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Abstract 

Tapuli is an iron skarn deposit is a part of the Kaunisvaara ore field. It is located about 25 km north of 

the town of Pajala. The deposit has been developed into a mine by Northland Resources AB and 

production started in November 2012. Magnetite is the only ore mineral. Sulfides (pyrrhotite, pyrite 

and minor chalcopyrite) occur in the deposit and are unevenly distributed. The final product 

produced from the processing plant is a magnetite concentrate. One of the challenges for the mine is 

to control the sulfur content of their final product. Sulfur is a penalty element for the smelters and its 

content affects the final price of the concentrate. The aim of this study is to give a more detailed 

description of the sulfide distribution in the deposit and its controls.  

The Tapuli deposit is located in the northwest limb of a NE trending anticline, on the lithological 

contact between Karelian (2.44 – 2.0 Ga) and Svecofennian (1.96 – 1.75 Ga) rocks. The ore lenses are 

concordant with the metasediments and dip 45° - 60° NW – WNW (Baker et al., 2011). The footwall 

rocks consist of phyllite, graphitic phyllite and dolomitic marble. The latter two rock types are 

relatively rich in sulfides. The sulfur content in the graphitic phyllite is up to 7 wt. % while the 

dolomitic marble locally contains massive sulfide veins up to 2.5 m wide. The contact between the 

skarn and the dolomitic marble is transitional. The skarn zonation starts with serpentine skarn closest 

to or as part of the ore, thereafter, clinopyroxene skarn and, finally, actinolite skarn closest to the the 

hanging wall. The most common skarn minerals are serpentine, clinopyroxene, tremolite and 

actinolite. The ore textures vary from irregular schlieren, bands and blebs in skarn, to infill between 

skarn minerals, ore breccia or semi-massive to massive bands. The contact between the skarn and 

the hanging wall rocks is transitional over a few meters. The hanging wall consists of Svecofennian 

quartzites and phyllites. The whole stratigraphic sequence is crosscut by two generations of mafic 

dykes. The deposit is also crosscut by local faults with a steep dip (Lindroos et al., 1972).  

The average sulfur content at Tapuli is 0.18 wt. % (Lindroos et al., 1972). The sulfur content increases 

with depth in the stratigraphy and proximity to sulfur-rich footwall rocks. In the upper parts of the 

stratigraphy, close to the hanging wall, pyrite is the dominantly occurring sulfide. The pyrrhotite 

content increases in relation to pyrite towards the footwall. Sulfides occur most frequently 

disseminated in skarn or as veins and veinlets, with or without calcite or actinolite. In the serpentine 

skarn, sulfides occur in association with serpentine-calcite-talc veins and veinlets. In the actinolite 

skarn close to the hanging wall, pyrite is associated with calcite-epidote veins. Veins with sulfides 

often crosscut the banding in the skarn. Microscopic observations and microprobe studies of the 

sulfides show that sulfides postdate the magnetite mineralization and that two different pyrite 

generations exist. The paragenetically later pyrite generation replaces pyrrhotite and is itself 

replaced by a mixture of iron oxides and hydroxides.  

Results of lithogeochemistry analyses of serpentine and actinolite skarn and of one of the mafic 

dykes suggest different protoliths for the actinolite skarn and the serpentine skarn. The alteration of 

mafic dykes and fault zones indicates that these structures functioned as channel ways for fluids 

post-dating the mineralization. The ore mineral textures and sulfide composition suggest that the 

redox state of the fluids that deposited the sulfides changed with time and with position in the 

stratigraphy. More oxidizing conditions occurred close to the hanging wall where the pyrite-epidote 

association is common and more reduced conditions deeper in the stratigraphy, in proximity to the 

graphitic phyllite.  
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1 Introduction 

The Tapuli iron skarn deposit is located in the Pajala municipality (Figure 1), 3 km north of the 

Kaunisvaara village. The deposit has been developed into a mine by Northland Resources AB and 

production started in November 2012. The ore reserves at Tapuli are 94.5 Mt of iron ore at 26.31 % 

Fe (Baker et al., 2011). The Tapuli deposit occurs along the stratigraphic contact between Karelian 

(2.44 – 2.0 Ga) and Svecofennian (1.96 – 1.75 Ga) rocks. There are other iron skarn deposits in the 

same stratigraphic position along the strike, of which the most important ones are, from N to S: 

Palotieva, Tapuli, Stora, Östra and Södra Sahavaara, all belonging to the Kaunisvaara ore field.  

 

Figure 1. Location of the Tapuli deposit. 

The Tapuli deposit was discovered by magnetic measurements in 1918 by V. Tanner, along with the 

Palotieva, Stora, Östra and Södra Sahavaara iron skarn formations (Tanner, 1919). During the 1960’s, 

the Kaunisvaara ore field was explored by the SGU as part of the Iron Ore Inventory Program in 

Norrrbotten (Baker et al., 2011). In total, 26 drill holes and 6074 meters were drilled between 1965 

and 1969. A SGU report describing the area was prepared by H. Lindroos, B. Nylund and K. Johansson 
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in 1972, summarizing the information from drilling and geophysical surveys (Lindroos et al., 1972). 

The area was explored by Anglo American in the early 2000’s through geophysical and geochemical 

surveys. In 2004, Northland Resources AB took over the exploration of the Kaunisvaara ore field. In 

2009 a historic Mineral Resource Estimate was prepared and published by T. Lindholm and K. 

Mukhopadhyay, and in 2011, a technical review of the Tapuli project was prepared under the 

National Instrument 43-101 by Baker et al.  

One of the challenges for the newly opened mine is the control of the sulfur content in the final 

product – magnetite concentrate. Even though Tapuli has the lowest sulfur content of all of the 

above mentioned deposits in the Kaunisvaara ore field (0.2 % S in Tapuli, compared to other deposits 

0.5 – 2.5 % S; Lindroos, 1974), the sulfide minerals at Tapuli (pyrite, pyrrhotite and minor 

chalcopyrite) are unevenly distributed and the factors that have control of their distribution are 

unclear. In this study, the descriptions of the different skarn types, sulfide textures and of the sulfide 

distribution in the deposit will be presented, along with results of mineral chemistry. The objective of 

this study is to combine and discuss the findings and gain some insight into the processes that have 

formed the sulfides at the Tapuli deposit in order to better understand the sulfide distribution in the 

ore body and, hence, improve the control of sulfide occurrence during mining.  

The abbreviations and mineral symbols used in this study follow Kretz (1983).  
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2 Methodology  

Six cross sections of the deposit were selected for further studies (Figure 2). Section TPL400, TPL600, 

TPL800 and TPL1160 are located in the central and widest part of the deposit. Section TS1650 

crosscuts the southern extension of the deposit and TPL1950 crosscuts the northern extension of the 

deposit. Twenty drill cores from these cross sections were selected for geological logging, with the 

focus on the central part of the deposit. During the logging the emphasis was on the different 

occurrences of sulfides in different skarn alteration types. All together 2700 meters of drill core were 

logged.  

Based on the drill core logging, 92 hand samples were collected, of which 28 samples were prepared 

and sent to Vancouver Petrographics for preparation of polished thin sections. Twenty-four polished 

thin sections, provided by Northland Resources from previous studies of the deposit, were also used 

in this study. The polished thin sections were studied using a Nikon Eclipse E600 polarization 

microscope at LTU.  

Nine thin sections were carbon coated and studied using a JEOL JXA-8200 electron probe 

microanalyzer at the University of Oulu.  All mineral analyses were carried out using accelerating 

voltage of 15 kV, a beam current of 15 nA and a probe diameter between 5 and 10 µm, depending on 

the size of the selected grains.  

Five samples from drill core were prepared and sent to ALS Chemex in Öjebyn, Sweden for whole 

rock geochemistry analysis using ICP-MS, ICP-AES, Leco and WST-SEQ instruments.  

Three samples from drill core were crushed and been analyzed using a Siemens D5000 

diffractometer with a Cu x-ray tube and a scintillation detector at LTU. The scanning range was 

between 10° and 110°. The results were processed HighScorePlus software.   

 

Figure 2. Section plan of the Tapuli deposit, with selected cross section highlighted in bold. 
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3 Overview of skarn deposits 

3.1 General description 

Skarns and skarn deposits have formed ubiquitously during the history of Earth. Skarn is a rock type 

defined by its mineralogy, consisting of calc-silicate minerals like pyroxene and garnet (Meinert et al., 

2005). Skarns are formed by metasomatic processes involving fluids of various origin (magmatic, 

metamorphic, meteoric or marine) from lithologies that contain usually at least some limestone, but 

skarns have been known to form from various rock types, such as shale, sandstone, granite or basalt 

(Meinert et al., 2005). Skarns can form during regional or contact metamorphism, usually in 

connection with plutons, but also in association with major shear zones or shallow geothermal 

systems. 

Skarn deposits can host various types of mineralization, but not every skarn contains high enough 

concentrations to be profitable. Skarn and ore formation usually result from the same hydrothermal 

system, but there can be difference in temporal and spatial distribution of minerals (Meinert et al. 

2005). There are seven major skarn types based on the economic metal (Meinert et al. 2005): iron, 

gold, tungsten, copper, zinc, molybdenum and tin. These skarn types have different characteristics 

and formed in different settings. Another way to divide the rock type is to endo- and exoskarn, 

referring to whether the protolith was igneous or sedimentary, or to indicate the position relative to 

the igneous body (Meinert et al., 2005).  

3.1.1 Mineralogy and zonation 

The most common skarn minerals are anhydrous Ca-Fe-Mg silicates, such as garnets, pyroxenes and 

wollastonite (Misra, 2000). Hydrous mineral, like tremolite or epidote, are usually a result of 

retrograde alteration (Misra 2000). Some minerals are typical for Mg-rich skarn types, for example 

serpentine, talc, forsterite, phlogopite, humite or brucite (Meinert et al., 2005). Ubiquitous in all 

skarns are calcite and quartz. Sn-, B-, Be- and F- bearing minerals are associated with only certain 

skarn types.  

Zonation in skarn occurs both spatially and temporally with the patterns superimposed on each other 

and as a result very complex (Meinert et al., 2005). The zoning can be on the scale from micrometers 

to kilometers (Meinert et al., 2005). It may appear as a sequence of monomineralic or bimineralic 

layers relative to sedimentary or igneous contacts, or relative to fissures and fractures (Misra, 2000). 

The general trend is with garnet proximal to the igneous contact and an increase of pyroxene content 

further away from the contact (Meinert et al., 2005). Vesuvianite, wollastonite or other pyroxenoids 

occur on the skarn-marble contact (Meinert et al., 2005). In reduced wall rocks, the effects of an 

oxidized magma are lessened, and the garnet-pyroxene ratio is lower than in other skarns. The 

composition of garnet is Fe-poor, and the pyroxene is Fe-rich (Meinert et al., 2005). Some minerals 

show a systematic color or compositional variation within larger zonation patterns (Misra, 2000). For 

example, garnet changes from dark red brown in the proximal parts, to light brown in distal parts or 

even pale green near the marble contact (Misra, 2000). Most skarn systems also record two periods 

of garnet growth, early poikilitic cores and later homogenous rims. The cores reflect the major 

elemental composition of the protolith, while the rims are enriched in Fe, LREE and other metals 
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(Meinert et al., 2005). In pyroxenes, the Fe and Mn content increases towards the marble contact 

(Meinert et al., 2005). 

The occurrence of hydrous minerals, such as amphiboles, epidote or chlorite, is in most cases 

structurally controlled, and the retrograde mineralogy overprints the prograde zonation sequence 

(Meinert et al., 2005). The hydrous minerals are abundant along faults, stratigraphic or intrusive 

contacts (Meinert et al., 2005). Retrograde alteration is more pervasive in shallow deposits (Meinert 

et al., 2005).  

3.1.2 Formation and evolution 

Skarns are zoned as a result of dynamic interplay between early metamorphic and late metasomatic 

processes (Meinert et al., 2005). Early metamorphism and metasomatism are high temperature 

processes (600 – 800 °C), and skarn minerals like garnet or pyroxene form. These processes are 

followed by lower temperature retrograde alteration, during which most of the sulfide mineralization 

is formed (Meinert et al., 2005). The depth at which skarn is formed is directly linked to the processes 

responsible. The depth affects the temperature of wall rock, thus influencing the volume and the 

length of duration of skarn forming processes, also minimizing the retrograde alteration (Meinert et 

al., 2005). A higher degree of metamorphism at depth affects the host rock permeability and reduces 

the amount of carbonate reacting with metasomatic fluids (Meinert et al., 2005). At greater depths 

rocks undergo ductile deformation, at shallow levels the deformation is brittle – fracturing and 

faulting - which increases the host rock permeability for metasomatic and later meteoric fluids 

(Meinert et al., 2005).  

Most skarns are associated with intrusions and their formation is linked to the emplacement and 

cooling of plutons (Misra, 2000). According to Misra (2000), a skarn deposit develops in four stages: 

(1) emplacement of a pluton into a carbonate-bearing supracrustal sequence; (2) isochemical contact 

metamorphism related to the pluton, with temperatures between 500 and 700 °C; (3) metasomatism 

accompanying crystallization of the magma, and an evolution of ore forming magmatic-hydrothermal 

fluid, temperatures are between 650 and 400 °C; (4) retrograde hydrothermal alteration during the 

cooling of the system together with an influx of meteoric water into the system, temperatures 

between 300 and 450 °C.  

For large skarn deposits to form, mass transfer by fluid flow is required (Meinert et al., 2005). 

Chemical alteration is a result of infiltration of a chemically reactive fluid, and as the fluid passes 

though the reaction zone, fluid composition changes, as does the composition of the surrounding 

rocks (Meinert et al., 2005). When the fluid moves in a certain direction, the alteration sequence 

becomes zonal. A single fluid-flow event produces multiple propagation fronts that move at different 

speeds from the fluid source (Meinert et al., 2005). As the propagation fronts move away from the 

fluid source, the slower alteration reactions overprint the faster ones, creating a concentric pattern 

around the fluid source (Figure 3, Meinert et al. 2005). The larger the fluid flow, the further the 

reaction fronts move away and also further apart from each other. The presence of stacked 

alteration fronts marks the limit of fluid infiltration (Meinert et al., 2005). Larger skarn deposits 

record regions with the most fluid flow, because the distance travelled by the reaction front is 

proportional to the amount of fluid flow (Meinert et al., 2005). Fluid flow is in part influenced by the 

infiltration-driven reactions that change the porosity, permeability and fluid pressure. Skarn-forming 
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reactions that increase solid volume cause a decrease of permeability, while reactions that increase 

porosity can focus the fluid flow and thus accelerate the reaction and can result in fingered or 

scalloped reaction fronts (Meinert et al., 2005).  

 

Figure 3. Schematic illustration of propagation of multiple reaction fronts during progressive fluid flow, from Meinert et 
al. (2005). 

3.1.3 Geochemistry 

Studies of fluid inclusions in minerals from skarns and skarn deposits show that the mineralization 

fluids from most types of deposits (except for Cu- and Zn- skarns) have homogenization 

temperatures above 700 °C and high salinities above 50 wt. % NaCl eq., and contain multiple 

daughter minerals (Meinert et al., 2005). CO2 is present in inclusions, both as a gas and as a liquid, 

other volatile phases present are CH4, N2 or H2S (Meinert et al., 2005). Fluid inclusions also show the 

shift in temperature and fluid salinity between the prograde and retrograde alteration events 

(Meinert et al., 2005). Inclusions in prograde minerals (garnet or pyroxene) are in the range between 

500 and 700 °C and salinities around 50 wt. % NaCl eq., whereas inclusions in retrograde minerals 

have much lower homogenization temperatures and salinities around 25 wt. % NaCl eq. (Meinert et 

al., 2005).  

Isotopic composition of O, C and S can help distinguish the fluid source in skarn systems. Usually, 

prograde minerals like garnet, pyroxene and associated quartz have δ18O values between 4 and 9 ‰, 

which correspond with a magmatic fluid source (Meinert et al., 2005). Minerals that have a 

sedimentary origin, such as calcite, have markedly different δ18O values (Meinert et al., 2005). In 

most cases, a continuous mixing line between original δ18O sedimentary mineral values and 

calculated δ18O values of the magmatic-hydrothermal fluids exists (Meinert et al., 2005). The same 

applies for mixing of δ12C values between calcite in sedimentary limestone and calcite associated 

with garnet or pyroxenes (Meinert et al., 2005). Studies of sulfur isotopes of various sulfide minerals 

show a narrow range of δ34S, typical for a magmatic source, although studies of certain distal Zn 

skarns show that some of the sulfur was derived from a sedimentary source, possibly evaporites, 

along the fluid path (Meinert et al., 2005).  



7 
 

Different skarn forming environments can be determined from mineral reactions and minerals 

present in the skarn. Figure 4 shows mineral associations that are typical for different environments.  

 

Figure 4. Temperature-log oxygen fugacity diagram, showing the stability fields of major skarn silicate, oxide and sulfide 
minerals, from Meinert et al. (2005). Oxidized skarn contain associations 1, 2 and 8, reduced skarns contain associations 
3, 4 and 7. Metamorphic skarns contain associations 4, 5, 6 and 7.  

There exists a broad correlation between skarn type and composition of the plutons associated with 

them (Meinert et al., 2005). Plutons associated with Fe and Au skarns contain more MgO and less 

K2O or SiO2 than plutons associated with Sn and Mo, which suggests a more primitive magma source 

for the former skarn types (Meinert et al., 2005).   

3.2 Iron skarns 

Iron skarns form the largest skarn deposits, some deposits report over 1000 Mt of Fe ore (Meinert et 

al., 2005). These consist mostly of magnetite and only of very little gangue minerals. Deposits are 

mined for their magnetite content but they can also contain minor amounts of Cu, Co, Ni and Au, 

however they are usually not recovered (Meinert et al., 2005). Iron skarns can be divided into calcic 

and magnesian Fe skarns, depending on the composition of the protolith.  

Calcic Fe skarns, that are associated with Fe-rich plutons intruding into limestone and volcanic wall 

rocks, are the only skarn type occurring in the oceanic island arc setting (Meinert et al., 2005; Misra, 

2000). The igneous rocks are gabbroic to dioritic stocks emplaced in cogenetic basalt-andesite 

sequences (Misra, 2000), and they are commonly altered by scapolite, albite and orthoclase veins 

and replacements (Meinert et al., 2005). The skarn minerals are all Fe-rich and include garnet and 

pyroxene and minor epidote, ilvaite and actinolite, although extensive epidote-pyroxene endoskarns 

occur in some deposits (Misra, 2000). This skarn type has a low sulfide content; metals such as Cu, 

Zn, Co and Au occur rarely (Misra et al., 2000). The magnetite ore bodies occur either close to the 

garnet zones, or in limestone away from the skarn zone (Misra, 2000).  
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Magnesian Fe skarns are associated with a variety of tectonic environments. When associated with 

plutons, they are silicic and Fe-poor, and emplaced in continental margins or orogenic belts (Misra, 

2000). All deposits of this type formed from Mg-rich wall rock, such as dolomite, and as a result the 

main skarn minerals are Fe-poor, for example forsterite, diopside, periclase, talc or serpentine 

(Meinert et al., 2005). The remaining iron in solution forms magnetite (Meinert et al., 2005). 

Magnesian Fe skarns may contain sulfides (commonly chalcopyrite, pyrite, sphalerite or pyrrhotite) in 

larger amounts than calcic Fe skarns (Misra et al., 2005). 

3.2.1 Examples of magnesian iron skarns 

Some examples of magnesian Fe skarn deposits are known from Russia and North Korea (the Musan 

deposit with reported 5200 Mt of Fe ore), although information on these deposits is not easily 

available. In USA, the Mojave Desert iron skarn deposits are known examples of magnesian Fe skarn 

deposits. One of these is the Iron Hat Fe skarn deposit (Hall et al., 1988). In Finland, small magnetite 

occurrences in the Misi area have mineral assemblages similar to those of magnesian Fe skarns 

described in section 3.2 (Niiranen et al., 2003; Niiranen et al., 2005). 

The Iron Hat deposit is located in the Marble Mountains, in eastern part of the Mojave Desert, 

California (Hall et al., 1988). Hall et al. describe three episodes of skarn formation, the latest one that 

took place on the faulted contact between dolomitic marble and a granite intrusion produced steeply 

dipping clinohumite-magnetite-serpentine bodies (Hall et al., 1988). The main ore mineral is 

magnetite, clinohumite is the main prograde skarn mineral, serpentine postdates clinohumite 

formation and occurs either as replacement of clinohumite or infill between clinohumite grains (Hall 

et al., 1988). The deposit contains very little sulfides, but rarely, small chalcopyrite veinlets occur 

(Hall et al., 1988). Hematite occurs as minute replacements along grain boundaries, fractures and 

cleavage planes (Hall et al., 1988).  

The deposits in the Misi area in northern Finland (Raajärvi) are irregular replacement magnetite 

bodies and veins hosted by serpentine and actinolite-tremolite skarns (Niiranen et al., 2003). The 

bodies occur within albitized gabbros or at contacts between the albitized gabbros (2.12 – 2.20 Ga) 

and a quartzite-dolomitic marble sequence (2.1 – 2.3 Ga; Niiranen et al., 2003). The serpentine rocks 

are associated with dolomites. Other minerals occurring in the serpentine rocks are chlorite, talc and 

tremolite. Chlorite-rich bands in the serpentine possibly reflect the primary layering in the dolomite 

precursor (Niiranen et al., 2003). The actinolite-tremolite skarn contains biotite, albite, serpentine, 

carbonate, apatite, magnetite, pyrite and chalcopyrite. Actinolite is more abundant than tremolite, 

except in association with dolomite or serpentine rock, where tremolite is more common (Niiranen 

et al., 2003). In deformed parts of deposits, sulfides have been remobilized (Niiranen et al., 2003). In 

the Raajärvi deposit, the average sulfur content is 0.1 wt. % S, but near the contact to the marble, 

sulfur content can be as high as 3.47 wt. % S. Ore hosted by serpentine skarn contains almost no 

sulfides (Niiranen et al., 2003). Parts of the deposits that are sulfide-rich are slightly enriched in Au, 

Co, Cu and Te (Niiranen et al., 2003). Niiranen et al. (2005) propose a three stage formation of the 

deposits in the Misi region: (1) diopside skarn was formed by contact metasomatism caused by 

gabbroitic intrusions; (2) magnetite ore and actinolite skarns overprinted the diopside skarn, and hot, 

oxidizing, highly saline fluid with a magmatic origin acted as source of Fe and caused albitization in 

country rocks; (3) low-temperature mineral assemblages formed during later metamorphic events 

associated with the Svecofennian orogeny.  
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4 Regional Geology 

4.1 Bedrock of Northern Norrbotten 

The Northern Norrboten area is a part of the Fennoscandian Shield. The bedrock in the area is 

heterogeneous and comprises of rocks of various ages (Figure 5).  

 

Figure 5. Simplified map of the bedrock in Norrbotten, from Bergman et al. (2001). 

Archean bedrock occurs in the northern part of the area, and comprises metagranitoids and older 

supracrustal rocks that were intruded by the metagranitoids. The rocks have undergone deformation 

and metamorphism, the age of the youngest Archean rocks is 2679 ± 12 million years (Bergman et al., 

2001). 

The sequence of Proterozoic rocks records a continental rifting event. Intrusions of ultramafic to 

mafic rocks with ages around 2.44 Ga mark the beginning of the rifting (Bergman et al., 2001). These 

bodies are strongly deformed and occur in Archean bedrock. Karelian supracrustal rocks (2.4 – 1.96 

Ga) were deposited in the developing rift and consist of the Kovo group and the Greenstone group.  
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The Kovo Group (2.39 – 2.33 Ga) contains basal clastic metasedimentary rocks, tholeiitic metabasalts 

and calc-alkaline metavolcanic rocks lying uncomfortably on Archean basement. The metasediments, 

conglomerates and quartzites, were deposited on a coastline of an early marine rift basin.  

The Greenstone group consists of metabasalts, graphitic metaargillite, crystalline carbonate and 

ultramafic rocks. The character of volcanism changed during the deposition of the Greenstone group, 

from WPB (within plate basalts) to MORB (mid ocean ridge basalts), during the development of an an 

extensive subaqueous basin (Martinsson, 1997).  The WPB volcanism is associated with clastic rocks 

and evaporites. The metabasalts are overlain by volcanoclastic units of tholeiitic composition that are 

intercalated in the upper parts with black schists, carbonates and iron formations. In the Kiruna area, 

metabasaltic pillow lavas occur at higher stratigraphic positions. Mafic dykes and sills occur in 

Karelian and Archean rocks, some of which are coeval with the basalts and volcanoclastic rocks of the 

Greenstone group. The ultramafic rocks occur mostly at lower stratigraphic levels. Their composition 

is komatiitic or picritic.  Crystalline carbonate rocks occur as thicker units in higher positions in the 

stratigraphy. Layers of metaargillite with varying graphite content are associated with volcanoclastic 

rocks.  At the end of the rifting event, a shallow rift basin was formed and later uplifted and eroded, 

this was probably followed by ductile deformation (Bergman et al., 2001).  

Svecofennian supracrustal rocks (1.96 – 1.85 Ga) overlay the Karelian rocks conformably, and consist 

of clastic rocks, mostly metaarenites (Bergman et al., 2001). The rocks have preserved primary 

structures that indicate a shallow marine wave dominated deposition. Svecofennian metavolcanic 

rocks are divided into the older Porphyrite group and the younger Porphyry group. The Porphyrite 

group is a calc-alkaline volcanic series formed in a compressional environment, consisting mostly of 

metamorphosed low-Ti andesites and basalts. The Porphyry group consists of metamorphosed high-

Ti basalts, trachyandesite and rhyodacite-rhyolite, that were formed in an extensional environment.  

The Svecofennian metavolcanic rocks are associated with magmatic rocks formed during the 

Svecokarelian orogeny (1.96 – 1.75 Ga). Two stages of rock formation, regional deformation and 

metamorphism occurred during the orogeny. The early stage of the orogeny (1.96 -1.86 Ga; Bergman 

et al., 2001) is marked by a change from a subduction related tectonic setting to an extensional one 

(Martinsson & Perdalh, 1995). This was expressed by the change in character of magmatic and 

volcanic rocks and the end of regional deformation and metamorphism (Bergman et al., 2001). Calc-

alkaline and alkali-calcic Porphyrite group and Haparanda suite rocks were replaced by rocks with an 

alkali character belonging to the Porphyry group and Perthite monzonite suite. The later stages of the 

Svecokarelian orogeny (1.86 - 1.75 Ga) are characterized by regional deformation focused on 

deformation zones (Karesuando-Arjeplog zone and Pajala shear zone) in a dextral transpressive 

regime and by formation of magmatic rocks (Granite-pegmatite association, Granite-syenite 

association and younger gabbro and diabase).  

