1.11 3.44 609.22 110.86 344.47 100.00 100.00 100.00 1964.06

Assayed head sample 5.68 1.24 3.79
Original calculated heads 5.99 1.09 4.07

Raw Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb Conc 1.54 8.08 62.95 3.03 12.44 96.90 4.66 2.21 87.26 1.35 30.26
Pb 4 ClTl 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.90
Pb 3 ClTl 0.19 9.98 5.10 9.67 1.86 0.95 1.80 0.33 0.86 0.52 3.66
Pb 2 ClTl 0.43 9.02 2.19 8.57 3.85 0.94 3.66 0.69 0.84 1.06 8.40

Zn Conc 7.82 64.99 0.59 0.46 508.00 4.61 3.60 90.42 4.15 1.04 153.66
Zn 4 ClTl 0.19 43.82 0.89 6.25 8.47 0.17 1.21 1.51 0.15 0.35 3.80
Zn 3 ClTl 0.27 21.41 1.05 13.89 5.84 0.29 3.79 1.04 0.26 1.09 5.36
Zn 2 ClTl 0.67 10.78 1.00 14.88 7.21 0.67 9.95 1.28 0.60 2.87 13.14
Zn 1 ClTl 6.14 1.50 0.39 9.95 9.21 2.39 61.07 1.64 2.16 17.64 120.65
Zn RGH Tl 82.71 0.06 0.05 3.10 4.96 4.14 256.41 0.88 3.72 74.08 1626.00
Cal HEAD 100.00 5.62 1.11 3.46 561.83 111.05 346.14 100.00 100.00 100.00 1965.83

Cumulative Results:
WEIGHT ASSAYS UNITS DISTRIBUTIONS WEIGHT

 % % Zn % Pb % Fe Zn Pb Fe % Zn % Pb % Fe (grams)
Pb 4 Conc 1.54 8.08 62.95 3.03 12.44 96.90 4.66 2.21 87.26 1.35 30.26
Pb 3 Conc 1.59 7.85 61.13 2.94 12.44 96.90 4.66 2.21 87.26 1.35 31.16
Pb 2 Conc 1.77 8.07 55.24 3.65 14.30 97.85 6.46 2.54 88.11 1.87 34.82
Pb 1 Conc 2.20 8.26 44.93 4.61 18.15 98.78 10.13 3.23 88.95 2.93 43.22

Zn 4 Conc 7.82 64.99 0.59 0.46 508.00 4.61 3.60 90.42 4.15 1.04 153.66
Zn 3 Conc 8.01 64.48 0.60 0.60 516.47 4.78 4.80 91.93 4.31 1.39 157.46
Zn 2 Conc 8.28 63.06 0.61 1.04 522.31 5.07 8.59 92.97 4.57 2.48 162.82
Zn 1 Conc 8.95 59.16 0.64 2.07 529.51 5.74 18.54 94.25 5.17 5.36 175.96
Zn R/Conc 15.09 35.70 0.54 5.28 538.72 8.13 79.60 95.89 7.32 23.00 296.61
Zn R/Feed        97.80 5.56 0.13 3.44 543.68 12.27 336.01 96.77 11.05 97.07 1922.61
Cal HEAD 100.00 5.62 1.11 3.46 561.83 111.05 346.14 100.00 100.00 100.00 1965.83

Assayed head sample 5.68 1.24 3.79
Original calculated heads 5.99 1.09 4.07
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7.5 APPENDIX V: FLOTATION TEST STATISTICAL ANALYSIS 
Table 92: ANOVA Analysis of wt% Fe grade Pb Concentrate 

 
Note in each case the values highlighted in red indicate the five hypothesis 
chosen, with any value <0.05 indicating a significant difference. 
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Table 93: ANOVA Analysis of wt% Fe Recovery to Pb Concentrate 
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Table 94: ANOVA Analysis of wt% Fe grade in Zn Concentrate 
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Table 95: ANOVA Analysis of wt% Fe Recovery to Zn Concentrate 

 

 