Highly metamorphosed Proterozoic rocks occur in the east and south central parts of Northern 

Norrbotten (Bergman et al., 2001). Medium grade metamorphosed rocks of Proterozoic age are 

found throughout the area. The PSZ and NDZ and other deformation zones act as boundaries 

between metamorphic grades. In some areas, metamorphic grades do not follow any structures 

(Bergman et al., 2001). 
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4.2 Iron deposits in Northern Sweden and Finland 

The area of Northern Sweden and Finland hosts different types of iron deposits. The economically 

most important deposit type are the apatite iron ores (AIO) spatially associated with the Porphyry 

group (Bergman et al., 2001).  LKAB produces 26 Mt of ore each year from this type of deposit at the 

mines at Kiruna and Malmberget. Other deposit types in Northern Sweden and Finland are banded 

iron formations (BIF) and skarn rich iron formation that are associated with rocks of the Greenstone 

group (see Figure 6), and IOCG deposits in the Kolari area (Hannukainen, Rautuvaara, Kuervitikko and 

Taporova). Examples of the BIF and skarn rich iron formations are the deposits in the Tärendö area 

(Tornefors, Vähävaara, Junosuando and Leppäjoki), deposits in the Vittangi area (Vathanavaara), the 

Kevus and Teltaja deposits in the Lanavaara area and deposits in the Pajala area (Tapuli, Sahavaara, 

Pellivuoma and Karhujärvi). 

 

Figure 6. Occurrences of stratiform-stratabound iron and base metal deposits on the bedrock map of Northern 
Norrbotten, from Bergman et al. (2001). 
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4.2.1 Iron skarn deposits 

Most iron skarn deposits in Norrbotten occur within the upper part of the Greenstone Group, 

associated with graphitic schist, dolomite and tuffite (Bergman et al., 2001). The deposits are 

stratabound and take the form of mineralized lenses, between 600 and 1100 meters long and 50 to 

100 meters thick. The main ore mineral is magnetite. Skarn minerals are diopside, tremolite and 

serpentine, which occur together with magnetite or form magnetite-poor intercalations or lenses. 

Pyrite and pyrrhotite occur commonly in small amounts, as veinlets or disseminations, chalcopyrite is 

accessory. Alteration is mainly known from the footwall. Alteration minerals are biotite, chlorite or 

scapolite. Alteration in the hanging wall is much less intense or doesn’t exist at all. Some deposits 

grade into banded iron formations laterally or towards the hanging wall, suggesting that these two 

deposit types are related (Bergman et al., 2001).  

The average composition of the deposits is between 30 and 40 wt. % Fe, 1 – 3 wt. % S and 0.02 and 

0.1 wt % P (Bergman et al., 2001). The size of the deposits varies between 5 and 60 Mt. Some 

deposits in the area have been investigated for their elevated copper content. The average content 

in these deposits is between 0.02 and 0.07 wt. % Cu (Bergman et al., 2001). 

In the Tärendö area, both iron skarn formations and BIF occur (Hallberg et al., 2012). The iron skarn 

deposits in this area are hosted by carbonates intercalated in the greenstones. The skarn contains 

Mg-rich magnetite, tremolite, actinolite, diopside, phlogopite, biotite and serpentine. Minor pyrite 

and pyrrhotite occur. Chalcopyrite occurs only locally. The skarn minerals occur together with the 

magnetite in the ore lenses or as layer within them. The Tornefors deposit contains 8 Mt of ore at 25 

wt. % Fe, 1 – 2 wt. % S and 0.05 wt. % P (Bergman et al., 2001). The deposit occurs within a unit of 

basaltic lapilli tuff, and is developed mostly as an oxide-facies BIF, although it changes into a 

serpentine-magnetite skarn formation close to the footwall. The mineralized zone is almost 100 

meters thick. In the footwall a layer of marble 5 to 10 meters wide separates it from the 

volcanoclastic rocks. At the top of the mineralized zone a 10 meter thick layer of amphibole skarn 

occurs. The alteration zone extends 100 meters into the footwall, where biotite replaces plagioclase. 

The mineralized zone is enriched in Mg near the footwall, the Si/Fe ratio increases upward in the 

stratigraphy. The most abundant skarn mineral is amphibole. Pyroxene and garnet occur in minor 

amounts. Magnetite is disseminated or occurs as microlayers within the skarn. Sulfides (pyrite and 

pyrrhotite) are locally abundant. Co and Au are slightly enriched in the middle and upper parts of the 

deposit (Bergman et al., 2001).  

In the Vittangi area, the skarn iron deposits are hosted by metasedimentary rocks belonging to the 

Greenstone Group (Hallberg et al., 2012). The largest deposit in the area, Vahtavaara, contains 28 Mt 

of ore at 39.4 wt. % Fe, 0.049 wt. % P and 2.91 wt. % S. The ore is hosted by a layered graphite-

bearing biotite schist and minor scapolite-bearing quartzite. The ore mineral is magnetite. The most 

abundant skarn mineral is amphibole. Pyrite and pyrrhotite are abundant, and chalcopyrite occurs 

sporadically.  

The Kevus deposit in the Lannavaara area contains 38.8 Mt of ore at 41 wt. % Fe (Hallberg et al., 

2012). It is hosted by tuffitic metabasalts, the only ore mineral is magnetite, the main skarn minerals 

are diopside, scapolite and hornblende. The Teltaja deposit in the same area consists of two separate 

bodies. One body contains magnetite and hematite and is hosted by jaspilitic quartzite. The other 
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body has an anomalous Mn content and contains mostly magnetite and minor calc-silicate minerals, 

the Fe content is lower than in the first body. Both ore bodies contain almost no sulfides. 

4.2.2 Banded iron formations 

Banded iron formations occur abundantly in the upper parts of the Greenstone Group (Bergman et 

al., 2001). The silicate facies prevails, the Fe content is between 15 and 20 wt. %. In the locally 

developed oxide facies, the Fe grade can be higher. The best known deposit is Käymäjärvi in the 

Pajala area, the BIF is 150 – 200 meters thick and it can be followed for 18 km along strike of an 

anticline structure. In the footwall of the deposit, there is a thin layer of mafic tuffite above a unit of 

picritic lapilli tuff that makes up the core of the anticline. In the hanging wall, there lies a unit of 

mafic graphite-bearing tuff and a 200 meters thick unit of dolomite.  The Fe content can locally rise 

up to 30 – 40 wt. % Fe. Mesobanding is visible in the formation, the bands are between 5 and 30 cm 

thick. The chert comprises varying amounts of pyroxene, amphibole and fayalite, the silicate bands 

are made up mostly by grunerite. Magnetite occurs either as microbands in silicates or disseminated 

within the chert bands. Manganese is enriched in both facies, barium is enriched in the oxides facies. 

Dolomite intercalations can be a few meter thick, and occur locally in the formation (Bergman et al., 

2001). 

4.2.3 IOCG deposits in the Kolari area 

The deposits in the Kolari area (Hannukainen, Rautuvaara and Kuervitikko) occur within the 

continuation of the PSZ in Finland and they all show a clear structural control (Niiranen et al. 2007), 

although their character is different from the deposits in the Pajala area. The deposits are placed at 

varying levels in the stratigraphy (Hallberg et al., 2012): within mafic metavolcanic rocks of the 

Savukoski group (>2050 Ma), within Svecofennian rocks or within dioritic intrusions belonging to the 

Haparanda suite (around 1860 Ma; Niiranen et al., 2007). An important feature of the Kolari area 

deposits is the locally higher contents of Cu and Au in the deposits, in some parts up to 1 % Cu and 

0.5 – 1 ppm of Au. The deposits are massive to semi-massive to disseminated magnetite bodies that 

are hosted by clinopyroxene dominated skarn formed at the contact between the host rocks and the 

Haparanda suite intrusions. The deposits are surrounded by alteration haloes. The distal alteration 

comprises albite and minor biotite, K-feldspar and scapolite, the proximal alteration is characterized 

by the presence of clinopyroxene and magnetite and minor occurrence of amphibole, scapolite, 

calcite and sulfides. The U-Pb dating shows that the deposit was formed roughly around 1800 Ma, 

which is contemporaneous with a thrusting event that activated the PSZ (Niiranen et al., 2007).  

The Hannukainen and Kuervitikko deposits are made up by magnetite lenses hosted by skarn, with 

mafic metavolcanic rocks in the footwall and monzonite and diorite in the hanging wall (Niiranen et 

al., 2007). The skarn comprises mostly clinopyroxene and amphibole, thin garnet-rich horizons occur 

in the sequence. Magnetite is the main oxide mineral. Pyrrhotite, pyrite and chalcopyrite occur as 

disseminations. Locally the sulfides occur as veins in the magnetite bodies, skarn or altered wall 

rocks, or as narrow massive lenses or veins in the magnetite bodies. Magnetite in the bodies where 

sulfides are present is coarser and more euhedral than in the bodies without sulfides. According to 

Niiranen et al. (2007) two generations of sulfides exist in the Kolari deposits, the majority of sulfides 

formed contemporaneously with magnetite during the thrusting event that activated the PSZ. The 
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younger generation is related to later brittle deformation, but the authors are not certain whether 

these were just remobilized pre-existing sulfides or if the sulfides had a different source.  

5 Local geology 

The Tapuli deposit and other iron skarn deposits of the Kaunisvaara ore field are located in the area 

north of Pajala, near to the Finnish border (Baker et al., 2011). The deposits occur on the 

stratigraphic contact between Karelian (2.44 – 2.05 Ga) and Svecofennian (1.87 – 1.79 Ga) sequences 

(Figure 7; Hallberg et al., 2012).   

According to Höllta et al. (2007) the area has undergone deforamtion and metamorphism during the 

Svecokarelian orogeny (1.91 – 1.77 Ga) in three different ductile deformation stages. Höllta et al. 

(2007) also identified the peak metamorphic conditions in the area between upper greenschist and 

upper amphibolite facies.  

Based on geophysical anomaly maps, Lindroos (1974) interpreted a major anticline in the Sahavaara-

Areavaara area trending NE, and the units described below occur in the northwestern limb of the 

interpreted structure and dip 50 - 65° to the NW.  

 

Figure 7. Map of the area north of Pajala showing the main rock units. 
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5.1 Stratigraphy 

Rocks of the Greenstone and Iron Formations belong to the upper Greenstone Group; rocks of the 

Phyllite formation are a part of the sequence of Svecofennian supracrustal rocks (Lindroos, 1974; 

Hallberg et al., 2012).  

5.1.1Greenstone Formation 

The lowermost unit of the stratigraphy in the Pajala area is the Greenstone Formation. The rocks of 

the Greenstone Formation make up the core of the anticline and cover an area 20 km long and 5 km 

wide between the Muonio and Kaunisjoki rivers (Lindroos, 1974). The unit is estimated to be 3000 m 

thick by Lindroos (1974). The rocks are described as volcanoclastic rocks with layering on a 

centimeter to decimeter scale, their composition as mostly tholeiitic (Bergman et al., 2001). Lindroos 

(1974) describes the drilled rocks of the unit as green or grayish fine-grained layered tuffites 

composed of mainly amphibole, feldspar, scapolite and magnetite. Lindroos (1974) also describes 2 

to 10 m thick beds of agglomerate with angular clasts composed of tuff material.  

Doleritic dykes occur within the unit; they were identified from drilling and from geophysical 

measurements as magnetic anomalies oriented in the NW-SE direction (Lindroos, 1974). Drilling 

found two units of coarse magnetite-bearing dolerite in the tuffite, each 20 m thick, and many others 

in the ore horizon that are generally between 1 and 5 m thick.  Lindroos (1974) states that some of 

these intrusions may be related to the volcanic rocks of the Greenstone Formation, but he also states 

some of the dykes crosscut the intrusive rocks in the area. Hallberg et al. (2012) give the ages for the 

crosscutting dykes between 2.2 and 2.0 Ga and the ages of crosscutting mafic to felsic intrusives of 

the Haparanda suite between 1.89 – 1.86 Ga.  

Outcrops of gray, layered dolomite intercalated in the tuffite can be found NE of Aareavaara near the 

Muonio River (Lindroos, 1974). Lenses or bands of dark, amphibole-rich material occur within the 

dolomite, possibly representing clastic intercalations in the dolomite. 

The contact between the Greenstone Formation and the overlying Iron Formation has been 

described as transitional, tuffite is interbedded with phyllite in a small transition zone (Lindroos, 

1974). The contact was described from a drillhole at Södra Sahavaara.   

5.1.2 Iron Formation 

The Iron Formation comprises phyllite, graphitic phyllite, dolomite and skarn iron ore; the dolomite 

and skarn iron ore occur in three horizons in the formation (Lindroos, 1974). The thickness of the Iron 

Formation is estimated by Lindroos (1974) to be between 500 and 1000 m.  

Phyllite is the lowermost member of the unit, it is gray to brownish, thinly bedded and locally 

schistose (Lindroos, 1974). It is composed of biotite, quartz, muscovite and feldspars, locally, 

amphibole or large scapolite porfyroblasts occur. The bedding is manifested as alternating layers of 

dark biotite-rich a light quartz-rich phyllite. Martinsson et al. (2013) describe the rocks as tuffites.  

Graphitic phyllite overlies the phyllite, the contact between them is transitional, the two types can be 

interbedded (Lindroos, 1974). The graphitic phyllite contains graphite in larger amounts and sulfides, 
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mostly pyrrhotite and pyrite, only minor chalcopyrite. Martinsson et al. (2013) describe the rocks as 

graphite-bearing tuffites. 

The dolomite and skarn iron ore are closely associated together and occur in three separate horizons, 

two of which occur within the phyllite and host the Södra and Östra Sahavaara deposits (Lindroos, 

1974). The main unit of dolomite and skarn iron ore overlies the graphitic phyllite and hosts the 

deposits Stora Sahavaara, Ruutijärvi, Tapuli and Palotieva. The unit is proven to be about 10 km long 

along strike and the proportions of dolomite, skarn and magnetite vary with distance (Lindroos, 

1974). The contacts between iron ore and skarn are transitional, as are the contacts between skarn 

and dolomite (Lindroos, 1974).  

Lindroos (1974) describes the dolomite as white or gray, coarse-grained and locally calcic. The 

dolomite contains minor amounts of skarn, sulfides and magnetite ore; locally it contains thin layers 

of fine-grained pelitic material.  

Two major skarn types exist, the older type is made up by diopside and tremolite mostly, the younger 

type contains serpentine and phlogopite and is closely associated with the iron ore (Lindroos, 1974). 

The contacts between the skarn types are transitional. 

5.1.3 Phyllite Formation 

The Phyllite Formation overlies the Iron formation and is made up by quartzitic and phyllitic 

metasediments (Lindroos, 1974). The thickness of the formation is estimated to be at least 500 m. 

The metasediments are of detrital origin. Towards the west, they are becoming more 

metamorphosed, the most metamorphosed rock type being biotite gneiss. Bedding is observable in 

the sediments. In isolated outcrops, cross-bedding, ripple marks and lamination are visible. Two 

types of metasediments occur, a light, quartzitic type and a darker, phyllitic type. Transitions 

between the two types are common. In the phyllitic type, micas are common, the main minerals are 

quartz and biotite, feldspar is minor. In the quartzitic type, heavy minerals, such as hematite, zircon 

and rutile, are locally common.  

5.2 Pajala Shear Zone 

The Pajala Shear Zone (PSZ) is a major deformation structure in the area. Near the border to Finland, 

the orientation of the shear zone is in the N-S direction, but it changes to NE-SW near Huuki and 

widens to about 10 km (Bergman et al., 2001). Most of the deformation occurred most probably near 

to the metamorphic peak in the area. Foliation dips steeply, lineations plunge to the south and the 

plunge get steeper closer to the PSZ. Transpression took place, together with east side up movement, 

which is documented by lower metamorphic gradient in the west. The PSZ has been later reactivated 

as a brittle deformation zone. 

Some authors (Baker et al., 2011) propose that the deposits of the Kaunisvaara ore field lie on a fault 

belonging to the PSZ. However no such structure appears on the regional structural map by Bergman 

et al. (2001). 

Bergman et al. (2006) describe an early orogenic deformation phase (phase 1) between 1.89 and 1.87 

Ga and three separate later tectonothermal events in the area adjacent to PSZ. Phase 2 (1.86 – 1.85 
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Ga) is associated with granitoid-syenitoid magmatism, ductile deformation and medium- to high-

grade low pressure metamorphism. Phase 3 (1.82 – 1.78) is late-orogenic and it occurred in relation 

to shear zones and 1.8 Ga intrusions as deformation and high-grade metamorphism, recorded mostly 

in the eastern part of the area. Phase 4 (around 1.74 Ga) involved localized shearing, retrogression, 

fracturing, generation of pegmatites and possible hydrothermal activity.  

5.3 Iron skarn deposits of the Kaunisvaara ore field 

All skarn iron ore deposits belonging to the Kaunisvaara ore field occur within the Iron Formation 

(Hallberg et al., 2012). Södra and Östra Sahavaara occur within the stratigraphically lower part of the 

Iron Formation, Stora Sahavaara, Ruutijärvi, Tapuli and Palotieva belong to the main ore horizon 

(Lindroos, 1974).  The main ore mineral is magnetite. Skarn minerals occur within the ore bodies, 

either as interbedded layers or mixed with magnetite. For measured and indicated resources and 

grades of the deposits in the Kaunisvaara ore field refer to Table 1. The sulfur content of the ores is 

high, between 0.5 and 2.5 wt. % S, except for Tapuli, where it is around 0.2 wt. % S. The phosphorous 

content is low, below 0.1 wt. % P. Lindroos (1974) also reports skarn-magnetite banding, a feature of 

alternating lighter layers of skarn layers and dark magnetite layers, with the thickness of the layers 

between millimeters to centimeters. Locally, the ore is brecciated, skarn fragments occur in 

magnetite-rich matrix, and the ore in these parts is coarser. Where the fracturing is intensive, 

veinlets with calcite and locally sulfide infill occur.  

 
Tapuli Tapuli Sahavaara Sahavaara 

Resources Measured Indicated Measured Indicated 

Tonnes 52 49 30.2 40.2 

Fe (%) 27.04 25.11 42.96 40.17 

Table 1. Measured and indicated resources and grades for the deposits of the Kaunisvaara ore field. Information from 
Northland Resources AB website (www.northland.eu). 

5.3.1 Stora Sahavaara 

The Stora Sahavaara deposit occurs in the main ore horizon of the Iron Formation. Graphitic schist 

occurs in the footwall, quartzite and phyllite in the hanging wall (Figure 8; Lindroos, 1974). The 

deposit has been traced on the surface for 1300 m along the strike, its thickness is about 52 m (Baker 

an Lepley, 2010). At the down dip distance of 550 m, its length is about 600 m and the thickness is 

around 43 m. Magnetite is dominant in the ore body. Small remains of skarn-altered dolomite occur 

within it. Clinopyroxene skarn occurs mostly near to the hanging wall, it is composed of diopside, 

tremolite, and minor magnetite, scapolite and garnet. Serpentine skarn comprises fine-grained 

serpentine, and varying amounts of magnetite, talc, chlorite and calcite. The skarn type occurs near 

both hanging wall and footwall. Minor scapolite skarn occurs within the graphitic schist, but it most 

likely not related to the mineralizing event. The contacts between mineralized skarn and wall rocks 

are mostly tectonic. The deposit is faulted, and the faults are oriented NNE-SSW and NW-SE (Baker 

and Lepley, 2010).  

Magnetite occurs as massive to semi-massive and grades into a banded structure near the footwall 

(Baker and Lepley, 2010). Magnetite is fine-grained (0.1 – 0.3 mm) commonly, but locally it occurs 

coarse-grained (0.8 – 1.0 mm). Pyrite, pyrrhotite, valleriite and chalcopyrite occur as clots and 
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patches disseminated in the mineralization or as thin veins (1 to 10 mm thick). The average sulfur 

content is 2.8 wt. % S. The main sulfides are pyrrhotite (4.9 vol. %) and pyrite (1.1 vol. %). The 

southern part of the deposit contains almost no pyrite, but the pyrite content increases towards the 

north. The average copper content is around 0.08 wt. % Cu.   

 

Figure 8. Geologic map of the Sahavaara deposit, from Bergman et al. (2001). 

5.3.2 Palotieva 

The Palotieva iron skarn deposit occurs 2 km NE of the Tapuli deposit, and it is considered to be its 

continuation, as it occurs in the same stratigraphic position (Lindroos et al., 1972). Phyllites occur in 

the hanging wall, dolomitic marble occurs in the footwall. Clinopyroxene skarn is associated with the 

magnetite, serpentine skarn occurs only locally. The magnetite ore is locally brecciated. The sulfur 

content is between 0.1 and 2.3 wt. % S. The main sulfide is pyrite. The sulfur is not evenly distributed, 

sulfur-rich parts occur within the body. 
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6 Tapuli skarn iron ore deposit  

The Tapuli deposit is situated on the NW limb of a major NE trending anticline (Baker et al., 2011). 

The deposit occurs as a set of mineralized lenses concordant with metasedimentary sequences, 

which dip between 45 to 60° towards NW or WNW. The rocks in the stratigraphic footwall of the 

mineralization are dolomitic marble, phyllite and graphitic phyllite. The hanging wall comprises 

phyllite and quartzitic phyllite (Fig. 9). Mafic dykes and sills cross-cut the sequence (Lindroos et al., 

1972). In the deposit, three different skarn types occur: serpentine skarn, clinopyroxene skarn and 

actinolite skarn.  

The deposit is roughly 2.5 km long. The overall thickness of the dolomitic marble and the skarn iron 

ore is between 250 and 350 m (Lindroos et al., 1972). Where the skarn iron ore is thicker, it is at the 

expense of dolomitic marble and vice versa (Lindroos et al., 1972). The deposit has been drilled to 

the depth of 300 m; it remains open down-dip (Baker et al., 2011). 

 

Figure 9. Geological map of the Tapuli deposit. 
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6.1 Footwall 

The stratigraphically lowest member of the footwall sequence is phyllite, it grades into graphitic 

phyllite locally (Lindroos et al., 1972). Martinsson et al. (2013) have interpreted the footwall rocks as 

tuffites and graphitic tuffites. Minor intercalations of dolomite or skarn occur within the phyllite 

(Lindroos et al., 1972). Above the phyllite lies a unit of dolomitic marble, its thickness is around 100 

m. The contact between dolomitic marble and phyllite is transitional, characterized by interebedded 

phyllite and dolomite (Lindroos et al., 1972). The contact between dolomite and the above lying 

skarn and mineralization is transitional, over a few meters, the dolomitic marble is mixed with the 

skarn.  

6.1.1 Phyllite 

The footwall phyllite is fine grained, thinly bedded. It contains mostly biotite, plagioclase, minor 

amphibole and scapolite (Lindroos et al., 1972). At contact with dolomite, the phyllite appears 

banded with gray carbonate-rich bands (Lindroos et al., 1972).  

6.1.2 Graphitic phyllite 

Phyllite locally grades into graphitic phyllite (Lindroos et al., 1972). The graphitic phyllite (Figure 11) is 

rich in sulfides, mainly pyrrhotite and pyrite, minor chalcopyrite occurs. The sulfur content is 

between 2 and 7 wt. % S. The sulfides occur in two different forms, fine-grained sulfides (mostly 

pyrrhotite) appear to be primary and follow the banding in the phyllite. The more coarse-grained 

sulfides appear to be remobilized and occur with calcite in veinlets and patches with tremolite and 

plagioclase grains, locally crosscutting the banding. The graphitic phyllite is composed of plagioclase, 

amphibole and finely disseminated graphite. Titanite and rutile occur disseminated (Figure 10B). 

Tremolite and quartz occur locally, associated with patches of coarser sulfides (Figure 10A).  

 

Figure 10. A: Tremolite grains associated with sulfides (black) and plagioclase grains on the edge of sulfides, transmitted 
light. B: Titanite grain (center), disseminated sulfides in reflected light.  
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Figure 11. Graphitic phyllite in drill core. 

6.1.3 Dolomitic marble 

The dolomitic marble unit is locally over a 100 m thick and can be followed throughout the whole 

deposit (Lindroos et al., 1972). The contact between dolomitic marble and skarn is gradual, over a 

few meters, the dolomitic marble is impure and mixed with the skarn (Figure 12D). The dolomitic 

marble is commonly banded, calcite bands occur. Calcite also occurs as patches or schlieren, or as 

infill in fractures. The grain size of the dolomite is generally between 0.2 and 2 mm, the color varies 

from gray and white (Figure 12A) to light green. The dolomitic marble contains sulfide veinlets and 

fine-grained disseminated sulfides, mainly pyrrhotite and pyrite, only rarely chalcopyrite. 

Layers of skarn up to 5 m thick occur locally in the dolomitic marble, and quite commonly, 

disseminated serpentine grains occur in layers or bands in the dolomitic marble (Figure 12B). 

Serpentine is most likely replacing amphibole. Locally, up to 4 m thick, irregular bands of magnetite 

mineralization occur (Figure 12C). Up to 2.5 m wide massive sulfide veins (mainly pyrite and 

pyrrhotite) occur sporadically. Schlieren of mica occur locally in the dolomitic marble, possibly 

representing thin layers of argillitic material.  
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Figure 12. A: Dolomitic marble. B: Dolomitic marble with disseminated serpentine grains. C: Band of magnetite 
mineralization within dolomitic marble. D: Contact between skarn and dolomite. 

6.2 Skarn types 

The different skarn types show a zonation with serpentine skarn closest to or as part of the ore, 

thereafter, clinopyroxene skarn and, finally, actinolite skarn closest to the phyllites and quartzites in 

the hanging wall. Although the different skarn types show a general zonation, they overlap in areas 

where banded skarn occurs or where there is a transition from one skarn type to another (Lindroos 

et al., 1972). In general, the main gangue minerals are serpentine, clinopyroxene (diopside), 

actinolite and tremolite. Minor gangue minerals are phlogopite, chlorite and calcite. Calcite occurs as 

thin veins and veinlets. The mineralized lenses comprise skarn with variable amount of magnetite. As 

mentioned above, the contacts with dolomitic marble are transitional, as are the contacts with the 

hanging wall phyllites and quartzites. The contacts between the individual skarn types themselves or 

between the skarn and the mineralization vary, they can be transitional (e.g. between actinolite and 

clinopyroxene skarn), or sharp (e.g. actinolite skarn boundaries).  

6.2.1 Serpentine skarn 

Serpentine skarn is generally in close association with the mineralization.  Serpentine skarn ranges 

from yellow green to black in color (Figure 13), and contains, apart from serpentine and varying 

amounts of magnetite, veinlets of talc and chrysotile. Patches and bands of chlorite and phlogopite 

also occur (Lindroos et al., 1972). The grain size varies from fine-grained (smaller than 1mm) to 

coarse-grained (0.5 – 2 cm). 
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Figure 13. A: Serpentine skarn in drill core. B: Coarse-grained serpentine skarn with pyrrhotite (center), quarter of a drill 
core, width 2.8 cm. 

6.2.2 Clinopyroxene skarn 

Clinopyroxene skarn occurs generally outside the main ore zone (Lindroos et al., 1972), although 

locally it hosts coarse-grained magnetite mineralization. The pale green clinopyroxene (mainly 

diopside) skarn contains variable amounts of tremolite (Lindroos, 1972). Locally, it contains bands 

and blebs of actinolite, chlorite or serpentine. The clinopyroxene skarn ranges in grain size from very 

fine (smaller than 1 mm) to coarse (5 – 20 mm). Closer to the hanging wall (i.e. above the ore zone) 

skarn grades into clinopyroxene skarn at depth, forming a transitional rock type between the two – 

clinopyroxene-actinolite skarn (Figure 14A) and actinolite-clinopyroxene skarn (Figure 14B), 

depending on which mineral is more abundant.  

 

Figure 14. A: Clinopyroxene skarn with bands of massive magnetite mineralization, in drill core. B: Clinopyroxene skarn, 
magnetite as infill between diopside grains, quarter of a drill core, width 2.8 cm.  
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Figure 15. A: Clinopyroxene-actinolite skarn. B: Actinolite-clinopyroxene skarn. 

6.2.3 Actinolite skarn 

The actinolite skarn occurs closest to the hanging wall phyllite, the contact between the two rock 

types is transitional, bands and blebs of actinolite skarn occur close to the contact. Actinolite skarn is 

dark green, fine- to coarse-grained, and locally contains bands or patches of diopside-tremolite skarn, 

chlorite, phlogopite or serpentine (Figure 16). Actinolite skarn is also associated with mafic dykes, 

forming at the contacts with surrounding rocks and replacing the dykes themselves. The actinolite 

skarn in these cases commonly shows sharp contacts towards other skarn types. It is also more fine-

grained and homogeneous than the surrounding skarn types. Actinolite skarn occurs also in 

association with faults and fault surfaces (SRK Consulting (UK) Limited, 2013). 

 

Figure 16. A: Actinolite skarn in drill core. B: Banded actinolite skarn with bands of magnetite, width of sample 6 cm. 

6.3 Hanging wall 

6.3.1 Phyllite and quartzitic phyllite 

The hanging wall phyllite is gray to gray-brown in color, fine-grained and thinly bedded – the darker 

bands are composed mostly of biotite, the lighter bands are composed of quartz and feldspar 

(Lindroos et al., 1972). Minor amphibole, scapolite and chlorite occur. The phyllite is commonly 
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schistose, small folds appear and locally the phyllite has a gneiss-like texture. The contact between 

the skarn and the hanging wall phyllites is also gradual, usually over a few meters. 

The phyllite gradually changes into a quartz-rich type, quartzitic phyllite (Lindroos et al., 1972). The 

biotite content is lower than in phyllite, quartz appears as porfyroblasts up to 1 cm large in the mica-

rich matrix. K-feldspar bands, schliers and patches appear locally.   

6.4 Mafic dykes 

Mafic dykes and sills cross-cut the stratigraphic sequence, they are generally only a few meters thick. 

Some can be as thick as 15 meters (Lindroos, 1972; SRK Consulting (UK) Limited, 2013). The mafic 

dykes and sills are commonly pervasively altered, usually by actinolite, phlogopite, chlorite or 

scapolite (Figure 17B). Actinolite skarn is commonly associated with mafic dykes, as described in 

section 6.2.3 Actinolite skarnThe contacts with surrounding rocks are sharp (Figure 17A). In the 

metasedimentary rocks, the rock surrounding the dykes is albitized; the thickness of the albitized 

zone is mostly between 1 and 2 m. 

 
Figure 17. A:Mafic dyke in dolomitic marble, with minor actinolite alteration, in drill core. B: Phlogopite and sulfides 
overprint a mafic dyke, diameter of drill core 6 cm. 

Microscopic studies show that the mafic dykes contain actinolite, scapolite, biotite, plagioclase, 

titanite, magnetite and later sulfides and carbonate (Figure 18).  

 

Figure 18. A: Mafic dyke in transmitted light. B: Zonal actinolite crystals in transmitted light, sulfides are black. 
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6.5 Structures 

The deposit is cut by local faults with a steep dip; most of them are not traceable outside the ore 

zone (Lindroos et al., 1972). The fault zone fabric is often breccia or chlorite-actinolite gauge, clay 

minerals occur locally (Lindroos et al., 1972; Baker et al., 2011; SRK Consulting (UK) Limited, 2013). 

A recent internal structural report (SRK Consulting (UK) Limited, 2013) reinterpreted one of the 

structures at deposit as a z-fold, occurring where the ore zone is the thickest. This structure is a result 

of ductile shearing in the main NE trending shear zone interpreted by the report at Tapuli, which 

accommodated dextral transpression. The report by SRK Consulting (UK) Limited (2013) also suggests 

that the skarn formed after the main deformation event, as skarn geometry is mostly controlled by 

pre-existing deformation fabrics in the host rock.  

 

Figure 19. 3D modeled surface of the skarn-carbonate footwall contact (in blue), defining a north-plunging antiformal 
fold hinge. Logged marble intersections displayed in red on the drillhole trace. From SRK Consulting (UK) Limited (2013). 
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7 Mineralization 

7.1 Magnetite ore 

Magnetite is the main ore mineral. The ore has been divided based on its iron content into iron-poor 

ore (10 – 30 wt. % Fe) and iron-rich ore (>30 wt. % Fe; Baker et al., 2011). The average phosphorous 

content at Tapuli is 0.07 wt. %, phosphorous is bound in apatite (Lindroos et al., 1972).  

The magnetite mineralization occurs in irregular schlieren, bands and blebs of magnetite in skarn 

(Figure 20A), locally it has a banded structure. Magnetite occurs disseminated within the skarn or in 

between coarser grains. The mineralization lenses undulate, their thickness varies between 10 and 

200 m and they are cut locally by steep faults (Lindroos et al., 1972). Locally, the mineralization is 

semi-massive, usually where the magnetite content is higher than 30 vol. % Fe (Baker et al., 2011). 

Bands of semi-massive magnetite mineralization vary in thickness between 1 and 100 m (Baker et al., 

2011). Rarely, up to 4 meters thick, irregular bands of magnetite mineralization appear within 

dolomitic marble (Figure  20B). 

 

Figure 20. A: Magnetite mineralization in clinopyroxene skarn. B: Band of magnetite mineralization in dolomitic marble.  

Magnetite grains have simple borders, and the grain size varies between 0.1 and 1 mm (Lindroos et 

al., 1972). Where the ore is recrystallized, the grain size is between 1 and 3 mm. In thin section, the 

magnetite grains are mostly euhedral, clear, with only minor inclusions of silicates. Locally, the grains 

are fractured (Figure 21B). Small inclusions of ilmenite-geikielite (Figure 21A) occur within the grains. 

Magnetite is commonly the first ore mineral to form and it is also locally replaced by sulfides. 

Magnetite occurs in minor amounts in mafic dykes, small grains are associated with titanite in 

graphitic phyllite.  



28 
 

 

Figure 21. A: Magnetite grains with sulfides in between them ilmenite-geikielite inclusions in circle. B: Fractured 
magnetite grains.  

7.2 Sulfide distribution 

The average sulfur content at Tapuli is 0.18 wt. % S (Lindroos et al., 1972). The ore is divided into two 

types based on sulfur content (Baker et al. 2011): low sulfur ore (< 0.5 wt. % S) and high sulfur ore (> 

0.5 wt. % S). The high S ore occurs in the deeper parts of the stratigraphy, closer to the contact with 

the footwall (Figure 22).  

 

Figure 22. Model of distribution of low-S ore (red) and high-S ore (orange) at central part of the Tapuli deposit. Taken 
from Baker et al. (2011). 
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Sulfur is bound in sulfides, mainly pyrrhotite and pyrite, chalcopyrite occurs in minor amounts. The 

sulfides are unevenly distributed. Lindroos et al. (1972) note pyrrhotite is more abundant in the ore 

than pyrite. Based on drill core logging, pyrite appears to be more abundant than pyrrhotite close to 

the hanging wall. In the hanging wall phyllites and quartzites and in the skarn higher in the 

stratigraphy, pyrrhotite occurs only sporadically. Pyrite is the prevailing sulfide in this stratigraphic 

position, although it does not occur commonly. The sulfide content gets higher closer to the footwall 

(Figure 23), as does the pyrrhotite-pyrite ratio. Also, the sulfide content is higher in the southern and 

central parts of the deposit, as opposed to the northern part of the deposit (Baker et al., 2011). 

Chalcopyrite occurs seldom, Cu concentrations are locally slightly elevated close to the footwall in 

sulfur-rich ore (Baker et al., 2011), but they are not high enough to be economical. 

Sulfides are abundant in the graphitic phyllite, where they occur either as fine disseminations 

following what appears to be primary banding, or in veins and veinlets, locally crosscutting the 

primary banding. In graphitic schist, the sulfur content can be as high as 7 wt. %.  

In dolomitic marble, sulfides occur as fine disseminations and veinlets.  Up to 2.5 meters wide 

massive sulfide veins (mainly pyrite and pyrrhotite) occur sporadically. 

 
Figure 23. Line 800 cross section with sulfur content on the left side of the drill core and projected ore body shapes. 
Sulfur content is higer deeper in the stratigrphy and associated with occurence of graphitic phyllite and other rock types 
described in the text. 

Two samples of pyrrhotite with different magnetic properties were sampled from drill core. The 

pyrrhotite that was less magnetic occurred in a calcite vein in dolomitic marble, together with pyrite. 

The processing of the XRD analysis of the sample showed it is hexagonal, with the formula Fe2.1S1.9. 

The more magnetic pyrrhotite sample came from the remobilized sulfide veinlets in graphitic phyllite. 
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This pyrrhotite sample is also hexagonal, according to the processing of the data, but it has different 

formula Fe1.9S2.1. For pyrrhotite, magnetic properties are dependent on the iron content, the higher 

the iron content, the lower the magnetic properties (Klein, 2003). The different compositions of the 

samples reflect this dependence. Pyrrhotite occurs in two forms, either monoclinic (forms at 

temperatures below 250 °C), or hexagonal (forms at temperatures above 250 °C). As both pyrrhotite 

samples are hexagonal, their formation temperature should have been above 250 °C. Locally, 

exsolutions of monoclinic pyrrhotite have been observed in large pyrrhotite grains (Figure 24).  

 

Figure 24. Lamellae of monoclinic pyrrhotite developing in hexagonal pyrrhotite. 

7.3 Different sulfide textures 

7.3.1 Macroscopic observations  

Sulfides occur in different styles throughout the stratigraphy, some types are bound to a specific rock 

type, or a stratigraphic position, some occur throughout the stratigraphy, regardless of the rock type. 

Observations in this section are based on drill core logging.  

a) disseminated sulfide grains and veinlets 

The most common occurrence of sulfides is as disseminations or in veinlets or veins within the skarn. 

The grain size varies from fine to coarse. Pyrrhotite, pyrite and minor chalcopyrite occur in this 

fashion in all skarn types. Commonly sulfides appear to postdate the magnetite mineralization, 

although locally, sulfides are associated with magnetite and appear to have formed at the same time 
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as magnetite or even predate it. Sulfides occur as single grains, patches, blebs or veinlets and veins. 

Sulfide veins can be several centimeters thick and can crosscut the banding or folding in the rock.  

 

Figure 25. A: Coarse-grained pyrite and pyrrhotite in actinolite-clinopyroxene skarn. B: Pyrite-pyrrhotite veinlet in 
clinopyroxene skarn. C. Coarse-grained pyrrhotite and pyrite in clinopyroxene skarn. D: Coarse-grained pyrrhotite in 
magnetite skarn. E: Euhedral pyrite grains in magnetite-clinopyroxene skarn. F: Pyrrhotite grains in clinopyroxene skarn. 
A, B an E are 2.8 cm wide, C,D and F are 6 cm wide. 

b) calcite veins with sulfides  

Calcite veins with sulfide grains within them occur ubiquitously throughout the skarn types and 

dolomitic marble (Figure 26). They are commonly the latest formed and crosscut banding and 

folding. Calcite veins occur possibly in multiple generations, they are crosscutting each other locally. 
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The thickness of the calcite veins varies from less than 1 mm to several centimeters. The sulfides are 

commonly fine grained.   

 

Figure 26. A: Calcite vein with pyrrhotite, width 2.8 cm. B: Calcite vein with pyrite, diameter 6 cm. 

c) coarse-grained carbonate veins with sulfides  

Coarse-grained carbonate veins can be up to 1 m wide and contain fine- to coarse-grained pyrite and 

pyrrhotite, locally together with coarse-grained chlorite (Figure 27). Pyrite locally occurs as cubes up 

to 5 cm large. Veins of this type are late, they occur in all skarn types and dolomitic marble.  The 

carbonate is most often white, locally it has a pinkish color.  

 

Figure 27. A: Coarse-grained carbonate with pyrrhotite. B: Coarse-grained carbonate vein with pyrrhotite and chlorite. 
Both samples are 6 cm wide. 
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d) calcite-epidote-pyrite veins 

Calcite-epidote-pyrite veins can contain magnetite, K-feldspar and minor chalcopyrite (Figure 28). 

Their thickness varies between veins thinner than 1 mm containing only epidote to veins up to 10 cm 

thick where calcite is dominant. This vein type occurs close to the contact in the hanging wall, mostly 

in actinolite and clinopyroxene-actinolite skarn. Locally calcite-epidote-pyrite veins are associated 

with K-feldspar alteration close to the contact with the hanging wall.  

 

Figure 28. A: Calcite-epidote-pyrite blebs associated with actinolite in clinopyroxene skarn. B: Thin calcite-epidote veins 
with minor pyrite and K-feldspar.  

e) sulfides with actinolite or chlorite 

Sulfides occur disseminated or in veins with dark green actinolite or with chlorite (Figure 29). The 

grain size varies from fine- to coarse-grained for both sulfides and actinolite, chlorite is mostly fine- 

to medium-grained. Locally, magnetite occurs disseminated with actinolite also. Calcite occurs as 

infill between coarse grains of actinolite or with chlorite locally. At least two generations of actinolite 

veins occur in the skarn, one crosscutting the other. At the hanging wall contact, blebs of actinolite 

and sulfides occur in the hanging wall rocks above the contact. Higher in the stratigraphy, zeolite 

minerals occur in the blebs together with actinolite.  

 

Figure 29. A: Pyrrhotite disseminated with actinolite in clinopyroxene skarn. B: Pyrrhotite with chlorite in clinopyroxene 
skarn. Width of both samples is 2.8 cm. 
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f) Serpentine-sulfide veins 

Late serpentine-sulfide veins occur within serpentine and magnetite-serpentine skarn. Apart from 

serpentine and sulfides (mostly pyrrhotite) they contain carbonate, magnetite, chlorite and asbestos 

forms of serpentine (Figure 30).  

 

Figure 30. A: Serpentine-pyrrhotite-carbonate veins in serpentine skarn, width 6 cm. B: Pyrrhotite-chlorite-serpentine 
veins in serpentine skarn. C: Serpentine-carbonate vein with pyrrhotite grains and a bleached halo in magnetite-
serpentine skarn. D: Carbonate-serpentine skarn with pyrrhotite in serpentine skarn. Samples B – D are 2.8 cm wide. 
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7.4 Microscopic observations 

In general, sulfides have formed later than magnetite. They occur in between magnetite, silicate and 

carbonate grains, or as infill in cracks and enclosing earlier formed grains. Two generations of pyrite 

can be distinguished. The earlier one is in the form of clear euhedral grains, with minor fractures, 

commonly replaced by or enclosed in pyrrhotite. Pyrrhotite is clear, commonly without fractures. 

Pyrrhotite is frequently replaced along cleavage planes by, or it is altered to, the second generation 

of pyrite. The second generation of pyrite is much more common than the first one. In some cases, 

the second generation pyrite grains can have an almost skeletal appearance. Where pyrrhotite is 

replaced by pyrite, Fe-oxides and Fe-hydroxides form along the cleavage planes and replace the 

pyrite. Chalcopyrite occurs in two different ways, either it forms early before pyrrhotite, filling in 

fractures in magnetite, or it forms later than pyrrhotite, along fractures and grain boundaries. 

Digenite was observed in one thin section, where it was associated with chalcopyrite and magnetite. 

Rarely, grains of cattierite occur, in the same position as the first generation of pyrite. The grains are 

fractured, but otherwise clear.  

7.4.1 Serpentine and serpentine-magnetite skarn 

In serpentine and magnetite-serpentine skarn, serpentine, carbonate, clinopyroxene, chlorite, talc, 

magnetite, pyrrhotite, pyrite and chalcopyrite occur. Serpentine is very fine grained, often with 

veinlets of serpentine cross cutting (Figure  31A). Serpentine appears to be replacing clinopyroxene 

and olivine, locally, grain shapes are preserved (Figure 31 C, F, H). Within the serpentine mass, fine-

grained magnetite and sulfides are disseminated locally in minor amounts, possibly predating 

serpentine. Carbonate occurs as a fine-grained granular mass associated with serpentine, or as 

hypidiomorphic grains associated with chlorite and sulfides. Clinopyroxene occurs in minor amounts, 

the grains are fractured and replaced by serpentine and magnetite along the fractures. Twinning is 

visible in some clinopyroxene grains. Chlorite grains are often tabular and overgrowing serpentine, 

but they can be associated with magnetite or sulfides. Talc occurs in veins crosscutting the skarn, the 

veins also contain carbonate and serpentine. In one this section, pyrite replaced magnetite in the 

center of one of the talc veins. Almost unaltered olivine grains occur very rarely. They are fractured 

and altered along these fractures.  

Magnetite grains are mostly euhedral, clear and with only minor inclusions of ilmenite-geikielite and 

silicates. Some grains have visible cleavage planes. Magnetite was most likely the first ore mineral to 

form.  Both generations of pyrite occur, the first generation grains are fractured and replaced by 

pyrrhotite (Figure  31B). The second generation replaces pyrrhotite along cleavage planes and is itself 

replaced by magnetite and hydrous Fe-oxides (Figure 31 D, G). Pyrrhotite grains are clear, and occur 

as infill between magnetite grains. Chalcopyrite occurs in minor amounts as infill in fractures in 

magnetite (Figure  31E).  

Figure 31, next page. A. Fine grained serpentine mass in between magnetite and clinopyroxene grains. B. Pyrrhotite 
replacing pyrite. C. Pseudomorphs of serpentine after olivine. D. Pyrite and Fe-oxides replacing pyrrhotite along cleavage 
planes. E. Chalcopyrite as infill in fractures in magnetite, pyrrhotite in between the grains. F. Small clinopyroxene grains 
in magnetite-serpentine skarn. G. Magnetite replacing pyrite. H. Pseudomorphs of serpentine after olivine.  
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7.4.2 Clinopyroxene skarn 

Thin sections of clinopyroxene skarn and actinolite-clinopyroxene skarn show that actinolite 

formation postdates clinopyroxene. The thin sections contain clinopyroxene, actinolite, pargasite, 

chlorite, carbonate, minor serpentine, magnetite, pyrrhotite, pyrite and chalcopyrite. Clinopyroxene 

occurs as a mass of fine grained xenomorphic grains, the grain size is around 100 µm commonly 

(Figure 32 A, B), but grains can be as large as 600 µm (Figure 32C). The larger grains are fractured and 

altered along these fractures. Twinning is visible in some clinopyroxene grains. Clinopyroxene is 

replaced by actinolite and pargasite along grain boundaries. Actinolite and pargasite grains are 

idiomorphic to hypidiomorphic, actinolite rarely contains inclusions of zircon. The grain size varies, 

banded actinolite skarn is made up of actinolite bands of different grain size. Locally actinolite grains 

are altered to biotite or associated with biotite grains. Titanite grains are also associated with 

actinolite and pargasite. Chlorite grains can occur as a xenomorphic ground mass or as tabular grains 

associated with veins and fractures. Chlorite formed at a similar stage with magnetite. Carbonate 

forms late thin veins crosscutting earlier formed silicates or takes the form of coarse hypidiomorphic 

grains with altered rims that are replaced along fractures by magnetite and chlorite (Figure 32D).  

Magnetite grains are clear, fractured and no ilmenite-geikielite inclusions have been observed. Pyrite 

occurs in two generations as it did in serpentine and magnetite-serpentine skarn. The first generation 

of pyrite forms idiomorphic grains with fractures (Figure 32 E, F), the second generation of pyrite has 

a skeletal appearance locally, and it also replaces pyrrhotite along fractures. Pyrrhotite is clear and 

with minor fractures. Pyrrhotite is intergrown with actinolite where actinolite is replacing 

clinopyroxene along grain boundaries. Pyrrhotite and pyrite enclose small clinopyroxene grains. Iron 

oxides and hydroxides replace pyrite and magnetite along carbonate-serpentine veins (Figure 32 G, 

H, J). Chalcopyrite occurs in two generations as well. The first generation chalcopyrite grains are less 

abundant and only slightly postdate the magnetite formation (Figure 32J). Digenite occurs rarely and 

is in a similar position as the first generation of chalcopyrite (Figure 32I). The second generation of 

chalcopyrite is more abundant it replaces pyrrhotite along fractures and grain boundaries (Figure 

32F, H).  

Figure 32, next page. A. Actinolite and serpentine (green and brown) replacing clinopyroxene. B. Actinolite and sulfides 
replacing clinopyroxene. C. Large clinopyroxene grain in actinolite skarn. D. Carbonate grain replaced along edges and 
fractures by chlorite. E. Pyrrhotite and magnetite in clinopyroxene skarn. F. Large pyrite grains of the first generation, 
skeletal pyrite of the second generation and chalcopyrite form along edges. Pyrrhotite is later. G. Late sulfide vein. Clear 
first generation pyrite is replaced by pyrrhotite, pyrite and Fe-hydroxides. H. Pyrrhotite replaced by pyrite and later 
magnetite. Early magnetite grains are fractured. I. Minor digenite associated with early magnetite and chalcopyrite, 
pyrrhotite replaced by pyrite and Fe-oxides and hydroxides. J. Chalcopyrite associated with talc, early magnetite grains, 
pyrrhotite replaced by pyrite and Fe-oxides and hydroxides.  

 



38 
 

 



39 
 

7.4.3 Mafic dykes 

Thin sections of mafic dykes contain scapolite, actinolite, biotite, titanite, carbonate, quartz, 

magnetite, pyrrhotite, pyrite and chalcopyrite. Scapolite occurs only in association with mafic dykes. 

Scapolite grains are large, fractured and sometimes poikilitic, as they enclose carbonate grains. 

Scapolite is locally undergoing serpentinization from the edges. Scapolite formed first from the 

observed minerals, actinolite, biotite and ore minerals are overgrowing it (Figure 33 A, B). Actinolite 

grains are idiomorphic to hypidiomorphic, locally, they are elongated. The grain size is varying, but 

larger grains are idiomorphic and sometimes zonal (Figure 33A) or fractured, the cleavage planes are 

visible. Some actinolite grains contain inclusions of zircon. Actinolite undergoes biotitization and 

serpentinization along fractures and edges. Biotite can occur in two generations, one generation 

forms tabular grains with inclusions of zircon, the other generation, possibly the one formed earlier, 

has smaller grains and it is associated with scapolite. Carbonate locally occurs as infill between 

idiomorphic actinolite grains or in thin veins with sulfides. Titanite together with minor amounts of 

magnetite is associated with actinolite. Minor amount of quartz grains occurs in some thin sections.  

Pyrrhotite is the most abundant sulfide associated with mafic dykes. It is intergrown with actinolite, 

the grains are clear and with minor fractures (Figure 33C). Pyrite again occurs in two generations 

(Figure 33D). The first pyrite generation occurs as hypidiomorphic grains with fractures infilled by 

pyrrhotite and chalcopyrite. It formed after scapolite, and before pyrrhotite. The second pyrite 

generation has a skeletal appearance and replaces pyrrhotite along fractures and edges of grains. 

Chalcopyrite formed later than pyrrhotite, along its fractures and grain boundaries.  
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Figure 33. A. Zonal actinolite grains associated with sulfides, overgrowing scapolite. B. Actinolite grains in association 
with titanite, in between scapolite grains. C. Euhedral actinolite grains intergrown with pyrrhotite, later chalcopyrite 
forming along fractures. D. First generation pyrite in large clear grains, replaced by chalcopyrite and second generation 
pyrite. Skeletal pyrite grains form along the edges and fractures. 

7.4.4 Dolomitic marble 

Apart from dolomite and calcite, dolomitic marble contains phlogopite, talc, serpentine, olivine, 

amphibole, magnetite, pyrrhotite, pyrite and chalcopyrite. Phlogopite occurs as tabular grains, their 

size usually below 300 µm. The grains are randomly oriented but follow fractures in dolomitic marble 

and are associated with talc and sulfides. Talc occurs as fine grains disseminated within the dolomitic 

marble or in patches replacing other mineral grains. Serpentine occurs as a fine grained mass, 

replacing mineral grains. Olivine does not occur commonly, but it is abundant where bands of 

magnetite mineralization occur in skarn (Figure 34A, section 7.1 Magnetite ore Olivine grains are 

replacing carbonate, and they are hypidiomorphic and fractured. Thin elongated antophyllite grains 

with magnetite coating overgrow the olivine (Figure 34A).  

Magnetite grains are idiomorphic to hypidiomorphic and overgrow the dolomite and calcite. Locally 

idiomorphic magnetite grains are associated with Fe-Mg carbonates (Figure 34D). All sulfides 

observed appear to be secondary, although an absence of primary sulfides in the dolomitic marble 

can be explained by the focus on altered marble, no thin sections of unaltered marble were studied. 

In association with bands of magnetite mineralization, small chalcopyrite grains with magnetite 

inclusions occur (Figure 34B). These are overgrown by clear pyrrhotite grains. Pyrrhotite is locally 

replaced by pyrite, which is in turn replaced by iron oxides and hydroxides (Figure 34D). Where 
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sulfides are disseminated within the dolomitic marble, pyrite is formed first, larger grains are 

fractured, and their infill is pyrrhotite and later pyrite. Pyrrhotite grains appear to be replacing 

carbonate grains. Chalcopyrite is the latest sulfide to form, replacing pyrrhotite along grain 

boundaries and fractures (Figure  34C).   

 

Figure 34. A. Olivine replacing dolomitic marble, elongated antophyllite grain with magnetite coating in the centre of the 
picture. B. Clear pyrrhotite grains, early magnetite and chalcopyrite in between the grains. C. Large pyrite grain with later 
pyrite and chalcopyrite along fractures. D. Magnetite grains associated with Fe-Mg carbonates, pyrrhotite is replaced by 
second generation pyrite and Fe-oxides and hydroxides. 
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7.5 Paragenetic sequence 

Figure 35 shows simplified relative temporal relations between the ore and gangue minerals at 

Tapuli, based on microscopic studies of the thin sections. Sulfides (pyrite, pyrrhotite, chalcopyrite) 

appear to postdate the main magnetite mineralization and are replaced by iron oxides (hematite, 

goethite and minor magnetite). Amphiboles that are associated with mafic dykes or overprinting 

clinopyroxene are intergrown with the first generation of pyrite and with pyrrhotite and chalcopyrite. 

Magnetite in minor amounts is intergrown with the titanite occurring in mafic dykes. 

 

Figure 35. Tentative paragenetic sequence at the Tapuli deposit based on microscopic observations of thin sections. 

  



43 
 

8 Whole rock geochemistry  

Geochemical analyzes were performed on five samples to determine the similarities in composition 

between mafic dykes (one sample), clinopyroxene-actinolite skarn and magnetite-serpentine skarn 

(two samples each). Samples were taken from drill cores and selected to best represent the given 

rock type. For representative results of the whole rock geochemistry analyses see Table , for the 

complete results see Appendix III. 

The composition of the magnetite-serpentine skarn reflects its different mineralogy compared to the 

other two rock types. Magnetite-serpentine skarn consists mostly of serpentine and magnetite and 

thus has a high Fe2O3 and MgO content, a low SiO2 content (19.1 and 23 wt. %) and a very low Al2O3, 

CaO, Na2O and K2O content. The sulfur content is lower than the average values for the deposit (see 

section 7.2) and the phosphorous content is about double the average, indicating the presence of 

apatite (see section 7.1). Trace element concentrations are lower compared to the other rock type. 

The samples of clinopyroxene-actinolite skarn have a SiO2 content similar to the sample of the mafic 

dyke (45 and 45.1 wt. %). The CaO, MgO and Fe2O3 concentrations are higher than in the mafic dyke, 

most likely they reflect the composition of actinolite and clinopyroxene present in the samples. The 

Al2O3 content is lower than in the mafic dyke due to the presence of clinopyroxene. Trace element 

concentrations are in general higher than in the magnetite-serpentine skarn samples, but not as high 

as in the mafic dyke sample. 

The mafic dyke sample has the highest SiO2 content of the five samples, 49.9 wt. %. It has the highest 

Al2O3 and K2O concentrations, most likely caused by presence of biotite. The BaO (1.32 wt. %), SrO 

(0.17 wt. %) and P2O5 (1.36 wt. %) content is much higher than in the other rock types, as is the sulfur 

content (0.24 wt. %). The trace element concentrations are in general the highest of the five samples. 

Metal values are not elevated significantly; the sulfur is most likely bound in pyrite or pyrrhotite. The 

high TiO2 content (1.41 wt. %) relative to the other rock types is most likely due to presence of 

titanite in the mafic dyke sample.  

Immobile element ratios are similar for the mafic dyke and clinopyroxene-actinolite skarn, the ratios 

for the magnetite-serpentine skarn differ quite significantly (Table 2, Figure 36). The ratio 

(10000*Zr)/TiO2 is very similar for the samples of the mafic dyke and the clinopyroxene-actinolite 

skarn, the values for the magnetite-serpentine skarn are an order of magnitude lower. The 

differences in the rations (10000*Zr)/Al2O3 and Al2O3/TiO2 are not as distinct as in the former case, 

indicating a mobility of aluminum or its enrichment in the mafic dyke. The values of ratios including 

aluminum for clinopyroxene-actinolite skarn are still much more similar to the values for the mafic 

dyke sample than for the magnetite-serpentine skarn.  
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Sample no. 07003-S1 07003-S2 07006-S2 08MET 26-S7 08MET26-S8 

SiO2 (%) 45 45.1 49.9 19.1 23 

Al2O3 (%) 9.92 9.83 16.6 0.9 0.46 

Fe2O3 (%) 9.75 8.72 5.8 45.6 37.8 

CaO (%) 12.95 16.65 4.96 0.21 0.19 

MgO (%) 16.4 16 7.67 23.2 28 

Na2O (%) 2.16 2.24 2.4 0.05 0.02 

K2O (%) 1.1 0.4 5.86 0.22 0.14 

Cr2O3 (%) 0.03 0.03 0.01 <0.01 <0.01 

TiO2 (%) 0.66 0.67 1.41 0.2 0.07 

MnO (%) 0.08 0.06 0.06 0.09 0.07 

P2O5 (%) 0.16 0.18 1.36 0.15 0.13 

S (%) 0.02 <0.01 0.24 0.06 0.14 

Ba (ppm) 104 71.6 >10000 54.8 31.3 

Ce (ppm) 37.8 39 425 5.2 5.1 

Nb (ppm) 6.7 7.4 12.9 0.2 0.2 

Sr (ppm) 58.5 42.9 1365 4.3 3.8 

Th (ppm) 2.16 2.79 10.55 0.38 0.41 

Y (ppm) 24 25.7 26 0.5 <0.5 

Zr (ppm) 150 159 335 9 5 

(10000*Zr)/TiO2 227.27 237.31 237.59 45.00 71.43 

(10000*Zr)/Al2O3 15.12 16.17 20.18 10.00 10.87 

Al2O3/TiO2 15.03 14.67 11.77 4.50 6.57 

Table 2. Representative whole-rock lithogeochemistry of different skarn types from the Tapuli deposit. Samples 07003-S1 
and S2 are actinolite skarn with varying amounts of diopside, 07006-S2 is a mafic dyke, 08MET26-S7 and S8 are 
magnetite-serpentine skarn. 

 

Figure 36. Plot of immobile element ratios. The points in the red circle are the samples of actinolite skarn with varying 
amounts of diopside, the points in the green circle are the magnetite-serpentine skarn samples. The single point is the 
mafic dyke sample. 
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9 Mineral chemistry 

9.1 Silicates 

9.1.1 Clinopyroxene 

The Ca-Mg-Fe clinopyroxenes observed at Tapuli belong to the diopside-hedenbergite series 

(Morimoto et al., 1988) with a diopside-component is between 74 and 92 %. All observed 

clinopyroxenes were fine grained (average grain size around 100 µn) and xenomorphic. 

Representative results of electron microprobe analyses are presented in Table 3.  

Sample 09006-s7-a2 09006-s7-a3 09006-s7-b3 

 
cpx cpx cpx 

Analysis number 39 40 51 

Na2O 0,2 0,461 0,136 

CaO 25,511 24,036 25,638 

ZnO 0 0 0 

Cl 0 0 0,003 

MgO 16,118 12,901 17,28 

Cr2O3 0,045 0,022 0,053 

FeO 3,768 7,988 2,593 

K2O 0,004 0,01 0 

Al2O3 1,272 4,425 0,567 

MnO 0,076 0,058 0,04 

NiO 0 0,021 0,009 

SiO2 52,819 49,187 54,669 

V2O3 0 0,017 0 

TiO2 0,075 0,555 0,089 

Total 99,888 99,681 101,076 

Number of cations on the basis of 6 O 

Na 0,014 0,034 0,010 

Ca 1,007 0,970 0,992 

Zn 0,000 0,000 0,000 

Cl 0,000 0,000 0,000 

Mg 0,885 0,725 0,930 

Cr 0,001 0,001 0,002 

Fe
2+

 0,116 0,252 0,078 

K 0,000 0,000 0,000 

Al 0,055 0,196 0,024 

Mn 0,002 0,002 0,001 

Ni 0,000 0,001 0,000 

Si 1,946 1,853 1,975 

V 0,000 0,000 0,000 

Ti 0,002 0,016 0,002 

Table 3. Representative electron microprobe analyses of clinopyroxenes. 
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9.1.2 Amphiboles 

All analyzed amphiboles fall within the calcic amphibole group as defined by Leake et al. (1997). For 

representative compositions of different amphiboles see Table 4. Tremolite (Figure 37) occurs in 

graphitic schist both in the groundmass and as porphyroblasts associated with remobilized sulfides, 

and disseminated in the dolomitic marble. Rare antophyllite occurs as needles with magnetite 

coatings overgrowing olivine in bands of magnetite mineralization within dolomitic marble. Pargasite 

(Figure 38) was observed to overgrow and replace clinopyroxene along grain boundaries and 

intergrown with sulfides.  

 

Figure 37. Calcic amphiboles with diagram parameters: CaB≥1.5; (Na+K)A≤0.5; CaA≤0.5, according to Leake et al. (1997). 

 

 

Figure 38. Calcic amphiboles with diagram parameters: CaB≥1.5; (Na+K)A≥0.5; Ti≤0.5, according to Leake et al. (1997). 
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Sample 07006-s6-a1 07005-s9-b2 09022-s4-a4 09006-s7-c4 

 
antophyllite tremolite tremolite pargasite 

Analysis number 20 71 79 44 

Na2O 0,098 0,419 0,906 2,901 

CaO 0,282 13,262 12,273 12,433 

ZnO 0 0,026 0,035 0,004 

Cl 0,003 0,024 0,017 0,134 

MgO 24,119 23,455 23,421 13,914 

Cr2O3 0,014 0,099 0 0,131 

FeO 12,75 1,677 2,625 11,848 

K2O 0 0,167 0,197 0,697 

Al2O3 0,24 0,807 0,957 13,381 

MnO 4,21 0,061 0,128 0,11 

NiO 0,03 0,006 0,032 0 

SiO2 56,028 57,304 57,169 40,954 

V2O3 0 0,148 0 0,014 

TiO2 0 0,123 0,076 0,699 

Total 97,773 97,573 97,832 97,19 

Number of cations on the basis of 23 O 
 

Na 0,027 0,111 0,241 0,802 

Ca 0,043 1,950 1,805 1,899 

Zn 0,000 0,003 0,004 0,000 

Cl 0,001 0,006 0,004 0,032 

Mg 5,070 4,798 4,792 2,957 

Cr 0,002 0,011 0,000 0,015 

Fe
2+

 1,504 0,192 0,301 1,412 

K 0,000 0,029 0,034 0,127 

Al 0,040 0,130 0,155 2,248 

Mn 0,503 0,007 0,015 0,013 

Ni 0,003 0,001 0,004 0,000 

Si 7,901 7,862 7,846 5,838 

V 0,000 0,008 0,000 0,001 

Ti 0,000 0,013 0,008 0,075 

Table 4. Representative results of electron microprobe analyses of amphiboles. 

9.1.3 Phlogopite 

The analyzed mica grains have a phlogopite composition, with Mg# (Mg/(Mg+Fe) in formula) 

between 0.729 and 0.925. For representative results see Table 5. The grains with a higher Mg# occur 

within the dolomitic marble and the magnetite-serpentine skarn. In the magnetite-serpentine skarn, 

phlogopite formed slightly later than magnetite, but before most of the sulfides. The more Fe-rich 

phlogopite (Mg# 0.729) forms large tabular grains several millimeters in size and are associated with 

sulfides that have been described in section 7.3.1 e).  
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Sample 12053-s3-c6 09022-s4-a2 07006-s5-c5 

 
phl phl phl 

Analysis number 113 78 103 

   Na2O   0,938 0,199 0,215 

   CaO    0 0 0,019 

   ZnO    0,054 0,025 0 

   Cl     0,068 0,07 0,114 

   MgO    25,11 25,095 22,583 

   Cr2O3  0,008 0,015 0 

   FeO    5,304 3,604 14,945 

   K2O    8,508 9,928 6,218 

   Al2O3  12,719 14,041 11,5 

   MnO    0,048 0 0,082 

   NiO    0 0,019 0 

   SiO2   41,426 42,055 36,088 

   V2O3   0,005 0,02 0,007 

   TiO2   0,423 0,847 0,958 

  Total   94,596 95,902 92,703 

Number of cations on the basis of 11 O 

Na 0,130 0,027 0,032 

Ca 0,000 0,000 0,002 

Zn 0,003 0,001 0,000 

Cl 0,008 0,008 0,015 

MgO 2,667 2,615 2,562 

Cr 0,000 0,001 0,000 

Fe
2+

 0,316 0,211 0,951 

K 0,773 0,885 0,604 

Al 1,068 1,157 1,031 

Mn 0,003 0,000 0,005 

Ni 0,000 0,001 0,000 

Si 2,952 2,940 2,746 

V 0,000 0,001 0,000 

Ti 0,023 0,045 0,055 

OH 1,992 1,992 1,985 

MgO# 0,894 0,925 0,729 

Table 5. Representative results of electron microprobe analyses of phlogopite. 

9.1.4 Serpentine 

The composition of serpentine is not homogeneous and the FeO content varies widely in different 

positions of the grains within the skarn types. The average content is about 2 wt. %, which affects the 

MgO concentration in turn. The grains with extreme FeO content occur in association with Fe-rich 

phlogopite (section 9.1.3), while the serpentine with low Fe-content occurs disseminated in dolomitic 

marble and locally associated with siderite. The FeO and MgO content show a reverse correlation. 

For representative results of electron microprobe analyses see Table 6. 
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Sample 07005-s3-a2 09022-s4-b5 09022-s4-b6 12053-S2-B4 07006-s6-c5 07006-s5-b5 

 
srp srp srp srp srp srp 

Analysis number 94 81 84 5 15 108 

   Na2O   0,013 0,006 0 0,039 0,033 0,079 

   CaO    0,168 0,036 0,044 0,034 0,026 0,008 

   ZnO    0,12 0,03 0 0,014 0 0 

   Cl     0,083 0,042 0,019 0,228 0,133 0,042 

   MgO    36,908 39,396 41,53 40,988 33,144 33,954 

   Cr2O3  0 0 0 0 0 0 

   FeO    2,959 2,283 2,022 1,529 10,221 10,788 

   K2O    0,003 0,272 0,082 0,02 0,047 0,091 

   Al2O3  0,053 1,629 1,415 0,136 0,028 3,175 

   MnO    0,035 0 0,037 0 1,215 0,105 

   NiO    0 0,026 0 0 0 0 

   SiO2   46,961 42,808 44,639 41,628 42,084 38,055 

   V2O3   0,007 0 0 0,021 0,009 0,026 

   TiO2   0,019 0,106 0,052 0,005 0 0,159 

  Total   87,31 86,625 89,836 84,591 86,91 86,473 

Number of cations on the basis of 7 O 
   

Na 0,001 0,001 0,000 0,004 0,003 0,008 

Ca 0,008 0,002 0,002 0,002 0,001 0,000 

Zn 0,004 0,001 0,000 0,000 0,000 0,000 

Cl 0,006 0,003 0,001 0,018 0,011 0,004 

Mg 2,534 2,748 2,785 2,922 2,410 2,497 

Cr 0,000 0,000 0,000 0,000 0,000 0,000 

Fe
2+

 0,114 0,089 0,076 0,061 0,417 0,445 

K 0,000 0,016 0,005 0,001 0,003 0,006 

Al 0,003 0,090 0,075 0,008 0,002 0,185 

Mn 0,001 0,000 0,001 0,000 0,050 0,004 

Ni 0,000 0,001 0,000 0,000 0,000 0,000 

Si 2,163 2,003 2,008 1,991 2,053 1,877 

V 0,000 0,000 0,000 0,000 0,000 0,001 

Ti 0,001 0,004 0,002 0,000 0,000 0,006 

Table 6. Representative results of electron microprobe analyses of serpentine. 

9.1.5 Titanium minerals 

Three different titanium minerals were observed and analyzed. Minerals from the ilmenite-geikielite 

series occur as small inclusions in magnetite in magnetite-serpentine skarn. Rutile occurs 

disseminated in the graphitic phyllite. Euhedral rutile grains are sometimes altered to patchy titanite. 

Titanite also occurs in association with pargasite that is overgrowing and replacing clinopyroxene 

grains. Its composition in higher in FeO and MgO and lower in Cr2O3 and V2O5 than in the titanite in 

the graphitic phyllite. For representative results of electron microprobe analyses see Table 7. 

  



50 
 

Sample 12053-S2-A7 09006-s7-a6 07005-s9-b4 07005-s9-b2 

 
ilmenite-geikielite titanite titanite rutile 

Na2O 0,023 0 0,02 0,002 

CaO 0 28,853 28,083 0,086 

ZnO 0,006 0 0 0 

Cl 0 0,001 0 0 

MgO 23,661 0,112 0,012 0,027 

Cr2O3 0 0 0,269 0,699 

FeO 13,981 1,193 0,133 0,358 

K2O 0 0,002 0,003 0,004 

Al2O3 0,045 1,005 1,162 0,06 

MnO 2,413 0 0 0 

NiO 0,006 0,007 0,034 0 

SiO2 0 30,462 30,208 0 

V2O3 0 0,199 0,782 1,442 

TiO2 61,629 38,315 37,368 97,925 

Total 101,764 100,149 98,074 100,603 

Number of cations on the basis of 
 

 
3O 5O 5O 2O 

Na 0,001 0,000 0,001 0,000 

Ca 0,000 1,013 1,005 0,001 

Zn 0,000 0,000 0,000 0,000 

Cl 0,000 0,000 0,000 0,000 

Mg 0,746 0,005 0,001 0,001 

Cr 0,000 0,000 0,007 0,007 

Fe
2+

 0,247 0,033 0,004 0,004 

K 0,000 0,000 0,000 0,000 

Al 0,001 0,039 0,046 0,001 

Mn 0,043 0,000 0,000 0,000 

Ni 0,000 0,000 0,001 0,000 

Si 0,000 0,999 1,009 0,000 

V 0,000 0,003 0,010 0,008 

Ti 0,980 0,944 0,938 0,985 

Table 7. Representative results of electron microprobe analyses of titanium minerals. 

9.1.6 Other silicates 

Plagioclase grains were analyzed mostly in graphitic phyllite, one grain was analyzed in a thin section 

taken from an altered mafic dyke, but they all have a very similar composition - albite (Ab>90). The 

composition of olivine grains that are part of magnetite mineralization in dolomitic marble have a 

forsterite (Fo) content between 60 and 62 %. Talc composition falls within the norm, with average 

SiO2 content at 59.2 wt. % and MgO between 29.9 and 33.6 wt. % and with FeO content between 1.3 

and 2.5 wt. %. All analyzed talc grains occur as bladed grains associated with magnetite and 

chalcopyrite. A magnesium-rich chlorite variety, clinochlore occurs in the dolomitic marble (MgO 

content between 27 and 35 wt. %). An iron-rich variety, chamosite (FeO content 27%), is associated 

with pargasite where it replaces clinopyroxene. 
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9.2 Iron oxides 

Magnetite from different rock types has been analyzed. In serpentine skarn, two types of magnetite 

occur, large euhedral grains with a high MgO content (1.89 wt. % MgO on average) and small 

magnetite patches and grains replacing pyrite that have a low MgO content and higher MnO content 

compared to the euhedral grains (Figure 39). Magnetite grains replacing pyrite and pyrrhotite in 

other skarn types show similar compositions to the ones occurring the same way in serpentine-

magnetite skarn. 

 Magnetite grains analyzed from two samples located 6 m apart in the drill core TPL12053 are quite 

different in composition. Magnetite associated with serpentine skarn has an average MgO content 

typical for magnetite-serpentine skarn. In contrast, magnetite associated with phlogopite, carbonate 

and sulfides in a coarse-grained actinolite vein has a much lower MgO content (0.17 % MgO).  

The average content of MgO for magnetite not associated with serpentine is 0.21 wt %. Magnetite 

occurring in bands of mineralization in dolomitic marble has an average MgO content similar to other 

magnetite grains not associated with magnetite-serpentine skarn. The MnO content of magnetite 

from the dolomitic marble is on average 0.18 wt. %. Magnetite associated with pargasite replacing 

clinopyroxene has a very low average MgO content of 0.014 wt. %.  

Magnetite grains associated with thin carbonate-sulfide veins in an altered mafic dyke have a high 

SiO2 and MnO content (averages 1.95 wt. % and 1.63 wt. % respectively) and slightly above average 

MgO content (0.53 wt. %).  

According to Abongwa (2009), who performed microprobe analyses on magnetite grains in the 

Sahavaara deposit,  high MgO content in magnetite is associated with the presence of serpentine as 

the main silicate mineral. The analyses of magnetite from different skarn types at Tapuli support the 

connection between the higher MgO content in mineralization associated with serpentine as the 

main skarn mineral.   

Hematite occurs only as late veinlets crosscutting sulfides in an altered mafic dyke or as bladed grains 

overgrowing pyrite (Figure 40). Its composition is similar to the magnetite grains with an elevated 

content of SiO2 and MnO (1.67 wt. % and 0.21 wt. % respectively). For representative results of 

electron microprobe analyses of magnetite see Table 8. 

Hydrous iron oxides are replacing pyrite and pyrrhotite in different skarn types. On average their H2O 

content is 17 wt %. Their composition differs from the euhedral magnetite by a high SiO2 content, on 

average 2.679 wt. %; low MnO content (0.03 wt. %) and in general an elevated MgO content (0.5 – 

2.25 wt. % MgO).  
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Figure 39. A: Large euhedral magnetite grains with high MgO content, small magnetite patches replace pyrite. B: 
Magnetite grains and patches replace pyrite and pyrrhotite in thin carbonate-sulfide veins. Bluish hematite grains with 
high SiO2 and MnO content replace pyrite.  

 

Figure 40. Bladed hematite (in center) surrounded by pyrite (slightly lighter mineral). 
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Sample 
12053-s2-

a7 
12053 
-s2-c2 

12053-s3-
a1 

07006-s6-
c3 

12008-s1-
a1 

09006-s7-
a2 

09006-s7-
c4 

07006-s5-
b3 

 
mag mag mag mag mag mag mag mag 

Na2O 0 0,034 0 0,068 0 0 0 0,031 

CaO 0 0 0 0 0 0,074 0 0,118 

ZnO 0,004 0,067 0,051 0,14 0,009 0,057 0,007 0 

Cl 0 0 0,014 0 0,006 0 0 0,044 

MgO 1,838 0,253 0,196 0,218 0,204 0,002 0,007 0,494 

Cr2O3 0 0,082 0,022 0,043 0 0,005 0,011 0,028 

FeO 89,957 90,803 92,773 92,823 92,34 92,274 92,732 86,597 

K2O 0 0 0,015 0,005 0,022 0 0 0 

Al2O3 0,11 0 0,053 0,14 0,421 0,003 0,138 0,009 

MnO 0,032 0,602 0,057 0,19 0,218 0,037 0,013 1,688 

NiO 0 0,068 0 0,007 0 0,039 0 0 

SiO2 0 0,35 0 0 0 0 0 2,066 

V2O3 0,036 0 0,074 0 0 0 0 0 

TiO2 0,084 0 0,036 0 0,1 0,08 0,042 0 

Total 92,061 92,259 93,288 93,634 93,319 92,571 92,95 91,065 

Number of cations on the basis of 4O 
     

Na 0,000 0,003 0,000 0,005 0,000 0,000 0,000 0,002 

Ca 0,000 0,000 0,000 0,000 0,000 0,003 0,000 0,005 

Zn 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Cl 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Mg 0,105 0,015 0,011 0,012 0,012 0,000 0,000 0,029 

Cr 0,000 0,003 0,001 0,001 0,000 0,000 0,000 0,001 

FeO
2+

 0,896 0,966 0,979 0,959 0,980 0,992 1,000 0,978 

K 0,000 0,000 0,001 0,000 0,001 0,000 0,000 0,000 

Al 0,005 0,000 0,002 0,006 0,019 0,000 0,006 0,000 

Mn 0,001 0,020 0,002 0,006 0,007 0,001 0,000 0,056 

Ni 0,000 0,002 0,000 0,000 0,000 0,001 0,000 0,000 

Si 0,000 0,014 0,000 0,000 0,000 0,000 0,000 0,081 

V 0,001 0,000 0,001 0,000 0,000 0,000 0,000 0,000 

Ti 0,002 0,000 0,001 0,000 0,003 0,002 0,001 0,000 

Fe
3+

 1,990 1,977 1,999 2,006 1,978 1,998 1,991 1,846 

Table 8. Representative results of electron microprobe analyses of magnetite. 
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9.3 Sulfides 

9.3.1 Pyrite 

As mentioned in section 7.3.2, two different generations of pyrite can be distinguished in thin 

section. The average iron content for all pyrite is 46.1 wt. %. The paragenetically first generation is 

characterized by an average cobalt content of 0.69 wt. %. The average Co content in paragenetically 

later pyrite is 0.17 wt. %. Copper values in all pyrite grains are below the detection limit (0.1 wt. %). 

Nickel values are elevated for pyrite in the graphitic phyllite and for pyrite grains that most likely 

formed by replacement of pyrrhotite. The pyrite in the graphitic phyllite formed after pyrrhotite and 

occurrs on edges of pyrrhotite grains or as infill in fractures in the pyrrhotite grains. All other element 

concentration fall below the detection limits. For representative results of electron microprobe 

analyses of pyrite see Table 9. 

Sample 
07006-s5-

b2 
09022-s4-

b2 
09006-s7-

a4 
12053-s2-

c2 
07005-s9-

a2 
07005-s9-

c1 
07005-s3-

a6 
12053-s3-

b4 

 
py py py py py py py py 

   Cd     0 0 0 0 0 0 0 0 

   Mn     0 0,024 0,039 0 0 0 0 0,031 

   Zn     0 0 0,075 0 0,064 0,102 0,011 0 

   Sb     0,008 0,029 0,067 0 0,097 0 0 0 

   Co     0,496 0,522 1,319 0,263 0,171 0,108 0,165 0,232 

   Cu     0,015 0,036 0,055 0 0 0,017 0,001 0,005 

   S      53,36 52,525 53,04 53,01 52,736 52,957 52,304 52,591 

   Fe     46,46 45,556 45,147 46,179 46,45 45,794 46,209 46,521 

   Ni     0,01 0 0,042 0,027 0,119 0,063 0,155 0,024 

   Ag     0 0,023 0,015 0,03 0 0 0,015 0,027 

   Pb     0 0 0 0 0 0 0 0 

   As     0,018 0,077 0,037 0 0,099 0 0,014 0 

   Hg     0 0 0 n.d. 0 0 0 0 

   Au     0,006 0,064 0 n.d. 0,035 0,055 0 0,058 

  Total   100,373 98,856 99,836 99,509 99,771 99,096 98,874 99,489 

Table 9. Representative results of electron microprobe analyses of pyrite (n.d. - not determined). 

9.3.2 Pyrrhotite 

The average content of iron in pyrrhotite is 59.42 wt. % Fe. The cobalt content in pyrrhotite is similar 

in grains from different parts of the deposit with an average of 0.19 wt % Co. Nickel is elevated in 

some grains, consistently only in pyrrhotite in the graphitic phyllite. Values for all other analyzed 

elements fall below the detection limits. For representative results of electron microprobe analyses 

see Table 10. 
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Sample 
07006-s6-

c4 
12008-s1-

a3 
09006-s7-

c2 
09006-s7-

a4 
07005-s9-

c2 
07005-s9-

b2 
09022-s4-

a1 
07006-S5-

C1 
12053-S3-

b3 

 
po po po po po po po po po 

   Cd     0,029 0 0,015 0,038 0 0,033 0,06 0 0 

   Mn     0 0 0,001 0 0,001 0,025 0,026 0 0,014 

   Zn     0 0 0 0,135 0 0 0 0 0 

   Sb     0,042 0,047 0,013 0,027 0 0,008 0 0 0 

   Co     0,133 0,125 0,289 0,234 0,212 0,189 0,157 0,21 0,214 

   Cu     0 0,054 0 0,011 0,095 0 0,011 0 0,034 

   S      38,167 38,8 39,062 39,552 39,634 39,41 38,934 39,156 38,136 

   Fe     60,644 60,533 59,621 59,731 59,68 59,834 59,21 59,705 59,967 

   Ni     0 0,058 0,041 0,107 0,121 0,084 0 0,051 0,074 

   Ag     0,016 0,016 0,02 0,013 0,014 0,003 0 0 0 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0,084 0,013 0 0,021 0,011 0 0 0,041 0 

   Hg     0 0 0 0 0 0 0 0 0 

   Au     0 0 0,033 0 0,026 0,007 0,033 0 0 

  Total   99,115 99,646 99,095 99,869 99,794 99,593 98,431 99,163 98,439 

Table 10. Representative results of electron microprobe analyses of pyrrhotite. 

9.3.3 Chalcopyrite 

The average iron content in chalcopyrite is 30.63 wt. % and the average copper content 33.13 wt. %. 

The values for cobalt are around the detection limit in most analyzed grains. All other analyzed 

elements have values below the detection limit. There are no observable differences between the 

different chalcopyrite types described in section 7.3.2. For representative results of electron 

microprobe analyses see Table 11. 

Sample 07006-s6-c1 09006-s7-b3 09006-s7-c2 07005-s9-a3 09022-s4-b4 07005-S3-B2 12053-S3-A1 

 
ccp ccp ccp ccp ccp ccp ccp 

   Cd     0,003 0,038 0 0,05 0 0 0 

   Mn     0 0 0,001 0 0 0,022 0,002 

   Zn     0,03 0,058 0 0,044 0,009 0 0,097 

   Sb     0,06 0 0 0 0,02 0 0,008 

   Co     0,08 0,087 0,074 0,086 0,06 0,055 0,02 

   Cu     33,159 33,213 33,557 33,098 33,477 33,58 33,439 

   S      34,754 34,529 34,849 35,154 34,716 34,497 35,315 

   Fe     30,373 30,754 30,544 30,449 30,623 30,426 30,841 

   Ni     0 0 0,031 0,014 0,013 0 0 

   Ag     0 0,043 0 0,029 0,008 0 0,019 

   Pb     0 0 0 0 0 0 0 

   As     0,058 0,02 0,024 0 0,02 0,01 0 

   Hg     0 0 0 0 0 0 0 

   Au     0,08 0 0 0 0 0 0,01 

  Total   98,597 98,742 99,08 98,924 98,946 98,59 99,751 

Table 11. Representative results of microprobe analyses of chalcopyrite. 
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9. 3.4 Other sulfides 

Sulfides, other than pyrite, pyrrhotite and chalcopyrite, have been observed sporadically. Digenite 

(Cu9S5) grains occur in one thin section in association with early chalcopyrite, talc and euhedral 

magnetite grains (picture in section 7.4.2). One cattierite (CoS2) grain was observed and appeared 

densely fractured and replaced by the second generation of pyrite (Figure 41). This single grain has a 

very high Ni content (13,375 wt. %). For results of electron microprobe analyses of digenite and 

cattierite see Table 12. 

Sample 07005-s3-a1 07005-s3-a3 12053-s2-c1 

 
digenite digenite cattierite 

   No.  77 82 13 

   Cd     0 0,009 0,036 

   Mn     0 0 0,029 

   Zn     0,013 0,022 0 

   Sb     0 0,025 0 

   Co     0,016 0,009 42,394 

   Cu     76,728 76,788 0,163 

   S      22,525 22,251 41,62 

   Fe     0,376 1,156 1,393 

   Ni     0 0,007 13,375 

   Ag     0,006 0,009 0,017 

   Pb     0 0 0 

   As     0,009 0 0 

   Hg     0 0 n.d. 

   Au     0 0 n.d. 

  Total   99,673 100,276 99,027 

Table 12. Results of electron microprobe analyses of digenite and cattierite (n.d. not determined). 

 

Figure 41. Cattierite grain replaced along fractures by second genration pyrite. 
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9.4 Carbonate and phosphates 

Apart from silicates, magnetite and sulfides, carbonates and apatite have been analyzed by the 

electron microprobe. The composition of carbonates varies. Calcite occurs together with pargasite 

(section 9.1.2 Amphiboles replacing clinopyroxene has a low magnesium content (0.4 wt. % MgO). 

Dolomite (average MgO content 22.2 wt. %) and magnesio-siderite (average MgO content 14.4 wt. % 

and average FeO content 30.8 wt. %) occur in association with magnetite mineralization in dolomitic 

marble on edges of magnetite grains and as inclusions (section 7.4.4).  

Although the electron microprobe analyses did not include P2O5, the presence of apatite was inferred 

from elevated chlorine concentration (between 0.39 and 2.19 wt. % Cl, compared to the Cl content in 

carbonates, which was below 0.05 % Cl). Apatite has an average CaO content of 54.5 wt. %. Apatite 

grains occur only in minor amounts and are associated mostly with magnetite mineralization in 

different skarn types.  
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10 Discusssion 

10.1 Deposit type and comparison to similar deposits in the area 

The Tapuli deposit has been classified as a skarn deposit (Lindroos et al., 1972), although it does not 

show all the typical characteristics of one. The skarn mineralogy and the presence of magnetite 

mineralization point to Tapuli being a magnesian iron skarn, similar in character to other deposits in 

Norrbotten. The skarn mineralogy consists mostly of diopside, serpentine, actinolite and tremolite. 

Garnet, a typical skarn mineral, is virtually non-existent at Tapuli and occurs only sporadically in other 

deposits in Norrbotten (Bergman et al., 2001). The Tapuli deposit does not show any spatial 

correlation to any intrusion, although mafic dykes cross cut the deposit. The deposit is associated 

with the PSZ, but the relation between the shear zone and the deposit is not well understood. The 

PSZ hosts deposits in the Kolari region, but these differ significantly in character when compared to 

the deposits of the Kaunisvaara ore field. The unclear relation to the shear zone or any intrusions 

suggests the skarn at the Tapuli deposit formed due to regional metamorphism. The occurrence of 

similar deposits throughout the Norrbotten region, all of which appear in a similar stratigraphical 

position in the upper Greenstone Group (section 4.2.1) and the fact that some of these deposits 

grade laterally into BIF (the Tornefors deposit in Tärendö area, deposits in Masugnsbun area; 

Bergman et al., 2001), point to a regional scale exhalative system that formed the precursor of the 

skarn deposits and BIF before deformation and metamorphosis. The limited alteration in the hanging 

wall of these deposits points to formation on the sea floor, in the extensive rift basin formed during 

the deposition of the upper Greenstone Group.  

The deposits in the Kaunisvaara ore field have been compared to the IOCG deposits in the Kolari area 

(section 4.2.3), but their character is too different for them to have been formed by the same 

processes. The deposits in the Kolari area are structurally controlled and associated with the PSZ. In 

the Kaunisvaara ore field, all the deposits occur on the stratigraphic contact between Karelian and 

Svecofennian rocks, in the northwestern limb of an anticline.  There are no gold anomalies present, 

and only limited copper at Tapuli and the rest of the Kaunisvaara ore field, whereas the Kolari 

deposits have economic concentrations of Cu and Au. In the Kolari area, deposits are associated with 

distal alteration haloes, whereas in the Kaunisvaara ore field, the alteration in the hanging wall and in 

the footwall is limited. There occurs minor scapolitization in the Tapuli deposit, but according to 

Frietsch et al. (1997), it is not associated with the formation of the skarn deposit, but formed during 

regional metamorphism.  

10.2 Protoliths for different skarn types 

The dolomitic marble is considered to be the precursor of the serpentine, clinopyroxene skarns and 

the mineralization (Baker et al., 2011). In drill core, the contact between clinopyroxene skarn and the 

footwall dolomitic marble is gradual over a few meters with layers of skarn occurring within the unit. 

The results of whole rock geochemistry in section 8 (Table 2) show that mafic dykes have a similar 

composition and immobile element ratios to the actinolite skarn higher up in the stratigraphy than to 

the serpentine-magnetite skarn, which formed by alteration of dolomite. This indicates that the 

precursors of the actinolite skarn were mafic dykes or sills that intruded the dolomite or 

volcanoclastic rocks (tuffites) with a source similar in composition to the mafic dykes, rather than the 

dolomitic marble itself. The actinolite skarn that locally forms bands several meters thick, and is dark 
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green, fine-grained, and with sharp contacts to the surrounding skarn) and later amphibole alteration 

(veins, bands and disseminations) have not formed during the same time as the actinolite skarn at 

the hanging wall contact. The later formed actinolite skarn crosscuts the banding in different skarn 

types and also some calcite veins could be associated with brittle events or with mafic dykes and 

faults. 

The serpentine skarn formed by serpentinization of olivine and also possibly clinopyroxene. Isolated 

olivine grains have been observed in thin section in the serpentine-magnetite skarn, replaced by 

serpentine along edges and fractures (Figure 42). In the serpentine skarn, remnants of clinopyroxene 

grains occur (rarely twinning is visible), as do serpentine pseudomorphs of olivine grains. Olivine also 

occurs together with magnetite in layers of magnetite mineralization within the dolomitic marble 

(Figure 34A). Both magnetite and olivine have elevated Mn content (Table 8), which indicates that 

they were likely formed by the same process. The timing of serpentinization and magnetite 

formation will be discussed in the section 10.4. Comparing Tapuli with other magnesian iron skarn 

deposits (section 3.2.1), serpentine skarn forms also by retrograde alteration of Mg-rich minerals, as 

it did at Misi by overprinting diopside skarn (Niiranen et al., 2005) or at the Iron Hat deposit, where 

clinohumite was altered to serpentine (Hall et al., 1988). 

Figure 42. Olivine grain in magnetite-serpentine skarn, replaced by serpentine along the edges and fractures, transmitted 
light. A: ||N, B: Same grain in polarized light. 

10.3 Sulfide distribution and its possible controls 

Sulfides occur most commonly associated with carbonate veins, which postdate the skarn formation 

and mineralization. The carbonate veins crosscut banding in the skarn and in the ore, and occur in 

dolomitic marble and in association with mafic dykes. In the dolomitic marble, brittle faults 

commonly contain coarse-grained sulfide infill. The carbonate veins with sulfides most likely formed 

after the magnetite mineralization, and the sulfides had a source either from the footwall rocks 

(graphitic phyllite) or deeper in the stratigraphy. The time at which the carbonate veins formed is 

unclear, but as there occur multiple generations, they were probably associated with later multiple 

brittle deformation events in the region.  

Sulfides are also associated with mafic dykes or with dark green actinolite skarn, either as veins and 

veinlets crosscutting them, locally in association with carbonate, or disseminated within dark green 

actinolite or phlogopite replacing the dykes. The mafic dykes could have acted as a source of heat for 

local fluid circulation, remobilizing pre-existing sulfides. Another possibility is that mafic dykes and 
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faults could have acted as channel-ways for later fluids that were probably not associated with the 

main, magnetite-forming event, and altered the rocks to actinolite-, phlogopite- or chlorite-rich skarn 

and deposited the sulfides remobilized from deeper in the stratigraphy.  

Sulfides and magnetite associated with coarser-grained actinolite or chlorite veins and 

disseminations also formed after the main, magnetite forming event. These are also locally 

associated with carbonate that is mostly fine-grained and acts as an infill between the coarser grains. 

The composition of the silicate phases (phlogopite, serpentine) associated with this vein type 

appears to be richer in iron than in other parts of the deposit, implying a higher Fe content in the 

fluids that deposited these minerals. 

Calcite-epidote-pyrite veins occur mostly in the upper part of the stratigraphy: in the hanging wall, or 

close to the hanging wall contact. This type has not been observed crosscutting the ore. Locally they 

also contain magnetite or actinolite. At Tapuli, epidote formed during the late stages of skarn 

alteration, from a Fe-rich fluid. The association of epidote with pyrite points to a more oxidized fluid. 

Some disseminated sulfides occur in the skarn or the ore and do not crosscut or replace the skarn 

minerals or the magnetite, which suggest they formed during the main mineralizing event. These 

sulfides could have been remobilized by later hydrothermal events. The sulfides in serpentine skarn 

occur mostly in crosscutting serpentine veins and veinlets in the skarn, some pyrrhotite is associated 

with magnetite and crosscut by serpentine and chlorite veinlets.   

As discussed above, in section 7.3.2, two distinguishable generations of pyrite occur, although they 

both appear to postdate magnetite. Their different trace metal composition and appearance (section 

9.3.1) suggest they precipitated from fluids of different composition or that they were derived from a 

different source. The second generation of pyrite replaces pyrrhotite, and is in turn replaced by 

magnetite and hydrous Fe-oxides. This shows that the fluid precipitating the Fe-sulfides and Fe-

oxides changed both in the oxygen and sulfur fugacity with time, pointing to a changing redox state 

of the fluid or to fluids with different redox states.  

Bralia et al. (1979) divide pyrite into groups with different genetic origin based on the Co:Ni ratio. 

Pyrites with a variable Co:Ni ratio and Co and Ni content above 100 ppm are classified as 

hydrothermal in origin. Pyrites with a Co:Ni ratio between 5 and 50, Co content above 100 ppm and 

Ni content below 100 ppm are classified as massive sulfide pyrite. Pyrite with Co:Ni ratios below one 

is considered of sedimentary in origin. The Co:Ni ratios of the pyrite at Tapuli are different for the 

two generations. According to Bralia et al. (1979), the first generation pyrite belongs to the massive 

sulfide type, the second generation pyrite belong to the hydrothermal type. Although the pyrites at 

Tapuli do not fit these categories fully, the Co:Ni values indicate different sources for the different 

generations of pyrite. The first generation pyrite could be associated with the exhalative source of 

the precursor for the skarn and the mineralization, the second generation could have formed by 

remobilizing sulfides, or have a source either in the graphitic phyllite or a different source deeper in 

the stratigraphy. The Co:Ni ratios are presented in Table 13. 
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Generation Co:Ni Co ppm Ni ppm 
 

Generation Co:Ni Co ppm Ni ppm 

1 31.40 13190 420 
 

2 6.50 2470 380 

1 39.73 5960 150 
 

2 2.64 1450 550 

1 29.73 6540 220 
 

2 9.74 2630 270 

2 13.17 2370 180 
 

2 7.12 1210 170 

2 4.52 2260 500 
 

2 0.61 1430 2340 

2 0.79 2610 3320 
 

2 0.78 1780 2290 

2 3.97 1350 340 
 

2 1.06 1650 1550 

2 2.44 2000 820 
 

2 2.50 650 260 

2 0.50 1650 3330 
 

2 6.62 1920 290 

2 1.50 2960 1970 
 

2 9.67 2320 240 

Table 13. Co:Ni ratios for different pyrite generations at Tapuli. 

In the Tapuli deposit, a zonation of pyrite and pyrrhotite can be seen, with the pyrrhotite:pyrite ratio 

increasing from the hanging wall contact towards the footwall. Near the hanging wall contact, the 

calcite-epidote-pyrite veins are the main type of sulfide occurrence and pyrrhotite does not occur in 

the parts of the stratigraphy close to the hanging wall. The dolomitic marble in the footwall 

commonly contains disseminated pyrrhotite and veins of semi-massive pyrrhotite occur locally, 

associated with brittle deformation and faults. Pyrrhotite is most abundant in the stratigraphically 

deeper parts, close to the graphite-rich phyllite. The pyrite content rises upwards in the stratigraphy, 

and together with the occurrence of epidote, mostly near the hanging wall contact, suggests more 

oxidized conditions. The changing pyrrhotite:pyrite ratio and the occurrence of epidote could point 

to an evolving redox state of the fluid, or to the changing redox conditions within the stratigraphy, 

with reducing conditions near the footwall contact with the graphitic phyllite. 

Graphitic phyllite occurs in the footwall, possibly acting as a source of sulfur. Frietsch et al. (1993) 

studied sulfur isotopes in a number of deposits in northern Sweden. In the Stora Sahavaara deposit, 2 

km south of the Tapuli deposit, they found δ34S values for the iron ore and skarn between -6.8 and 

+5.4 ‰ and for the graphitic schist between -7.9 and +24.7 ‰. Frietsch et al. (1993) propose that the 

wide spread of values for the Stora Sahavaara deposit points to a low temperature bacteriogenic 

reduction of seawater sulfates to sulfides, with carbon present in the graphitic schist acting as a 

reductive material. The spread of δ34 in skarn and iron ore at Stora Sahavaara could point to the 

underlying graphitic schist as a source of the sulfides.  

The overall sulfur content at Tapuli (0.2 wt. % S) is quite low compared to similar deposits in northern 

Norrbotten (section 4.2.1). Sulfides in the other deposits occur also as disseminations and veinlets, 

but their distribution is irregular. The highest sulfur content of the iron skarn deposits in northern 

Norrbotten is in the Vahtavaara and Sahavaara deposit associated with graphite-bearing schist. For 

the Misi deposits, the sulfur content was described as varied, with the sulfides most abundant in 

proximity to the dolomitic marble contact.  

10.4 Timing – skarn formation, mafic dykes 

Frietsch (1984) summarizes that sulfide-silicate equilibrium interaction in sulfur bearing sediments 

like the graphitic schists at Tapuli, could result in the formation of Mg-rich silicates, Fe-oxides and Fe-

sulfides during regional metamorphism. As discussed above, the precursors for the different skarn 
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types and the mineralization are unclear, but the skarn formation must have taken place during the 

peak metamorphism in the area to reach the temperatures necessary for formation of olivine and 

clinopyroxene. The metamorphic grade in the area west of the PSZ is medium grade with 

temperatures between 510 and 570 °C according to Bergman et al. (2001).  

A study by Frietsch (1984) that deals with the formation of Mg-bearing magnetite and serpentine in 

skarn iron ores in Norrbotten proposes that the serpentine and a limited amount of Mg-rich 

magnetite formed by hydratation of clinopyroxene, tremolite and olivine at temperatures  between 

340 and 400 °C and at low oxygen fugacity (reducing conditions). 

Mafic dykes that crosscut the deposit belong most likely to two generations, but they were altered 

together with the rocks along faults by Fe-rich fluids, that deposited some of the sulfides and Fe-rich 

silicates in the skarn. The disseminated sulfides forming together with amphiboles and the 

amphibole veins crosscutting banding probably formed at the same time as well.  

Calcite veins were the latest to form and the sulfides within them are possibly remobilized sulfides 

from the graphitic phyllite or from within the deposits. They most likely formed during episodes of 

brittle deformation in the deposit after the end of the Svecokarelian orogeny.  
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11 Conclusions 

The Tapuli deposit is a skarn deposit, although it does not have all the characteristic of one. The 

mineralogy of the Tapuli deposit fits the definition of a magnesian iron skarn. These occur in various 

tectonic settings and form in Mg-rich host rocks (Meinert et al., 2005). The skarn deposits in northern 

Norrbotten all have similar skarn mineralogy, and are hosted by dolomitic marble, tuffs or graphite-

rich tuffites and schists in a similar stratigraphic position, the upper Greenstone Group. 

The Tapuli skarn deposit appears to be zoned, but this is most likely not due to formation of 

retrograde minerals at the later stages of skarn formation. The lithogeochemistry results point to the 

actinolite skarn and serpentine skarn having different protoliths. The protolith for serpentine skarn 

and diopside-tremolite skarn is the dolomitic marble, for actinolite skarn, the protoliths are the mafic 

dykes or tuffites with the same or similar source as the mafic dykes.  

Several factors could have influenced the sulfide distribution: proximity to relatively S-rich rocks (the 

graphitic phyllite and dolomitic marble) that could have acted as sources for remobilization of sulfur 

and metals, the presence of mafic dykes and faults functioning as channel ways for fluids, and brittle 

deformation zones with sulfide-carbonate infill, also serving as fluid channel ways. Sulfides, as 

observed in thin section and in drill core, appear to have formed later than the magnetite 

mineralization, at a similar time as the amphiboles and chlorite.  

The two different pyrite generations, multiple generations of calcite veins crosscutting, later 

amphibole and chlorite veins and disseminations (some also crosscutting or crosscut by calcite veins) 

point to multiple fluids contributing to the deposition of sulfides at Tapuli, possibly associated with 

different events. The microscopic observation of the ore mineral textures, the changes in the mineral 

composition of the veins associated with sulfides (the pyrite-epidote association close to the hanging 

wall contact) and the general trend in the pyrrhotite:pyrite ratio within the deposit also point to a 

change in redox: more oxidizing conditions up in the stratigraphy.  
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Appendix I Drill core logging 

TPL 07003 B1 – B30 

12,35 – 28,70 possibly altered mafic dyke, biotitization in bands and spots, carbonate veins, 

epidotization is crosscutting veins; at 22,90 carbonate vein with medium grained – coarse grained 

pyrite, large coarse grained pyrite blob with magnetite rim, minor chalcopyrite; at 25,00 finely 

disseminated pyrite in dark green fine grained actinolite with thin carbonate veins 

28,70 – 50,30 actinolite-clinopyroxene skarn, actinolite patches more common in beginning; 35,15 – 

36,00 medium grained Pyrite with Magnetite in between coarse clinopyroxene grains with actinolite, 

in thin carbonate veins, SAMPLE S3 35,40 – 35,46; 40,40 chalcopyrite  in carbonate veins with 

epidote; 44,20 Magnetite matrix between CG clinopyroxene with act 

50,30 – 68,80 magnetite-serpentine skarn, some chloritization, short sections with clinopyroxene; 

61,30 – 66,00 medium grained pyrrhotite, crosscut by serpentine veins SAMPLE S4 61,70 – 61,77 

pyrrhotite in serpentine, possibly replaced by magnetite, crosscut by serpentine veins, SAMPLE S5 

65,60 – 65,73 Pyrrhotite replaced by magnetite from the rims in serpentine/talc vein 

68,80 – 74,50 clinopyroxene skarn, with patches of serpentine and magnetite, chloritization 81,35 

Pyrrhotite crosscutting serpentine-magnetite vein 

74,50 – 120,15 serpentine-magnetite skarn, fine to medium grained magnetite with serpentine at 

least 2 generations of serpentine veins younger with bleaching/alteration halo; 83,70 Pyrrhotite 

within serpentine vein, with carb, Pyrrhotite outside vein with chlorite rims in serpentine; SAMPLE S6 

84,45 – 84,54 Pyrrhotite in serpentine vein with Magnetite, Pyrrhotite with coarse grained Magnetite 

crosscutting serpentine veins; 91,85 Pyrrhotite in serpentine vein; SAMPLE S7 92,69 – 92,85 

Pyrrhotite with dark green actinolite and magnetite, possibly strongly altered mafic dyke, continues 

to 94,70; 103,90 Pyrrhotite and Pyrite in serpentine vein; 105,55 thin veins of Pyrrhotite crosscutting 

Magnetite and chlorite; 110,15 Pyrrhotite in carbonate-serpentine vein, replaced by Magnetite, 

118,00 Pyrrhotite in serpentine-carbonate vein, with magnetite 

SAMPLE S1 19,07 – 19,38 Geochemistry, fine grained clinopyroxene-actinolite skarn with carbonate 

veins 

SAMPLE S2 29,72 – 29,96 Geochemistry, fine grained clinopyroxene-actinolite skarn 

TPL07004 B1 – B55  

15,40 – 19,95 mica schist, actinolite alteration in patches and bands 

19,95 – 42,20 actinolite skarn, possibly an altered mafic dyke, fine grained dark green actinolite, 

albitization in the beginning; from 32,00 biotitization; thin carbonate veins 

42,20 - 71,95 clinopyroxene-actinolite skarn; 49,00 – 51,50 epidote with car veins; 51,50 – 52,05 

biotitization, carbonate veins; 60,45 – 61,30 medium grained pyrite in veinlets and disseminated, or 

with magnetite in carbonate veins, possibly associated clinopyroxene or dark green actinolite 

alteration; at 64,95 pyrite in carbonate vein, with dark green actinolite and epidote; 66,70 medium 
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grained pyrite in carbonate spot within clinopyroxene; at 66,90 disseminated medium grained pyrite 

at contact between clinopyroxene-actinolite skarn and clinopyroxene skarn, pyrite younger than 

clinopyroxene skarn; 68,60 – 69,10 3 cm thick epidote-carbonate vein, carbonate is pink, medium to 

coarse grained pyrite, fine to medium grained pyrite disseminated around the vein in dark green 

actinolite skarn   

71,95 – 105,50 clinopyroxene skarn; less dark green actinolite, in patches and bands; with magnetite; 

carbonate veins, chlorite and biotite; 82,00 – 84,25 altered mafic dyke, dark green actinolite, 

scapolite, epidote, no magnetite possibly later than the formation of magnetite; 87,70 – 89,60 act-

clinopyroxene skarn, fine grained dark green actinolite, disseminated magnetite; 101,45 higher 

magnetite content, disseminated pyrrhotite in coarse grained magnetite; 103,90 fine grained 

pyrrhotite in fine grained magnetite-clinopyroxene skarn, some dark green actinolite; 104,40 – 

104,60 pyrite veins cutting magnetite; 105,05 fine to medium grained pyrite with clinopyroxene in 

magnetite, SAMPLE S1 104,90 – 105,08 

105,50 – 107,50 altered mafic dyke  actinolite alteration of phenocrysts, biotitization, scapolitization 

107,50 – 110,80 clinopyroxene-magnetite skarn, fine to coarse grained chlorite associated with 

magnetite 

110,80 – 112,70 altered mafic dyke, dark green actinolite, biotitization, , scapolitization, sharp 

contact with marble 

112,70 – 169,30 dolomitic marble, fine grained disseminated pyrrhotite; 114,55 – 118,05 mafic dyke, 

dark green actinolite, biotitization, scapolitization; 120,60 -122,05 altered mafic dyke, actinolite, 

strong biotitization in the end, scapolitization; from 127,20 serpentine alteration, carbonate veins, 

medium grained disseminated pyrrhotite, pyrite and pyrrhotite in carbonate veins; 142,40 – 146,75 

act-clinopyroxene skarn, fine grained, with serpentine, carbonatization, magnetite in the end; 153,40 

– 154,40 magnetite skarn, fine grained magnetite, crosscut by carbonate veins, pyrrhotite in veins 

and disseminated, possibly brecciaed; 156,40 fine grained pyrrhotite disseminated with magnetite; 

SAMPLE S2 155,07 – 155,18; sharp contact with magnetite skarn 

169,30 – 208,60 magnetite-serpentine skarn, contains magnetite, serpentine, some chlorite, 

carbonate veins; at 177,30 pyrrhotite on fracture surfaces, with serpentine; from 185,00 pyrrhotite in 

carbonate veins, disseminated with serpentine, disseminated within dark serpentine vein with 

magnetite over green serpentine, thicker pyrrhotite veins with carbonate and chlorite, disseminated 

pyrrhotite within serpentine-magnetite-clinopyroxene skarn; pyrrhotite with dark green actinolite 

and black serpentine, SAMPLE S3 185,72 – 185,80; from 188,30 more fine grained dark green 

actinolite, at 189,85 with fine grained pyrite, at 190,00 thin pyrrhotite film on fracture with 

serpentine; at 202,90 pyrite with coarse grained magnetite; from 205,00 more chlorite 

208,60 – 220,50 act-clinopyroxene skarn; dark green fibrous actinolite in patches an broad bands; 

carbonate veins; serpentine patches overprinting medium grained magnetite; some coarse grained 

clinopyroxene; 209,15 carbonate vein with magnetite and pyrrhotite, with chlorite and biotite; from 

214,20 lots of biotite, infill between coarse grained clinopyroxene; at 219,40 pyrite on fractures with 

dark green actinolite 



68 
 

TPL07005 B1 – B35, B38 – B59 

15,90 – 16,25 mafic dyke, with biotite 

16,25 – 24,50 act-clinopyroxene skarn, short sections with serpentine and magnetite 

24,50 – 41,90 magnetite skarn, with clinopyroxene and serpentine; 28,70 – 33,65 chlorite skarn 

41,90 – 43,35 actinolite skarn, possibly an altered mafic dyke, with clinopyroxene, magnetite with 

actinolite 

43,35 – 72,65 serpentine skarn, with fine and coarse grained magnetite; 61,40 pyrrhotite in 

carbonate vein crosscutting magnetite-serpentine skarn, SAMPLE S1 61,43 – 61,57; 64,70 – 65,35 

carbonate veins with chlorite and tremolite  with coarse grained pyrite and pyrrhotite, SAMPLE S2 

65,25 – 65,45 pyrite cubes in clinopyroxene skarn, replaced by pyrrhotite from the edges; 66,35 – 

72,65 coarse grained magnetite with tremolite in coarse grained carbonate vein 

72,65 – 77,40 magnetite-chlorite skarn, sulfides on fractures 

77,40 – 92,20 magnetite-serpentine skarn, fine to coarse grained magnetite and serpentine; 80,75 – 

83,50 disseminated pyrrhotite, with magnetite in clinopyroxene skarn, SAMPLE S3 81,29 – 81,45; 

82,25 coarse grained pyrrhotite and magnetite in carbonate vein, magnetite with chlorite rims; 83,20 

– 83,50 pyrrhotite, pyrite and chalcopyrite disseminated with magnetite in actinolite-clinopyroxene 

skarn; 87,15 pyrrhotite in coarse grained magnetite; 90,60 pyrrhotite and pyrite in carbonate vein 

with magnetite, chlorite and tremolite 

92,20 – 95,30 actinolite skarn, possibly an altered mafic dyke, chloritization, crosscut by carbonate 

veins, more clinopyroxene in deeper part 

95,30 – 101,65 magnetite-clinopyroxene skarn, medium to coarse grained, minor tremolite 

101,65 – 105,05 actinolite skarn, possibly an altered mafic dyke, chloritization, carbonate veins 

105,05 - 107,05 magnetite-clinopyroxene skarn, medium to coarse grained, minor tremolite 

107,05 – 112,10 clinopyroxene skarn; patches of pyrite, chlorite, magnetite and actinolite; SAMPLE 

S4 107,29 – 107,43 disseminated pyrrhotite and chlorite 

112,10 – 115,50 actinolite skarn, dark green fine grained actinolite, coarse grained magnetite with 

carbonate in veins and patches, possibly an altered mafic dyke 

115,50 – 118,20 clinopyroxene skarn, patches of magnetite, carbonate and actinolite 

118,20 – 127,75 clinopyroxene skarn; 118,20 – 123,15 actinolite skarn; coarse grained magnetite 

with actinolite, carbonate veins, chloritization, disseminated pyrrhotite in magnetite 

127,75 – 136,10 marble or coarse grained carbonate vein, short sections of dark green actinolite, 

chlorite and magnetite with minor disseminated pyrite and pyrrhotite 

136,10 – 145,60 clinopyroxene skarn, magnetite with dark green actinolite, thin carbonate veins 



69 
 

145,60 – 154,05 magnetite skarn, magnetite together with dark green actinolite, carbonate veins, 

clinopyroxene 

154,05 – 156,10 clinopyroxene skarn, fine grained disseminated magnetite and pyrrhotite; SAMPLE 

S5 154,62 - 154,74 coarse grained magnetite with pyrrhotite rims and associated with chlorite 

Missing boxes 36 -38 

168,15 – 185,15 serpentine-magnetite skarn, carbonate veins; at 169,60 pyrrhotite in carbonate vein; 

170,80 pyrrhotite with clinopyroxene skarn, possibly overprinting magnetite; 176,75 – 178 pyrrhotite 

and pyrite with carbonate, magnetite and dark green actinolite; at 177,75 pyrrhotite replacing 

magnetite 

185,15 – 186,10 clinopyroxene skarn; SAMPLE S6 185,79 – 185,97 veinlets of pyrrhotite, 

disseminated pyrrhotite with magnetite 

186,10 – 188,50 chlorite skarn, possibly an altered mafic dyke; actinolite-pyrite-carbonate vein 

188,50 – 195,10 clinopyroxene skarn, fine to medium grained magnetite with dark green actinolite, 

carbonate veins 

195,10 – 215,50 magnetite-serpentine skarn; chloritization 

215,50 – 218,60 clinopyroxene-actinolite skarn, possibly and altered mafic dyke, biotitization, 217,95 

– 218,60 mostly dark green actinolite, biotite 

218,60 – 238,20 dolomitic marble; from 336,50 medium grained pyrrhotite, associated with 

actinolite and biotite 

238,20 – 258,25 serpentine-magnetite skarn; SAMPLE S7 238,81 – 238,95 magnetite replacing 

pyrrhotite; 246,75 pyrrhotite and carbonate in magnetite skarn; from 248,20 more clinopyroxene, 

less serpentine; from 249,35 disseminated pyrrhotite and veinlets of chalcopyrite, possibly replacing 

actinolite grains; from 254,00 more dark green actinolite with magnetite; SAMPLE S8 257,65 – 

257,74 banding – dark green actinolite, magnetite and clinopyroxene, disseminated pyrrhotite; 

gradual contact with marble, overprinted by coarse grained actinolite and pyrrhotite  

258,25 – 265,00 marble, disseminated biotite and serpentine grains; 265,10 – 265,70 section of 

graphitic phyllite, foliated, remobilized sulfides at contacts, phenocrysts of plagioclase, SAMPLE 

S9 265,22 – 265,31; gradual contact with clinopyroxene skarn, bands of magnetite, dark green 

actinolite and pyrrhotite 

265,00 – 277,80 clinopyroxene-actinolite skarn, banded, disseminated magnetite, carbonate veins 

with magnetite, chlorite and sulfides (pyrrhotite and pyrite); at 271,45 coarse grained carbonate vein 

with pyrrhotite; from 275,15 pyrite abundant, younger than magnetite  
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TPL07006 B1 – B40 

14,70 – 22,80 actinolite-clinopyroxene skarn, little magnetite in the beginning with actinolite 

22,80 – 31,80 mafic dyke, dark green actinolite in matrix, scapolitization and K-feldspar spots, 

epidotization, biotitization in the end 

31,80 - 37,80 clinopyroxene skarn; spots and patches of magnetite and chlorite; from 33,40 with 

black colored serpentine; SAMPLE S1 35,84 -36,00 pyrrhotite in clinopyroxene, serpentine vein 

37,80 – 47,30 serpentine skarn, with fine grained disseminated magnetite 

47,30 – 108,00 dolomitic marble, disseminated pyrrhotite, serpentine veins; 49,40 – 49,90 mafic 

dyke, biotitization, overprinted by actinolite; 51,85 – 52,55 mafic dyke, scapolitization; 53,20 – 53,90 

pyrrhotite in carbonate veins and disseminated in marble; fault gauge – serpentinization – 55,80 – 

57, 57,25 – 57,35, 57,50 – 57,90; 61,95 – 68,65 – serpentinization; 64,30 bands of serpentine with 

pyrrhotite; pyrrhotite and pyrite on fracture surfaces; 73,20 – 73,50 mafic dyke, biotitization, dark 

green actinolite; 74,70 pyrrhotite with thin bands and veins of serpentine; 75,90 – 76,10 pyrrhotite 

and pyrite veins in marble; 75,75 – 76,85 fine grained pyrite and pyrrhotite in bands/veins, euhedral 

pyrite grains on fractures; 80,55 6 cm wide vein of pyrrhotite, overprinting serpentinization; 81,65 – 

87,15 disseminated serpentine grains more common, disseminated pyrrhotite; from 87,15 darker 

marble, possibly higher graphite content, disseminated pyrrhotite, 88,10 – 89,05 magnetite in bands, 

pyrrhotite in small veinlets and disseminated , SAMPLE S7 88,20 pyrrhotite and magnetite in marble; 

93,65 – 94,95 magnetite disseminated in marble, with pyrrhotite, SAMPLE S6 94,51 – 94,61 medium 

grained pyrrhotite disseminated in magnetite, little veinlets; 96,60 – 96,95 brecciation of marble, 

infill is carbonate and coarse grained pyrite; 97,20 – 97,50 mafic dyke, dark green actinolite at 

contacts, biotitization, pyrrhotite in veins; from 98 disseminated serpentine grains with veinlets and 

disseminated pyrrhotite; 100,85 – 101,15 mafic dyke, dark green actinolite at contacts, coarse 

grained carbonate veins with actinolite and pyrrhotite, pyrrhotite veins 

108,00 – 112,80 actinolite-clinopyroxene skarn, with magnetite, in the beginning fine bladed grains, , 

pyrrhotite in thin veins with serpentine or carbonate, pyrite on fracture surfaces; pyrrhotite 

disseminated with magnetite grains at 110 m 

112,80 – 162,20 magnetite-serpentine skarn, magnetite mostly fine to medium grained with 

serpentine, serpentine vein with carbonate, 112,80 – 116,00 with chlorite, magnetite fine grained, 

coarse grained with chlorite and serpentine; 116,05 – 116,25 coarse grained carbonate vein with 

coarse grained pyrrhotite and with serpentine; 117,90 – 118,05 coarse grained carbonate vein with 

serpentine, pyrrhotite replaced by serpentine; 124,65, pyrrhotite in serpentine vein; 132,55 - 132,65 

carbonate-serpentine vein with pyrrhotite, pyrrhotite replaced by serpentine, possibly an alteration 

halo; 133,40 pyrrhotite with dark green actinolite and chlorite brecciaing coarse grained magnetite, 

135,00 carbonate vein with pyrrhotite and magnetite; 137,25 carbonate vein with pyrrhotite with 

magnetite rims; 139,60 – 140,50 possibly an altered mafic dyke, biotitization and dark green 

actinolite, pyrrhotite replaced by magnetite at rims; 148,80 - 148,90 carbonate vein with pyrrhotite 

and serpentine; 158,80 - 162,20 mafic dyke, dark green actinolite, carbonate infill between coarser 

grains, fine and medium grained pyrite with actinolite, from 161,30 with pyrrhotite 
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162,20 – 164,40 tremolite skarn, patches of serpentine with magnetite, patches of dark green 

actinolite with disseminated pyrrhotite 

164,40 -168,00 possibly an altered mafic dyke, biotitization, dark green actinolite; 165,10 / 165,40 

coarse grained actinolite with disseminated coarse grained pyrrhotite, thin carbonate veins with 

serpentine and pyrite, SAMPLE S5 165,15 - 165,29; 167,40 – 167,80 pyrrhotite and chalcopyrite 

disseminated and in veins in dark green actinolite, SAMPLE S4 167,45 – 167,65 

168,00 – 171,90 serpentine-magnetite skarn, chloritization, carbonate veins 

171,90 – 173,10 altered mafic dyke, fine to medium grained pyrite with actinolite; 172,00 serpentine 

overprinting mafic dyke, younger carbonate veins with pyrrhotite 

173,10 – 174,30 clinopyroxene skarn, overprinted by magnetite-serpentine veins, patches of pyrite, 

pyrrhotite and minor chalcopyrite, pyrite grains on fractures 

174,30 - 180,25 actinolite skarn, possibly an altered mafic dyke, fine grained dark green actinolite, 

coarse grained clinopyroxene with actinolite matrix; 179,50 - 179,75 albitization, later pyrite grain 

with coarse grains of clinopyroxene and actinolite 

180,25 – 182,95 magnetite skarn, bands of biotitization, bands of serpentine, chloritization; 182,65 - 

182,95 possibly an altered mafic dyke, fine grained actinolite vein with pyrrhotite and carbonate, 

with magnetite 

182,95 -190,90 marble, bands of biotitization, strong actinolite alteration, disseminated fine grained 

pyrrhotite; 184,60 – 186,50 actinolite skarn, possibly an altered mafic dyke, in the beginning bands of 

magnetite and serpentine 

190,90 – 191,75 albitized metasediments, possibly graphitic phyllite originally, skarn alteration, 

pyrrhotite, pyrite and minor chalcopyrite in veins with carbonate, younger than albitization, fine 

grained pyrrhotite disseminated 

191,75 – 199,70 actinolite-clinopyroxene skarn, banded, with bands of magnetite grains; 192,15 - 

192,25 carbonate vein with coarse grained pyrite and dark green actinolite; SAMPLE S3 193,55 – 

193,65 disseminated pyrrhotite in dark green actinolite; 195,80 pyrite in crosscutting veins and on 

fractures 

SAMPLE S2 52,09 – 52,37 medium grained actinolite-clinopyroxene skarn, possibly an altered mafic 

dyke 

TPL07007 B1 – B35 

30,50 – 51,80 actinolite skarn, possibly an altered mafic dyke, dark green fine grained actinolite, 

albitized phyllite, thin epidote veins, carbonate infill with medium grained actinolite, short sections 

and patches of biotitization; 48,70 – 50,90 scapolitization 

51,80 – 86,30 actinolite-clinopyroxene skarn, medium grained clinopyroxene, fine grained actinolite 

as patches or bands with carbonate, or filling between clinopyroxene grains, carbonate veins; 61,10 -
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61,30, 67,50 round spots of magnetite; from 65,50 biotitization; 73,85 – 74,10 dark green actinolite 

with biotite; 76,40 – 77,05 possible altered mafic dyke; 78,00 – 80,80 rich in actinolite 

86,30 – 104,60 clinopyroxene-magnetite skarn, with dark green actinolite, chlorite, minor serpentine, 

thin carbonate veins, 96,80 – 98,80 disseminated pyrite in clinopyroxene skarn with magnetite, pyrite 

and magnetite are fine grained, with carbonate, with minor disseminated actinolite; from 98,80 more 

chlorite, biotite and dark green actinolite 

104,60 – 110,80 clinopyroxene skarn, with biotite, some magnetite 

110,80 – 113,85 magnetite-serpentine skarn, carbonate veins 

113,85 – 128,35 actinolite-clinopyroxene skarn; in the beginning biotite bands, minor serpentine, fine 

to coarse grained disseminated magnetite, 119,35 magnetite and pyrrhotite in actinolite-

clinopyroxene skarn, SAMPLE S1 119,32 – 119,40; 122,00 pyrrhotite disseminated with magnetite, or 

as thin veins 

128,35 – 130,30 clinopyroxene skarn, minor magnetite and chlorite 

130,30 – 134,50 tremolite skarn, fine grained disseminated magnetite 

134,50 – 142,00 magnetite-serpentine skarn; fine to coarse grained magnetite, with carbonate infill, 

carbonate veins, short sections of clinopyroxene; at 141,10 coarse grained magnetite, carbonate 

pyrrhotite and chlorite, minor serpentine; 141,50 pyrite in carbonate vein 

142,00 – 145,35 altered mafic dyke, dark green actinolite, biotitization; 143,30 pyrrhotite-pyrite veins 

with dark green actinolite 

145,35 – 149,80 serpentine-magnetite skarn, fine to coarse grained magnetite, fine to medium 

grained serpentine, some chlorite, carbonate veins 

149,80 – 181,80 dolomitic marble, serpentine alteration, with graphite – dark color; fine grained 

disseminated pyrrhotite; 151,00 pyrrhotite in carbonate vein, pyrrhotite in veinlets, SAMPLE 

S2 151,10 – 151,22 

TPL07027 B1 – B61 

5,10 – 101,35 mica schist, gneissic sections; bands of K-feldspar alteration; skarn alteration in bands, 

biotite and dark green medium grained actinolite; 64,00 epidote-K-feldspar- carbonate veins, 

stronger from 72,85; 74,50 voids in fine grained mica schist, sometimes with zeolites or carbonate, 

strong epidotization, carbonate veins; 76,35 voids with pyrite; from 77,00 more dark green actinolite 

in bands and stripes, with pyrite in voids, actinolite can be coarse grained, sometimes with scapolite; 

89,60 albitization with dark green actinolite and epidote and pyrite in veins and spots; 83,90 – 85,40 

strong skarn alteration , dark green actinolite and epidote with pyrite SAMPLE S1 84,84 – 84,94; 

85,40 mica schist with fine grained scapolite spots, spots with quartz and pyrite and pyrrhotite, minor 

dark green actinolite, SAMPLE S2 87,25 – 87,36; from 91,00 almost no sulfides, spots only with 

quartz and dark green actinolite, more K-feldspar alteration, pink bleaching around dark green 

actinolite veins 
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101,35 – 171,60 clinopyroxene-actinolite skarn, bands and stripes of dark green actinolite, veins of 

carbonate and epidote, infill of carbonate between coarse grained actinolite; 108,80 – 136,00 veins 

of coarse grained actinolite, infill of carbonate, minor epidote, later overprinting schlieren of dark 

green actinolite; 120,20 – 121,60 epidote veins carbonate; from 140,85 coarse grained magnetite in 

veins with carbonate and coarse grained dark green actinolite; 148,25 – 148,80 fine to medium 

grained disseminated pyrite, minor magnetite, voids with dark green actinolite with actinolite blades 

growing inwards; 159,60 pyrite in carbonate vein, fine grained disseminated pyrrhotite and 

chalcopyrite with carbonate; 160,00 minor fine grained pyrrhotite with dark green actinolite;  161,00 

fine grained pyrite in vein with dark green actinolite; 163,50 disseminated pyrite with carbonate 

within dark green actinolite; 163,80  carbonate vein with epidote, with pyrite and chalcopyrite 

171,60 - 175,10 actinolite skarn, possibly an altered mafic dyke, dark green actinolite 

175,10 – 188,25 magnetite-clinopyroxene skarn fine to medium grained magnetite, as matrix to 

clinopyroxene, with dark green fine grained actinolite, chloritization of actinolite; from 184,00 bands 

of serpentine, boudines of clinopyroxene 

188,25 – 217,70 dolomitic marble, fine grained, dark with organic matter, serpentine alteration, 

bands of serpentine, fine grained disseminated pyrrhotite; bands and stripes of clinopyroxene with 

pyrrhotite and pyrite, possibly remobilized veins of pyrrhotite; 199,70 magnetite replacing pyrite in 

clinopyroxene bands, SAMPLE S3 199,59 – 199,63; 204,60 – 205,00 clinopyroxene section with 

medium grained disseminated pyrrhotite, or in spots, veins, in between clinopyroxene grains, in veins 

with serpentine; SAMPLE S4 211,85 – 211,94 

TPL08004 B1 – B20 

4,50 – 28,80 actinolite-clinopyroxene skarn, actinolite rich in the beginning, some carbonate veins 

and infill, epidote veins; at 9,00 actinolite in cracks; from 15,00 magnetite, rich in 20,30 -27,00 

magnetite, matrix to clinopyroxene; from 17,10  with chlorite, dark green actinolite, epidote-

carbonate veins later than magnetite-chlorite; at 22,00 magnetite bands with dark green actinolite 

on sides; at 24,00 coarse grained magnetite vein crosscutting fine grained magnetite with dark green 

actinolite; 28,05 – 28,80 strong epidotization, with dark green actinolite, medium grained pyrite 

either disseminated or in thin veins, minor chalcopyrite 

28,80 – 30,40 actinolite skarn, minor epidote, clinopyroxene with magnetite 

30,40 – 32,90 clinopyroxene skarn, disseminated fine grained magnetite in patches 

32,90 – 37,50 actinolite skarn; upper contact brecciaed, lower contact gradual, brecciaed with 

carbonate veins; epidote-carbonate veins 

37,50 – 42,50 clinopyroxene skarn, with magnetite, minor carbonate 

42,50 – 45,00 actinolite skarn, sharp lower contact, carbonate veins, minor epidote 

45,00 – 59,85 clinopyroxene skarn, magnetite as matrix to clinopyroxene grains, some chlorite and 

carbonate with coarse grained magnetite; 50,80 – 51,80 fine grained actinolite, at 55,50 minor pyrite 

with dark green coarse grained actinolite in spots 
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59,85 – 71,90 dolomitic marble; serpentine alt, disseminated pyrrhotite, in the beginning clast or 

boudines of clinopyroxene skarn with serpentine rim swimming in marble, larger pyrrhotite grains 

with serpentine, SAMPLE S1 62,00 – 62,16 

TPL08010 B1 – B59 

24,90 – 29,00 mafic dyke, biotitization, some actinolite alt 

29,00 - 37,00 serpentine skarn, some magnetite, coarse grained serpentine, lots of core loss 

 37,00 – 45,00 mafic dyke, missing core box B3 

45,00 – 53,00 magnetite-serpentine skarn, chlorite, carbonate veins, at 49,70 breccia, carbonate 

matrix, clast supported 

53,00 – 54,60 serpentine-magnetite breccia with carbonate 

54,60 – 73,90 magnetite skarn, with dark green actinolite, serpentine and carbonate; at 59,60 and 

66,75 pyrite cubes 

73,90 – 74,90 actinolite skarn, possibly an altered mafic dyke, fine grained dark green actinolite 

74,90 – 84,05 magnetite-serpentine skarn, carbonate veins; 82,00 pyrite in carbonate veins, SAMPLE 

S1 82,00 – 82,15, in magnetite-carbonate skarn, looks like carbonate replaced serpentine or 

actinolite, some dark green actinolite and chlorite; at 77,90 sulfides in carbonate veins 

84,05 – 192,85 dolomitic marble , dark gray color because of graphite, disseminated fine grained 

sulfides; 95,75 – 96,00 dark green actinolite, blades with magnetite and medium grained pyrite, 

minor chalcopyrite, SAMPLE S2 95,75 – 95,82; 96,00 – 98,20 altered mafic dykes, actinolite, biotite, 

pyrite associated with dark green actinolite; disseminated fine grained pyrrhotite, in small veinlets, 

larger grains with serpentine, possible remobilization, SAMPLE S3 121,31 – 121,38, 147,00 – 164,30 

more serpentine sticks; 167,00 medium grained pyrrhotite and minor chalcopyrite disseminated; 

177,60 – 179,10 mafic dyke, dark green actinolite and biotite, medium to coarse pyrrhotite in dark 

green actinolite veins and in coarse grained carbonate veins, 173,20 – 176,80 dark green actinolite, 

sulfides, carbonate veins, biotite alteration in bands and stripes, in actinolite and in marble; from 

179,00 lots of biotite and actinolite-carbonate veins; 188,75 – 189,00 dark green actinolite, biotite 

and chlorite, coarse grained pyrrhotite, possibly remobilized from the graphitic phyllite; 189,00 – 

190,55 graphitic phyllite, pyrrhotite veinlets 

192,85 – 200,95 altered mafic dyke,  fine grained dark green actinolite 

200,95 – 209,45 dolomitic marble; serpentine alteration, biotite disseminated and in bands, 

disseminated pyrrhotite and in veinlets with carbonate, or as coarse grained spots; 209,00 carbonate 

vein with pyrrhotite 

209,45 – 214,70 clinopyroxene-actinolite skarn; brecciaed contact between marble and banded 

clinopyroxene-actinolite skarn, pyrrhotite and pyrite as infill between clasts; fine grained 

clinopyroxene and actinolite skarn bands with fine grained veins and bands of sulfides, mainly 

pyrrhotite, following the apparent banding, small sulfide veinlets crosscutting, looks like loss of 
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sulfides around the crosscutting sulfide veins, possibly remobilization, some biotitization and quartz-

albite veins, SAMPLE S4 213,08 – 213,15 

214,70 – 216,10 dolomitic marble, actinolite and serpentine alteration, lots of biotite 

216,10 – 221,20 actinolite-clinopyroxene skarn, banded, sulfides mainly crosscutting, pyrrhotite, 

pyrite and chalcopyrite, some sulfides with coarse grained dark green actinolite; bands of biotite with 

scapolite grains, possibly altered mafic grains; coarse grained dark green actinolite veins crosscutting 

fine grained actinolite skarn;  

221,20 – 225,30 mafic dyke; dark green actinolite and biotite, minor crosscutting pyrrhotite and 

pyrite veins  

225,30 – 229,75 altered graphitic phyllite, skarn alteration, clinopyroxene and minor actinolite, some 

albitization; 228,00 medium grained pyrrhotite, sometimes following the banding 

229,75 – 232,90 graphitic schist, pyrrhotite and minor pyrite disseminated and in veinlets and spots 

232,90 – 233,60 transition between altered graphitic schist and mafic dyke 

233,60 – 239,60 altered mafic dyke, biotite and dark green actinolite alteration; 239,30 carbonate 

veins with pyrrhotite 

239,60 – 244,80 altered phyllite, clinopyroxene alteration, veins and spots of pyrrhotite, pyrite and 

minor chalcopyrite, some dark green actinolite at edges; 241,40 – 242,50 altered mafic dyke, 

carbonate veins, biotite, albitization 

244,80 – 253,40 mafic dyke, dark green actinolite alteration; from 249,00 with biotite; some section 

look like skarn altered sedimentary rocks; bands of actinolite and clinopyroxene; crosscutting veins 

with carbonate and dark green actinolite blades; pyrite in veins and spots; from 251,75 fine grained 

magnetite in bands, with minor pyrite, pyrite as infill in thin veins crosscutting magnetite, magnetite 

crosscutting carbonate-actinolite veins  

TPL08MET14 B54 – B64 

210,00 – 214,85 altered mafic dyke, biotitization, dark green actinolite, veins with magnetite and 

pyrite, overprinting biotite and actinolite alteration, sharp contact with magnetite skarn 

214,85 – 226,75 magnetite skarn, disseminated sulfides between magnetite grains; strong to 217,00, 

pyrite and pyrrhotite, chlorite, clinopyroxene; after 220,00 more sulfides again; 223,00 sulfides 

overprinting magnetite; 225,00 sulfides in between magnetite grains, carbonate infill; at 226,50 veins 

of carbonate, sulfides and act 

226,75 – 232,30 magnetite-actinolite skarn, minor disseminated carbonate and carbonate veins; to 

229,50 pyrite common; pyrite disseminated with pyrrhotite in skarn, younger than magnetite, cut by 

thin carbonate veins; 229,60 pyrite in carbonate veins, pyrite and pyrrhotite disseminated in 

actinolite and magnetite 

232,20 – 235,60 biotite skarn, pyrite and actinolite in the beginning, almost no magnetite 
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235,60 – 248,00 magnetite-actinolite skarn; 239,00 coarse grained pyrrhotite and pyrite with needle 

like grains of dark green actinolite, overprinting magnetite-actinolite skarn; 242,50 – 243,00 medium 

grained pyrite overprinting actinolite and magnetite, possibly with carbonate, some spots pyrite 

associated with magnetite 

TPL08MET23 B56 – B84 

213,60 – 215,75 clinopyroxene-actinolite skarn, with biotite, some disseminated pyrite, small pyrite 

veinlets 

215,75 – 222,60 actinolite-magnetite skarn; SAMPLE S1 220,20 – 220,45 carbonate veins with 

medium grained pyrite, disseminated pyrite and carbonate; at 222,00 disseminated pyrrhotite 

222,60 – 223,90 actinolite skarn, dark green fine grained actinolite, actinolite veins with pyrrhotite 

and pyrite 

223,90 – 246,80 magnetite skarn, with dark green fine grained actinolite, disseminated carbonate, 

carbonate veins with or without sulfides, serpentine on fractures; from 228,00 with serpentine, 

sulfides on fractures; 230,30 sulfides in carbonate veins, pyrrhotite disseminated in medium grained 

magnetite, disseminated in coarse grained magnetite, SAMPLE S2 230,32 – 230,45; 233,40 pyrrhotite 

disseminated in magnetite with dark green actinolite; 236,00 pyrite in fractures; from 234,45 

serpentine instead of actinolite, thin carbonate and sulfide veins; 237,20 pyrrhotite and p 

disseminated in magnetite, actinolite replacing clinopyroxene, magnetite between clinopyroxene 

grains with minor sulfides, SAMPLE S3 237,02 – 237,17; 237,55 biotitization of dark green actinolite, 

actinolite vein with medium grained biotite and pyrite, bands of magnetite with clinopyroxene and 

actinolite; 238,00 coarse grained pyrrhotite with chlorite in carbonate vein with magnetite on sides; 

238,90 sulfides disseminated in magnetite and serpentine; 239,70 – 246,80 high pyrite content, 

pyrite is fine to medium grained with dark green actinolite, at the beginning pyrite, actinolite and 

magnetite crosscut by thin carbonate veins, pyrite at rims of carbonate spots, some epidote with 

carbonate, overprinted by sulfides, sulfides in carbonate infill to actinolite grains, possibly two 

generations of carbonate (with and without sulfides); 243,00 medium grained pyrite overprinting 

pyrrhotite, SAMPLE S4 243,08 – 243,16; 244,00 medium grained pyrite and magnetite, and 

carbonate veinlets overprinting actinolite and fine grained magnetite; 246,50 magnetite with fine 

grained actinolite as infill between clinopyroxene grains, overprinting actinolite and sulfides 

246,80 – 255,30 actinolite skarn, biotitization, possibly an altered mafic dyke, biotite goes from fine 

to very coarse grained, ; pyrite on fractures, medium grained pyrite disseminated with dark green 

actinolite and magnetite; SAMPLE S5 247,31 – 247,44 

255,30 – 256,25 altered mafic dyke, albitization, brecciaed, biotitization, dark green actinolite with 

sulfides in cracks, mainly pyrrhotite and minor chalcopyrite, SAMPLE S6 255,62 – 255,77 

256,25 – 261,70 biotite skarn coarse grained; 260,90 – 261,70 pyrrhotite, pyrite and minor 

chalcopyrite medium to coarse grained and fine grained disseminated, in between biotite 

261,70 – 265,35 actinolite skarn, fine grained, disseminated fine grained pyrite and pyrrhotite; 

263,70 some magnetite with pyrite, younger than biotite 
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265,35 – 270,85 actinolite-clinopyroxene skarn; magnetite as infill and bands between clinopyroxene 

grains, some disseminated pyrite, 270,85 medium grained pyrite with fine grained actinolite, 

overprints magnetite 

270,85 - 312,60 clinopyroxene-actinolite skarn, disseminated magnetite, sulfides with thin carbonate 

veins, sometimes with fine grained magnetite grains, veins with coarse grained pyrite, fine grained 

actinolite with medium grained magnetite grains;  271,10 vein with coarse grained pyrite, pyrrhotite 

and medium grained magnetite, some carbonate in actinolite skarn with disseminated magnetite; 

271,30 carbonate veins with medium grained pyrite and magnetite; 276,40 medium grained 

magnetite bands with clinopyroxene and fine grained dark green actinolite bands, some 

disseminated pyrite with actinolite and fine grained magnetite, SAMPLE S7 276,40 – 276,52; 274,85 – 

275,00 coarse grained carbonate vein, younger than sulfides, coarse grained pyrite rimmed by 

pyrrhotite, looks like magnetite replacing pyrrhotite, magnetite and fine grained actinolite, pyrrhotite 

with dark green actinolite, probably two generations of actinolite, one fine grained with magnetite, 

one coarse grained with fine grained magnetite; SAMPLE S8 medium grained pyrite and fine grained 

pyrrhotite disseminated with fine grained dark green actinolite, younger than magnetite, 

clinopyroxene and carbonate veins younger than dark green actinolite, SAMPLE S9 279,65 – 279,76; 

287,10 coarse grained carbonate vein with coarse grained magnetite and coarse grained pyrrhotite 

and pyrite overprinting, fine grained magnetite with clinopyroxene and actinolite, pyrite younger 

than magnetite, medium grained actinolite vein younger than magnetite; 290,40 thin sulfide veins, 

younger than magnetite and actinolite; 291,40 carbonate vein with magnetite, pyrite and epidote; 

292,40 carbonate, medium grained pyrite, fine grained magnetite overprinted by fine grained 

actinolite with pyrite; 293,90 coarse grained carbonate vein with medium grained pyrite and 

pyrrhotite, pyrite younger than needle like actinolite; 293,50 banded texture, bands of fine grained 

actinolite over magnetite and clinopyroxene; 304,90 thin carbonate veins with sulfides, younger than 

thin actinolite-magnetite veins 

TPL08MET14 B54 – B64 

210,00 – 214,85 altered mafic dyke, biotitization, dark green actinolite, veins with magnetite and 

pyrite, overprinting biotite and actinolite alteration, sharp contact with magnetite skarn 

214,85 – 226,75 magnetite skarn, disseminated sulfides between magnetite grains; strong to 217,00, 

pyrite and pyrrhotite, chlorite, clinopyroxene; after 220,00 more sulfides again; 223,00 sulfides 

overprinting magnetite; 225,00 sulfides in between magnetite grains, carbonate infill; at 226,50 veins 

of carbonate, sulfides and act 

226,75 – 232,30 magnetite-actinolite skarn, minor disseminated carbonate and carbonate veins; to 

229,50 pyrite common; pyrite disseminated with pyrrhotite in skarn, younger than magnetite, cut by 

thin carbonate veins; 229,60 pyrite in carbonate veins, pyrite and pyrrhotite disseminated in 

actinolite and magnetite 

232,20 – 235,60 biotite skarn, pyrite and actinolite in the beginning, almost no magnetite 

235,60 – 248,00 magnetite-actinolite skarn; 239,00 coarse grained pyrrhotite and pyrite with needle 

like grains of dark green actinolite, overprinting magnetite-actinolite skarn; 242,50 – 243,00 medium 
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grained pyrite overprinting actinolite and magnetite, possibly with carbonate, some spots pyrite 

associated with magnetite 

TPL09006 B1 – B36 

24,80 – 51,30 dolomitic marble, disseminated serpentine grains in the beginning and the end, later 

skarn alteration, pyrrhotite finely disseminated; SAMPLE S1 28,35 – 28,43 disseminated fine grained 

pyrrhotite with aggregates of larger grains; 34,10 – 46,10 bands of biotitization; 46,00 fine rained 

disseminated pyrrhotite, SAMPLE S2 46,83 – 46,91 coarse grained pyrrhotite with minor chalcopyrite 

in carbonate vein, pyrrhotite weakly magnetic 

51,30 – 53,90 altered mafic dyke, from 52,00 pyrrhotite disseminated with dark green actinolite and 

minor chalcopyrite; 52,50 coarse grained pyrrhotite with carbonate, actinolite; SAMPLE S3 52,75 – 

52,85 pyrrhotite dissemination, patches and veinlets within mafic dyke 

53,90 – 58,30 magnetite skarn, fine grained actinolite with carbonate infill and pyrrhotite and 

chalcopyrite SAMPLE S4 56,67 – 56,79 pyrrhotite and pyrite with clinopyroxene, actinolite and 

magnetite; SAMPLE S5 57,63 -57,74 pyrrhotite and chalcopyrite in carbonate vein 

58,30 – 60,65 mafic dyke, dark green actinolite,  carbonate veins, biotitization, cg magnetite 

associated with carbonate and sulfide veins, pyrrhotite disseminated in clinopyroxene; SAMPLE S6 

59,27 – 59,67 sulfide vein in magnetite 

60,65 – 66,15 dolomitic marble, serpentinization, disseminated pyrrhotite 

66,15 – 74,40 actinolite skarn, possibly an altered mafic dyke, fine grained, homogeneous; coarse 

grained pyrite, together with coarse grained actinolite and magnetite, at rims of carbonate veins, 

from 69,50 pyrrhotite with pyrite, or medium grained and disseminated in actinolite; 71,35 SAMPLE 

S7 71,34 – 71,41 medium grained pyrrhotite and pyrite disseminated within clinopyroxene and 

actinolite, magnetite-carbonate veins 

74,40 – 81,30 graphitic phyllite, fine grained disseminated pyrrhotite, later remobilized, carbonate 

veins with pyrrhotite and pyrite; 76,50 – 76,73 SAMPLE S8 pyrrhotite and chalcopyrite veins, 

disseminated pyrrhotite in graphitic phyllite; at 78,00 short altered mafic dyke, albitized contacts, 

actinolite-clinopyroxene alteration, carbonate veins with pyrrhotite and coarse grained act 

81,30 – 83,20 metasediment, albitization, skarn alteration, biotitization, fine grained disseminated 

pyrrhotite, veinlets of pyrrhotite with carbonate 

83,20 – 92,00 actinolite skarn, possibly altered mafic dyke, sharp contacts, dark green actinolite 

replacing clinopyroxene, pyrite in carbonate veins with actinolite and epidote; SAMPLE S9 89,62 – 

89,73 coarse grained pyrite with magnetite 

92,00 – 100,35 mafic dyke, disseminated biotitization, in the end short section of phyllite with 

albitization and skarn alteration, carbonate veins with coarse grained actinolite and pyrrhotite and 

chalcopyrite at sides, pyrite in carbonate veins also 

100,35 – 108,30 clinopyroxene-actinolite skarn with magnetite, carbonate veins with pyrite, 

pyrrhotite and coarse grained actinolite at sides, pyrrhotite associated with coarse grained actinolite, 
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carbonate veins with epidote; 102,40 possible mafic dyke, fine grained at contact, getting coarser; 

103,70 SAMPLE S10 103,77 – 103,90 coarse grained pyrite with magnetite and carbonate, dark green 

actinolite, pyrrhotite disseminated within actinolite; carbonate vein with pyrite, coarse grained 

magnetite, dark green actinolite at sides is younger than magnetite disseminated actinolite-

clinopyroxene skarn; 106,70 possible mafic dyke contact 

108,30 – 109,50 actinolite skarn, possibly an altered mafic dyke, pyrite in carbonate veins 

109,50 – 114,10 magnetite skarn, with coarse grained dark green actinolite, carbonate veins with 

pyrite, epidote and coarse grained actinolite; 113,75 coarse grained pyrite in carbonate vein, 

magnetite overprinting actinolite 

114,10 – 125,00 skarn altered mafic dyke; at 117,00 magnetite with actinolite rims and disseminated 

pyrite; pyrite, coarse grained actinolite, epidote and magnetite overprint tremolite-clinopyroxene 

skarn; at 119,05 short section of albitized and skarn altered phyllite; at 120,45, pyrite, dark green 

actinolite with magnetite, and carbonate; from 121,50 pyrrhotite in veinlets or as infill of carbonate 

veins with actinolite, with minor chalcopyrite and pyrite 

125,00 – 130,75 albitized contact of an altered mafic dyke, graphitic phyllite; at 130,00 carbonate 

veins with massive pyrrhotite and minor chalcopyrite; SAMPLE S11 130,23 – 130,32 coarse grained 

pyrrhotite, magnetic 

130,75 – 146,10 graphitic phyllite, folded – possibly primary fold structures, with short sections of 

skarn altered mafic dykes with albitization at contacts and with carbonate veins; remobilized 

pyrrhotite in veins with carbonate and in veinlets, at 139,35 with minor chalcopyrite; SAMPLE 

S12 141,96 – 142,05 coarse grained pyrrhotite with minor chalcopyrite in skarn altered section of 

graphitic phyllite; SAMPLE S13 146,00 – 146,07 finely disseminated pyrrhotite in graphitic phyllite 

TPL09018 B1 – B27 

19,00 – 20,40 actinolite-clinopyroxene skarn, serpentine alteration 

20,40 – 33,55 magnetite-serpentine skarn, with clinopyroxene and chlorite 

33,55 – 43,00 magnetite-serpentine skarn, broken, with chlorite 

43,00 – 52,85 actinolite-clinopyroxene skarn 

52,85 – 56,40 chlorite skarn, very broken 

56,40 – 68,70 dolomitic marble, actinolite alteration in the beginning, then serpentine alteration, at 

58,00 dark green actinolite with biotite and with disseminated pyrite and pyrrhotite; fine to medium 

grained pyrite disseminated in marble 

68,70 – 74,90 magnetite-actinolite skarn, dark green actinolite, , strong serpentine alteration, 

chlorite, carbonate veins; 73,50 carbonate-serpentine vein with minor pyrite grains 

74,90 – 84,05 actinolite-clinopyroxene skarn, bands of biotite and serpentine; 78,00 pyrite cube in 

dark green actinolite vein 
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84,05 – 93,80 magnetite-serpentine skarn, with chlorite; at 92,00 carbonate vein with chalcopyrite 

and pyrite 

93,80 – 96,00 dolomitic marble, intensive serpentine alteration,; carbonate veins with pyrrhotite; 

pyrrhotite disseminated in marble 

96,00 – 109,10 serpentine-magnetite skarn, serpentine grains, fine to medium grained magnetite as 

infill, some chlorite; at 104,45 pyrrhotite with magnetite in carbonate vein, SAMPLE S1 104,35 – 

104,45 

109,10 – 118,70 clinopyroxene skarn, biotite sometimes disseminated or as infill between 

clinopyroxene grains; 114,85 – 115,80 with magnetite; 115,80 – 118,70 with chlorite, dark green 

actinolite and biotite 

118,70 – 132,05 magnetite skarn, with clinopyroxene and serpentine and actinolite 

132,05 – 145,10 dolomitic marble, some disseminated serpentine in the beginning, pyrrhotite 

disseminated and in veinlets; 141,20 -141,40 coarse grained pink carbonate with very large grains of 

pyrite and pyrrhotite and minor chalcopyrite, with dark green actinolite; 141,10 – 143,15 mafic dyke, 

fine grained disseminated pyrite, coarse grained biotite, carbonate vein with or without pyrite 

TPL09022 B1 – B49 

26,00 – 72,65 phyllite/mica schist; sections with skarn alteration, dark green actinolite and 

clinopyroxene, sharp contacts of dark green actinolite, possibly altered mafic dykes; 38,30 fine 

grained pyrite cubes in short section of clinopyroxene skarn; 42,35 – 44,10 clinopyroxene skarn with 

dark green actinolite patches; 44,10 – 48,70 biotitization, scapolitization; 56 – 69,35 dark green 

actinolite patches, ; 66,20 – 66,50 disseminated pyrite, fine to medium grained with dark green 

actinolite and epidote 

72,65  - 85,70 altered mafic dyke, dark green actinolite, biotitization of phenocrysts; at 75,00 pyrite in 

thin carbonate veins and as large grains with medium grained magnetite with carbonate and dark 

green fibrous actinolite, SAMPLE S1 75,83 – 75,90; at 77,00 pyrite with dark green actinolite and 

carbonate; at 79,00 pyrite, pyrrhotite and minor chalcopyrite with magnetite rims in dark green 

fibrous actinolite near and in a carbonate veins; at 81,60 thin carbonate veins with pyrrhotite and 

pyrite overprinting dark green actinolite 

85,70 – 103,55 actinolite-clinopyroxene skarn, actinolite in patches; epidote I veins and patches with 

carbonate and K-feldspar; 95,70 – 98,00 pyrite and dark green actinolite grains with carbonate infill, 

thin carbonate veins with biotite and pyrite; from 98,00 disseminated fine grained pyrite with dark 

green actinolite and carbonate, or in small veinlets 

103,55 – 156,35 actinolite-clinopyroxene skarn, fine to medium grained clinopyroxene skarn, 

occasionally coarse grained, fine grained disseminated actinolite, or in patches and bands, sections 

with dark green actinolite with pyrite grains, sharp contacts, possibly altered mafic dykes; at 111,00 

epidote-K-feldspar-carbonate veins with dark green actinolite and pyrite; from 133,00 pink carbonate 

veins with dark green actinolite on sides; 139,10 – 141,10 biotitization of dark green actinolite, 

possibly an altered mafic dyke; 142,50 – 150,50 coarse grained actinolite skarn, disseminated 
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carbonate, frequent carbonate veins, schlieren of biotitization and carbonate at 147,65 coarse 

grained pyrite and minor chalcopyrite, SAMPLE S2 147,75 – 147,82 carbonate vein with molybdenite, 

pyrite with magnetite rims and fibrous dark green actinolite, actinolite skarn with disseminated 

pyrite and pyrrhotite, carbonate veins; 150,50 – end fine to coarse grained clinopyroxene skarn with 

schlieren of dark green actinolite and with fine to medium grained magnetite grains associated with 

coarse grained dark green actinolite 

156,35 – 169,95 magnetite-serpentine skarn, grains of chlorite 

169,95 – 175,35 actinolite-clinopyroxene skarn, fine to medium grained, minor pyrrhotite in veins 

175,35 – 186,10 clinopyroxene-actinolite skarn, biotitization in bands, bands of serpentine alteration; 

180,00 – 184,40 dark green fine grained actinolite, coarse grained pyrite in voids; 184,90 – 185,50 

marble, serpentine alt, 184,90 pyrrhotite disseminated with clinopyroxene and serpentine  

186,10 – 204,75 actinolite-clinopyroxene skarn, coarse grained, disseminated pyrite grains; 196,15 – 

199,25 and 201,90 – 203,55 possibly altered mafic dykes, dark green fine grained actinolite, 

biotitization 

204,75 – 205,85 serpentine-magnetite skarn 

205,85 – 222,40 clinopyroxene skarn, patches of dark green actinolite and biotite, at 214,15 pyrite-

carbonate veins crosscutting magnetite; from 21790 with disseminated magnetite and patches of 

serpentine 

222,40 – 227,40 mafic dyke, biotitization and alteration to actinolite of phenocrysts, pyrite in veinlets 

or patches with dark green actinolite; 223,60 – 225,85 actinolite skarn, biotitization, carbonate veins, 

magnetite in bands and patches; 225,85 – 227,40 another mafic dyke, minor pyrite with dark green 

actinolite 

227,40 – 232,40 magnetite-serpentine skarn, with carbonate veins, at 231,15 carbonate vein with 

pyrrhotite , pyrite as thin film on fractures, SAMPLE S3 231,25 – 231,31 

232,40 – 244,85 dolomitic marble, serpentinization, disseminated fine to medium grained pyrrhotite, 

pyrrhotite in veins with pyrite and minor chalcopyrite, SAMPLE S4 237,10  - 237,21 

TPL12008 B1 – B23 

24,40 – 29,40 mafic dyke dark green fine grained actinolite, brecciaed contact 

29,40 – 46,55 dolomitic marble, serpentinization in the beginning, banding in marble, light and dark 

gray – changing amount of organic matter or graphite, bands of biotitization, disseminated pyrite and 

pyrrhotite; coarse grained carbonate vein with unknown silicate and graphite; 31,95 – 32,00 band of 

massive pyrrhotite, with chlorite grains; 44,40 – 46,50 pyrite and pyrrhotite in thin veins with 

carbonate 

46,55 – 47,40 mafic dyke; biotitization, serpentine veins, chloritization 

47,40 – 60,20 dolomitic marble; 47,85 – 48,30 pyrrhotite in veins with carbonate ; 53,60 – 60,20 

pyrite and pyrrhotite in thin veins with carbonate 
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60,20 - 62,45 mafic dyke; biotitization, chloritization 

62,45 – 97,05 dolomitic marble; 63,10 – 63,30 pyrrhotite with fibrous actinolite grains, at 63,90 

coarse grained carbonate vein with pyrrhotite, fibrous actinolite and hematite; 73,70 fine grained 

pyrite and minor chalcopyrite in vein; 74,55 – 79,05 coarse grained carbonate vein with serpentine 

and magnetite; 85,90 – 87,45 fine to medium grained magnetite disseminated in marble, SAMPLE S1 

86,90 – 87,02; at 87,00 with pyrrhotite and minor chalcopyrite; to 96,00 disseminated serpentine; 

from 93,35 pyrite in carbonate veins  

97,05 -97,75 mafic dyke; pyrite in veins, serpentine veins crosscutting it 

TPL12049 B1 – B37 

1,90 - 8,70 clinopyroxene-actinolite skarn, possibly an altered mafic dyke, fine to medium grained 

actinolite, scapolitization, epidote-K-feldspar vein in the end 

8,70 – 9,05 skarn altered phyllite, albitization at contacts 

9,05 – 10,35 actinolite skarn, possibly an altered mafic dyke, fine to medium grained actinolite, 

patches of carbonate, epidote-carbonate-K-feldspar vein 

10,35 – 15,25 clinopyroxene-actinolite skarn, dark green  fine to medium grained actinolite, 

clinopyroxene is fine grained, thin epidote-carbonate veins 

15,25 – 25,60 actinolite skarn, possibly an altered mafic dyke; dark green fine to medium grained 

actinolite, with fine grained clinopyroxene; younger coarse grained actinolite veins with carbonate 

infill between grains; short section of skarn altered phyllite; epidote-K-feldspar-carbonate veins in 

the beginning; 19,00 – 20,75 thin carbonate veins 

25,60 – 38,95 clinopyroxene-actinolite skarn, fine grained clinopyroxene, coarser actinolite, short 

unaltered sections, biotitization, patches of carbonate and of serpentine, chloritization, some coarse 

grained magnetite with serpentine; 30,20 – 32,60 higher serpentine content, with fine grained 

magnetite 

38,95 – 56,60 clinopyroxene-actinolite skarn, fine to medium grained clinopyroxene, medium to 

coarse grained actinolite, actinolite bands, 38,95 – 42,90 possibly an altered mafic dyke, dark green 

fine to medium grained actinolite, biotitization; 46,60 – 47,65 scapolitization; 48,05 – 51,50 a section 

with short mafic dykes, dark green actinolite bands, with coarse grained clinopyroxene; from 53,85 

fine grained disseminated magnetite with fine grained actinolite in clinopyroxene skarn; bands of fine 

grained magnetite and serpentine 

56,60 – 67,40 magnetite-serpentine skarn, no sulfides visible, mostly fine grained, later coarse 

grained serpentine veins with coarse grained magnetite; later talc veins with fine grained magnetite, 

sharp contact with clinopyroxene skarn 

67,40 – 78,00 clinopyroxene skarn; bands of fine grained actinolite with magnetite, sometimes as 

matrix to coarse grained clinopyroxene; crosscut by carbonate veins; 68,75 – 70,45 fine to medium 

grained euhedral pyrite, in carbonate veins with magnetite, minor chalcopyrite; 74,75 epidote-
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carbonate vein with pyrite; medium grained actinolite veins later than magnetite-actinolite skarn 

alteration; SAMPLE S1 76,05 – 76,25 carbonate vein with pyrite, possibly magnetite present 

78,00 – 92,95 magnetite-clinopyroxene skarn; in the beginning, magnetite with fine grained 

actinolite and clinopyroxene; from 79,00 serpentine with coarse grained magnetite; cut by carbonate 

and carbonate-serpentine veins; from 84,20 coarse grained euhedral pyrite in carbonate vein with 

actinolite, magnetite as matrix to coarse grained clinopyroxene; at 85,20 10 cm thick actinolite-

carbonate vein with pyrrhotite, pyrite and chalcopyrite 

92,95 – 123,75 dolomitic marble; 94,40 – 97,50 gradual contact, coarse grained magnetite with 

serpentine, crosscutting carbonate veins; at 94,90 carbonate vein with chlorite, magnetite and 

pyrrhotite, pyrrhotite is replaced by magnetite; 95,90 – 96,45 breccia, pyrrhotite in matrix with 

serpentine, angular clasts of marble; SAMPLE S2 96,40 – 96,50 pyrite with serpentine, later 

carbonate veins crosscutting serpentine; carbonate veins with serpentine and pyrite crosscutting fine 

grained magnetite with serpentine; 97,35 – 105,35 banded serpentinization, disseminated fine 

grained pyrite and pyrrhotite; at 115,00 carbonate vein with pyrrhotite and chlorite; 114,85 – 116,55 

disseminated biotite; 119,80 – 120,10 biotite in veins and patches with actinolite and minor 

pyrrhotite; at 123,00 pyrrhotite veinlet 

123,75 – 130,75 magnetite skarn, magnetite as matrix to serpentine; 123,95 – 129,05 high pyrrhotite 

content, replaces coarse grained magnetite, carbonate infill, pyrrhotite and carbonate sometimes 

crosscut magnetite, SAMPLE S3 124,80 – 124,90, SAMPLE S4 128,75 – 128,85;at 127,55 pyrrhotite 

and pyrite in carbonate vein crosscutting magnetite; at 128,60 carbonate vein with chalcopyrite; 

from 129,05 pyrrhotite mostly in thin carbonate veins, sometimes with magnetite 

130,75 – 137,40 dolomitic marble, dark gray, at 132,50 carbonate vein with possibly hematite; 

133,70 – 134,65 coarse grained carbonate vein with chlorite and serpentine; 134,75 – 137,40 

possibly an altered mafic dyke, fine to medium grained actinolite, biotitization, short (max 15 cm) 

sections with magnetite, sharp lower contact, crosscut by coarse grained carbonate veins; pyrrhotite, 

pyrite and minor chalcopyrite disseminated with actinolite and biotite 

137,40 – 140,70 clinopyroxene skarn, patches of dark green actinolite; at 137,35 carbonate vein with 

pyrrhotite and chalcopyrite in chlorite; at 138,50 magnetite overgrowing pyrrhotite 

140,70 – 143,80 serpentine -magnetite skarn, coarse grained magnetite with clinopyroxene rims; at 

141,00 magnetite with pyrrhotite rims SAMPLE S5 140,95 – 141,10; at 141,30 pyrrhotite has 

magnetite at rims; from 142,25 pyrite and pyrrhotite as fracture infill; at 142,60 magnetite with 

pyrite looks younger than magnetite-serpentine, pyrrhotite associated with magnetite-serpentine, 

mostly 

143,80 – 146,75 magnetite-serpentine skarn; coarse grained magnetite with clinopyroxene or 

chlorite rims, magnetite is brecciaing serpentine; at 143,90 disseminated chalcopyrite, younger than 

magnetite; SAMPLE S6 144,40 – 144,55 pyrrhotite overgrowing magnetite, crosscut by younger 

carbonate veins 

146,75 – 154,85 serpentine skarn, pervasive chloritization; bands of serpentine skarn with coarse 

grained magnetite; fine to medium grained disseminated pyrite, pyrrhotite and minor chalcopyrite, 

possibly overprinting magnetite, coarse grained pyrite and pyrrhotite forming patches and veins; 
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from 151,85 chalcopyrite, at 152,75 both pyrite and pyrrhotite between magnetite grains; at 154,85 

pyrrhotite overprints magnetite, gradual contact between serpentine skarn and chlorite skarn 

154,85 - 156,50 chlorite skarn, carbonate veins, veins and patches of pyrrhotite and pyrite, 

overprinting chlorite 

156,50 – 157,35 coarse grained carbonate vein, coarse grained pyrrhotite and minor pyrite with 

serpentine rims in the beginning, coarse grained chlorite, pyrite crosscut by serpentine veinlets 

157,35 – 161,00 serpentine-magnetite skarn; pyrrhotite and carbonate in matrix, pyrrhotite in 

carbonate veins, possibly multiple generations of thin carbonate veins; 160,05 pyrrhotite and 

chalcopyrite disseminated in serpentine-magnetite matrix, chalcopyrite overprinting magnetite; at 

160,30 pyrrhotite overprints magnetite and some serpentine-carbonate veins 

161,00 - 166,00 dolomitic marble, disseminated serpentine grains, pyrrhotite and pyrite 

disseminated and in thin veinlets 

TPL12051 B1 - B15 

2,10 – 5,90 clinopyroxene skarn, pyrrhotite, pyrite and minor chalcopyrite in veinlets, sometimes 

with carbonate and dark green actinolite, SAMPLE S1 3,15 – 3,26; disseminated magnetite in the 

skarn 

5,90 – 7,40 actinolite-clinopyroxene skarn, sulfides with dark green actinolite 

7,40 – 8,75 albitization 

8,75 - 16,15 clinopyroxene skarn, veins of sulfides and dark green actinolite, sulfide veinlets with 

carbonate, schlieren of biotite, crosscut by sulfide veins 

16,15 – 35,90 actinolite-clinopyroxene skarn, fine grained actinolite and clinopyroxene with veins and 

patches of dark green actinolite, disseminated sulfides with actinolite, minor carbonate veins, 

sometimes with pyrite; from 23,45 with magnetite; 31,00 – 31,45 with biotite 

35,90 – 52,75 magnetite-actinolite skarn crosscut by carbonate veins with pyrite; magnetite in bands 

or schlieren mostly fine grained, sometimes disseminated medium grained pyrite; different pyrite 

generations: coarse grains with actinolite and finer grains with carbonate; at 38,00 remobilization of 

actinolite and magnetite, overprinted by carbonate-pyrite vein; from 40,00 with epidote; at 41,30 

pyrite with dark green actinolite; at 47,40 dark green actinolite with magnetite and pyrite  

TPL12053 B1 – B18 

3,35 – 14,35 serpentine-magnetite skarn 

14,35 – 18,90 actinolite skarn, possibly an altered mafic dyke, fine grained dark green actinolite, 

short section of serpentine-magnetite skarn 

18,90 – 28,00 magnetite-serpentine skarn 
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28,00 – 34,35 dolomitic marble, serpentine alteration, fine grained disseminated pyrite; at 33,55 spot 

of medium grained  magnetite with carbonate; at 33,70 fine grained magnetite with serpentine and 

disseminated pyrite 

34,35 – 35,15 magnetite-serpentine skarn with disseminated pyrite, SAMPLE S1 34,82 -34,90 

35,15 – 36,30 dolomitic marble, serpentine alteration, disseminated pyrrhotite 

36,30 – 46,45 magnetite-serpentine skarn, fine grained; disseminated and overprinting pyrite and 

pyrrhotite, SAMPLE S2 39,03 – 39,11; at 44,75 serpentine vein with pyrite; 45,30 coarse grained 

pyrite and pyrrhotite in dark green actinolite vein with chlorite; at 45,70 vein of pyrite, pyrrhotite, 

minor chalcopyrite and magnetite with dark green actinolite and carbonate, SAMPLE S3 45,65 – 

45,72 

46,65 – 70,00 dolomitic marble, serpentine alt, fine grained disseminated pyrrhotite and pyrite; 

51,50 – 52,25 mafic dyke, fine grained dark green actinolite, coarse grained biotite, medium to 

coarse grained pyrrhotite and pyrite, coarse grained carbonate; 62,70 – 64,35 clinopyroxene skarn, 

coarse grained magnetite, serpentine, with fine to coarse grained pyrite overprinting the magnetite; 

at 67,00 and 67,25 bands of medium grained magnetite with pyrite 

TPL12055 B1 – B45 

12,80 – 23,35 magnetite skarn, with serpentine and dark green actinolite 

Core loss 

27,50 – 33,55 chlorite-clinopyroxene skarn; biotite or chlorite, clinopyroxene, carbonate veins and 

patches; serpentine and disseminated magnetite; from 32,65 patches of dark green actinolite 

33,55 – 37,00 clinopyroxene-actinolite skarn, possibly an altered mafic dyke, carbonate veins; pyrite 

on fractures from 34,10 

37,00 – 38,05 serpentine skarn; disseminated magnetite with fine grained disseminated pyrrhotite; 

magnetite associated with carbonate veins with biotite 

38,05 – 63,85 actinolite-clinopyroxene skarn; from 40,60 biotite patches; 43,15 – 43,70 carbonate-

serpentine veins, veinlets of pyrite and pyrrhotite, fine grained magnetite; at 44,00 actinolite vein, 

minor chlorite and pyrite, soft pinkish mineral, carbonate and magnetite; from 50,60 fine to medium 

grained disseminated pyrrhotite; 56,80 – 58,35 with magnetite; 59,15 tin carbonate veins with dark 

green actinolite and pyrite 

63,85 – 67,50 mafic dyke, dark green actinolite, some albitization 

67,50 – 73,30 actinolite-clinopyroxene skarn; at 69,60 pyrite medium grained disseminated  

73,30 – 83,65 banded skarn, magnetite, actinolite, clinopyroxene, biotite or chlorite; strong 

carbonate alteration; 73,30 – 76,60 magnetite skarn, magnetite prevalent; after 76,60 short 

magnetite sections, still banded; carbonate veins with magnetite and minor pyrite; from 82,00 bands 

of pyrite and minor pyrrhotite in biotite rich sections, little magnetite, SAMPLE S1 82,15 – 82,24 



86 
 

83,65 – 95,75 marble, strongly altered by serpentine and actinolite, carbonate veins; 91,75 – 93,10 

with magnetite in bands   

95,75 –111,05 actinolite-clinopyroxene skarn, bands of fine grained actinolite and magnetite, 

carbonate veins with pyrite and pyrrhotite, very minor chalcopyrite, crosscutting the skarn; veins 

with coarse grained magnetite and dark green actinolite; 103,10 pyrrhotite and coarse grained dark 

green actinolite crosscutting clinopyroxene; 103,80 carbonate vein with coarse grained pyrrhotite 

and minor pyrite, dark green actinolite vein in clinopyroxene skarn, looks like a mafic dyke, cut by 

coarse grained magnetite; from 106,00 disseminated fine grained magnetite; from 106,45 rising 

amount of sulfides, mainly pyrrhotite, minor pyrite and chalcopyrite, veins and veinlets with 

carbonate or finely disseminated in skarn, SAMPLE S2 108,70 – 108,86; from 108,85 rising number of 

carbonate veins, 110,00 – 111,20 gradual contact with graphitic phyllite, pyrrhotite veins with dark 

green actinolite 

111,05 – 135,10 graphitic phyllite, folded and foliated – possibly primary slumping structures, rich in 

sulfides, disseminated and in veins and patches, SAMPLE S3 117,80 – 117,87; 118,80 – 120,25 

albitization; 120,25 – 121,35 possibly an altered mafic dyke, skarn alteration and biotitization; 126,00 

clinopyroxene vein with coarse grained pyrrhotite, SAMPLE S4 126,07 – 126,13; 126,75 pyrite; 

albitization in the end; 131,45 – 135,10 altered mafic dyke or skarn alteration of graphitic schist, 

visible primary structures, gradual contact with skarn; dark green actinolite, sharp upper contact, 

veins of dark green actinolite, carbonate and pyrrhotite and pyrite (cubes) 

135,10 – 141,70 mafic dyke; dark green actinolite, faulted and shifted bands, bands of fine grained 

magnetite and clinopyroxene, crosscutting carbonate veins with pyrite; medium grained pyrite 

disseminated in magnetite; at 141,00 vein of dark green actinolite, carbonate, epidote and minor K-

feldspar 

141,70 – 156,40 clinopyroxene-magnetite-actinolite skarn, fine to medium grained magnetite and 

clinopyroxene, some disseminated pyrite, coarse grained pyrite associated with dark green actinolite, 

SAMPLE S5 146,95 – 147,00; 149,00 – 149,60 carbonate vein with disseminated pyrrhotite; 153,20 

pyrite disseminated within massive magnetite band; medium grained dark green actinolite veins and 

carbonate veins; 154,90 – 155,45 intensive albitization, perhaps a contact of a mafic dyke 

156,40 – 158,30 graphitic phyllite, thin veins and patches of pyrrhotite, in the end carbonate veins 

158,30 – 160,65 mafic dyke, dark green actinolite, clinopyroxene; at 159,00 veins of pyrrhotite and 

pyrite; at 160,00 carbonate veins with pyrrhotite 

160,65 – 165,10 graphitic phyllite, altered or bleached primary textures still visible, albitization in the 

end; veins of pyrite and pyrrhotite 

165,10 – 168,15 mafic dyke, skarn alteration, semi massive pyrrhotite veins, continues until the end, 

possibly remobilization from graphitic phyllite by heat from mafic dykes 

168,15 – 174,10 strong albitization, some skarn alteration 

174,10 – 176,65 graphitic phyllite with albitized sections and skarn alteration; pyrrhotite veins 
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176,65 – 178,00 mafic dyke, strong skarn alteration, sharp contacts; disseminated pyrrhotite, 

SAMPLE S6 177,73 – 177,82 

178,00 – 179,65 graphitic phyllite, skarn-serpentine alteration, remobilized sulfides – pyrrhotite and 

chalcopyrite 

179,65 – 180,60 mafic dyke, biotite, actinolite 

TPL12071 B1 – B13 

3,90 – 12,95 dolomitic marble, biotite in the end; disseminated fine grained pyrrhotite 

12,95 – 14,55 serpentine skarn, fine grained magnetite 

14,55 – 36,65 serpentine-magnetite skarn; fine to coarse grained magnetite; 18,10 – 18,95 with fine 

grained clinopyroxene and magnetite, thin veins and bands of pyrrhotite, pyrrhotite disseminated; at 

24,25 pyrrhotite and chlorite in carbonate veins; at 25,15 pyrite disseminated in coarse grained 

magnetite; 25,35 – 25,95 coarse grained carbonate vein with pyrrhotite and pyrite infill and 

serpentine and fine grained disseminated magnetite, pyrite replaced by pyrrhotite; at 33,00 

carbonate vein with pyrrhotite 

36,60 – 40,30 dolomitic marble; 36,60 – 37,05 gradual contact between serpentine skarn and marble; 

37,25 – 37,65 altered mafic dyke, cark green actinolite, biotite, pyrite band at the end; 39,75 coarse 

grained carbonate vein with pyrrhotite 

40,30 – 50,05 mafic dyke, dark green actinolite, biotite, veinlets and patches of sulfides (pyrite and 

pyrrhotite) with biotite and actinolite, pyrite in thin carbonate veins and patches; SAMPLE S1 43,50 – 

43,57 
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Appendix II. Sample list 

FG – fine grained, MG – medium grained, CG coarse grained 
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Appendix III. Lithogeochemistry analysis results 

Element SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 

Unit % % % % % % % % 

Method ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 

TPL07003-S1 45 9,92 9,75 12,95 16,4 2,16 1,1 0,03 

TPL07003-S2 45,1 9,83 8,72 16,65 16 2,24 0,4 0,03 

TPL07006-S2 49,9 16,6 5,8 4,96 7,67 2,4 5,86 0,01 

TPL08MET26-S7 19,1 0,9 45,6 0,21 23,2 0,05 0,22 <0.01 

TPL08MET26-S8 23 0,46 37,8 0,19 28 0,02 0,14 <0.01 

         
Element TiO2 MnO P2O5 SrO BaO C S Ba 

Unit % % % % % % % ppm 

Method ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 ME-ICP06 C-IR07 S-IR08 ME-MS81 

TPL07003-S1 0,66 0,08 0,16 0,01 0,01 0,55 0,02 104 

TPL07003-S2 0,67 0,06 0,18 <0.01 0,01 0,21 <0.01 71,6 

TPL07006-S2 1,41 0,06 1,36 0,17 1,32 0,06 0,24 >10000 

TPL08MET26-S7 0,2 0,09 0,15 <0.01 0,01 0,21 0,06 54,8 

TPL08MET26-S8 0,07 0,07 0,13 <0.01 <0.01 0,21 0,14 31,3 

         
Element Ce Cr Cs Dy Er Eu Ga Gd 

Unit ppm ppm ppm ppm ppm ppm ppm ppm 

Method ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 

TPL07003-S1 37,8 260 0,97 4,14 2,41 1,34 8,9 4,67 

TPL07003-S2 39 250 0,11 4,41 2,57 1,35 8,3 4,97 

TPL07006-S2 425 60 1,05 5,9 2,27 6,17 22,5 12,3 

TPL08MET26-S7 5,2 10 0,2 0,08 0,03 0,05 15,1 0,14 

TPL08MET26-S8 5,1 10 0,17 0,08 0,04 0,04 11,6 0,12 

         
Element Hf Ho La Lu Nb Nd Pr Rb 

Unit ppm ppm ppm ppm ppm ppm ppm ppm 

Method ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 

TPL07003-S1 4,3 0,88 12 0,31 6,7 26,1 5,76 38,9 

TPL07003-S2 4,7 0,93 10,4 0,33 7,4 27,6 6,21 3,1 

TPL07006-S2 8,4 0,97 207 0,25 12,9 183 50,3 105 

TPL08MET26-S7 0,4 0,02 2,2 0,02 0,2 2,1 0,58 6,1 

TPL08MET26-S8 0,2 0,01 2,5 0,01 0,2 1,9 0,54 4,3 
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Element Sm Sn Sr Ta Tb Th Tl Tm 

Unit ppm ppm ppm ppm ppm ppm ppm ppm 

Method ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 

TPL07003-S1 5,44 1 58,5 0,6 0,69 2,16 <0.5 0,35 

TPL07003-S2 5,63 1 42,9 0,7 0,74 2,79 <0.5 0,36 

TPL07006-S2 24,8 1 1365 0,7 1,28 10,55 <0.5 0,29 

TPL08MET26-S7 0,27 <1 4,3 <0.1 0,01 0,38 <0.5 0,01 

TPL08MET26-S8 0,22 <1 3,8 <0.1 0,02 0,41 <0.5 0,01 

         
Element U V W Y Yb Zr As Bi 

Unit ppm ppm ppm ppm ppm ppm ppm ppm 

Method ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS81 ME-MS42 ME-MS42 

TPL07003-S1 0,72 74 <1 24 2,11 150 0,6 0,02 

TPL07003-S2 0,2 54 <1 25,7 2,19 159 0,7 0,01 

TPL07006-S2 2,84 164 <1 26 1,71 335 4,1 0,02 

TPL08MET26-S7 0,06 184 <1 0,5 0,06 9 0,3 <0.01 

TPL08MET26-S8 0,12 123 <1 <0.5 0,05 5 0,2 <0.01 

         
Element Hg Sb Se Te LOI Total Ag Cd 

Unit ppm ppm ppm ppm % % ppm ppm 

Method ME-MS42 ME-MS42 ME-MS42 ME-MS42 OA-GRA05 TOT-ICP06 
ME-

4ACD81 
ME-

4ACD81 

TPL07003-S1 <0.005 <0.05 0,8 0,04 3,25 101,48 <0.5 <0.5 

TPL07003-S2 <0.005 <0.05 0,4 0,01 1,51 101,4 <0.5 <0.5 

TPL07006-S2 <0.005 <0.05 0,8 <0.01 3,78 101,3 <0.5 <0.5 

TPL08MET26-S7 0,011 <0.05 0,2 <0.01 8,54 98,27 <0.5 <0.5 

TPL08MET26-S8 <0.005 <0.05 0,2 <0.01 11,2 101,08 <0.5 <0.5 

         
Element Co Cu Li Mo Ni Pb Sc Zn 

Unit ppm ppm ppm ppm ppm ppm ppm ppm 

Method 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 
ME-

4ACD81 

TPL07003-S1 38 9 10 <1 79 <2 15 18 

TPL07003-S2 32 1 10 <1 43 <2 14 11 

TPL07006-S2 28 5 20 <1 67 6 11 62 

TPL08MET26-S7 90 2 <10 <1 135 <2 2 20 

TPL08MET26-S8 84 <1 <10 <1 94 <2 2 12 
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Appendix IV. Thin section descriptions 

Section TS1650 

09022-S3 231,25 – 231,31 Magnetite-serpentine skarn Ore zone 

The thin section contains serpentine, chlorite, quartz and carbonate. Serpentine covers most of the 

thin section, with thin serpentine veins crosscutting it, possibly remobilized. Chlorite grains are 

scattered, mostly undergoing serpentinization. Chlorite is pleochroic, changing from colorless to 

bluish green. Carbonate is either fine grained infill between serpentine, or it forms veins with sulfide 

infill and recrystallized serpentine along the sides. Idiomorphic colorless grains of quartz occur rarely. 

Magnetite grains of varying size are cracked and dispersed within serpentine and it appears 

serpentine is replacing them. Chlorite grains associated with magnetite contain it as small inclusions.  

Magnetite occurs within the carbonate vein, but is replaced by pyrite. Very fine pyrite grains are 

disseminated within serpentine, some pyrite forms infill in cracks in magnetite. Minor pyrrhotite 

occurs in the veins, but it appears to be replaced by pyrite almost entirely.  

09022-S4 237,10 – 237,21 Marble Footwall 

The marble contains carbonate, phlogopite, tremolite, chlorite and serpentine. Carbonate (dolomite) 

grains are taking up most of the thin section. Phlogopite grains are small, idiomorphic and pleochroic, 

changing form pale brown to brown. Phlogopite is following a preferred orientation, possibly veins or 

cracks, overgrowing carbonate. Tremolite grains occur rarely, are cracked and are replaced almost 

entirely by serpentine.  

Pyrrhotite grains are most abundant, cracked and occur in between carbonate grains. Finely 

disseminated sulfides occur between carbonate grains, not as inclusions. Pyrite is the first sulfide 

formed, a large grain of it has cracks filled by both pyrrhotite and chalcopyrite. Chalcopyrite is the 

last sulfide formed, occurs mostly on edges of pyrrhotite grains. Sulfides seem to be overgrown by 

biotite.  

12008-S1 86,90 - 87,02 Marble Footwall 

The thin section contains dolomite and siderite. Dolomite grains are hypidiomorphic. Siderite 

overgrows dolomite, the grains are brown-green, contain small inclusion of ore minerals. The grain 

shape and associated minerals suggest that siderite replaced amphibole or garnet. Ore minerals are 

associated with siderite and occur in between dolomite grains or replace them.  

Magnetite grains are hypidiomorphic and contain inclusions of chlorite and cracks. Some magnetite 

grains appear to be replacements of carbonate grains, some are being “corroded” by siderite, or 

possibly associated with it. A second generation of magnetite, being replaced by hematite, occurs 

along cracks in pyrite and pyrrhotite, replacing them. It is associated with pyrite, sometimes with 

chalcopyrite, replacing pyrrhotite. Pyrrhotite grains are cracked and replaced by pyrite. Pyrite is infill 

between earlier sulfides and magnetite. Small grains of sulfides occur disseminated within the 

siderite, possibly indicating primary grains replaced by siderite and magnetite. Sulfides are replaced 

by siderite. 
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Section TPL400 

07007-S1 119,32 – 119,40 Actinolite skarn Ore Zone 

The skarn in the thin section contains actinolite, carbonate and minor titanite and chlorite. Actinolite 

is pleochroic, from colorless to pale green. The grains range from idiomorphic columnar of varying 

size to large poikilitic grains that contain inclusions of smaller actinolite grains, carbonate and pyrite. 

Carbonate occurs as infill between amphibole grains, or it replaces amphiboles along cracks, and 

some large poikilitic grains enclosing actinolite occur as well. Titanite occurs in small amounts, 

associated with smaller actinolite grains and carbonate. Chlorite occurs sparsely, in hypidiomorphic 

grains. 

Magnetite forms hypidiomorphic grains with cracks; it is probably the oldest ore mineral. Small grains 

are associated with chalcopyrite. Pyrite appears to be the eldest sulfide, cracked and occurring with 

carbonate grains, but younger than the actinolite. Pyrrhotite appears to have formed after pyrite; it 

contains small pyrite inclusions as well as exsolutions of pyrite. Chalcopyrite occurs in small amounts 

and formed after pyrite and pyrrhotite. Opaque minerals appear to be intergrown with actinolite, or 

occur as infill between the idiomorphic grains. 

12071-S1 43,50 – 43,57 Mafic dyke Footwall 

The thin section contains biotite, scapolite, serpentine and minor chlorite. There are two biotite 

generation, one forms tabular grains with inclusions of zircon with pleochroic rims, the other one 

forms smaller grains and it is associated with scapolite. Biotite in both cases is pleochroic, changing 

from pale yellow-brown to green-brown and has visible cleavage planes. It is undergoing some 

chloritization. The biotite associated with scapolite is greener. Scapolite is colorless and forms large 

cracked grains, it is undergoing serpentinization along the cracks. Minor quartz occurs and forms 

small idiomorphic square shaped grains. Chlorite occurs rarely, associated with serpentine.  

Pyrite forms large, hypidiomorphic grains with cracks and small silicate inclusions, it is intergrown 

with pyrrhotite. Pyrrhotite is abundant, the grains are hypidiomorphic in places. Chalcopyrite is not 

frequent, and formed before pyrrhotite (pyrrhotite is infill in cracks of chalcopyrite). Sulfides appear 

to be replacing scapolite, and related to the second generation of biotite or even later. 
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Section 600 

07006-S4 167,45 – 167,65 Actinolite skarn Ore zone 

The thin section contains large, idiomorphic actinolite grains. The grains are columnar. Actinolite is 

pleochroic, ranging from pale brown-green to dark green. Some biotitization takes place, in the form 

of small biotite grains replacing the actinolite and also along cracks. Minor serpentinization occurs 

along the cracks as well. 

Pyrrhotite fills in the spaces between the grains, they are intergrown. Pyrrhotite is cracked by a 

system of parallel and perpendicular cracks. Minor chalcopyrite occurs, it is younger than pyrrhotite 

and it can often be seen to fracture smaller actinolite grains.  

07006-S5 165,15 – 165,29 Actinolite skarn Ore zone 

 The thin section contains serpentine, biotite, carbonate, chlorite and plagioclase. Biotite grains are 

large up to 4 mm, hypidiomorphic and pleochroic, going from colorless to brown-green. The grains 

contain small grains of zircon with pleochroic rims. Biotite is undergoing seprentinization along the 

edges, as well as chloritization. Carbonate occurs in a later vein going alongside the biotite, and the 

grains are hypidiomorphic, chlorite is associated with carbonate on the sides of the vein. Idiomorphic 

plagioclase grains undergoing serpentinization occur intergrown with pyrrhotite, in some of them, 

twinning is visible.  

Pyrite comes in 2 or more generations. The oldest generation comes in hypidiomorphic grains with 

cracks without inclusions and is replaced by pyrrhotite, only remains of the grains can be seen. The 

second and later generations of pyrite are associated with the carbonate vein as infill between the 

serpentine and chloritized biotite grains. It replaces hematite, and pyrrhotite. Pyrrhotite is probably 

the last formed sulfide, it encloses all other sulfides except for the pyrite generations associated with 

the carbonate vein. Chalcopyrite occurs rarely, together with the remains of magnetite.  Hematite 

occurs, in veins crosscutting sulfide minerals and it formed by replacing magnetite, magnetite was 

associated with the carbonate vein and was replacing pyrrhotite together with later generations of 

pyrite.  

07006-S6 94,51 – 94,61 Marble Footwall 

The marble is altered, containing, in addition to carbonate, olivine, clinopyroxene, and actinolite. 

Olivine grains are often cracked and vary in size. Actinolite occurs isolated or in small groups as 

elongated grains, or as hypidiomorphic grains that overprint carbonate. Some actinolite and 

pyroxene grains have a thin magnetite hem. Actinolite and olivine contain small inclusions of 

magnetite and pyrrhotite, which suggest the ore minerals may have formed earlier. It appears that 

olivine and the opaque minerals overprint carbonate. Pyrrhotite occurs evenly in the thin section, 

magnetite occurs outside the vein of carbonate, olivine, clinopyroxene and actinolite. 

Magnetite grains are without cracks, but contain small inclusions of silicates/carbonates. The 

occurrence of magnetite as inclusions in olivine and pyroxene, as well as on their rims might point to 

later formation of magnetite. Pyrrhotite is the most abundant sulfide, large pyrrhotite grains are 

cracked; these cracks are sometimes filled by magnetite, which suggests a second magnetite 

generation. Pyrrhotite grains contain some cracks and appear to replace magnetite grains along their 
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boundaries, possibly, pyrrhotite and magnetite are intergrown. Chalcopyrite is a minor sulfide, 

formed earlier than pyrrhotite and often contains small inclusions of magnetite. 

12055-S2 108,70 – 108,86 Clinopyroxene-actinolite skarn Ore zone 

The thin section contains clinopyroxene, actinolite, titanite, serpentine, quartz, chlorite and biotite. 

Clinopyroxene is colorless, forms small rounded grains and is replaced by actinolite. Actinolite grains 

are green, larger grains are associated with titanite grains and ore minerals, smaller grains occur 

within the clinopyroxene mass. Actinolite is undergoing serpentinization and biotitization. Biotite 

contains small zircon inclusions with pleochroic halos. Quartz forms colorless idiomorphic grains.  

Pyrite is the first formed sulfide; it is cracked and associated with serpentinization. Chalcopyrite fills 

the cracks in pyrite, and it is not very abundant. Pyrrhotite is the last sulfide to form and most 

abundant, the grains have minor cracks. Sulfides are associated with actinolite, they appear to be 

intergrown or slightly later than actinolite. 

Section TPL800 

07003-S5 65,60 – 65,73 Serpentine skarn Ore zone 

The skarn contains serpentine, actinolite, chlorite and talc. Serpentine is fine grained and contains 

crosscutting veinlets of chlorite. These could form the foliation or possibly be remobilized and altered 

serpentine. Talc veins with sulfides crosscut the serpentine, along them, amphibole grains are 

undergoing chloritization. The talc and chlorite are not crosscut by chlorite veinlets. Amphibole 

grains form rarely little veinlets with the talc vein. Chlorite is replacing actinolite, the grains are 

tabular and pleochroic, changing from pale brown to blue-green.  

Magnetite occurs in serpentine mass, either very finely disseminated and replaced by serpentine, or 

as larger isolated grains. Magnetite in larger quantities is associated with talc veins, with chloritized 

amphibole or it occurs in a larger vein with talc on the edges, where it replaces pyrite from the edges 

to the inside and contains a number of small inclusions. There are idiomorphic grains of magnetite in 

the vein, possibly replacing pyrite or growing into a void filled by seprentine. Magnetite formed after 

the amphiboles. Pyrite in the vein has two textures, the first takes the form of hypidiomorphic grains 

with magnetite along cleavage and replacement of pyrite with magnetite along cracks. In the center 

of one of the grains, remains of pyrrhotite are faintly visible, suggesting that pyrite replaced 

pyrrhotite in the first place, and inherited its structure, along which magnetite is replacing pyrite 

now. The second pyrite texture is more “corroded” by the magnetite replacement.  

07003-S6 84,45 – 84,54 m Tremolite-actinolite skarn Ore zone 

The skarn contains schlorite, serpentine, carbonate (calcite) and minor olivine. Chlorite grains are 

tabular and hypidiomorphic, their color is light green. Chlorite grains are replacing carbonate in 

cracks in large carbonate grains. Chlorite is being replaced by serpentine. Serpentine and fine grained 

chloritize form the matrix between larger grains of chlorite and carbonate grains. Serpentine is light 

brown in transmitted light. Carbonate grains are colorless and large, with smaller carbonate and 

serpentine grains and minor ore minerals replacing them along the edges or cracks. Carbonate also 

occurs in small veins with opaque minerals and serpentine infill. Amphibole occurs rarely, as small 
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rounded grains or sometimes as blades. Two cracked olivine grains occur in part of the thin section. 

Opaque minerals commonly occur together with larger grains of chlorite. 

Opaque minerals in the skarn are magnetite and pyrite. Magnetite occurs in one generation, 

replacing pyrite, locally along cleavage planes, surrounding silicate and carbonate grains and in 

association with small veins of serpentine and carbonate. Where it is replacing large carbonate 

grains, magnetite contains small inclusions of silicates and carbonate. Pyrite occurs in grains infilling 

spaces between silicates or together with a fine grained serpentine-chlorite mass. It can be clear or 

contain lamellae of magnetite. Pyrite is replacing carbonate grains along cracks. The texture of pyrite 

grains is similar to other thin sections where pyrite was replacing pyrrhotite.  

07003-S7 92,69 – 92,85 Chlorite skarn Ore zone 

The main minerals in the skarn are chlorite and carbonate with serpentine. Chlorite occurs in small 

xenomorphic grains, and is pleochroic – from light green or light brown to bluish green. Carbonate is 

in the form of large singular grains or patches of smaller grains together. Single grains have a reaction 

rim, suggesting their older than the chlorite. Patches of smaller carbonate grains contain chlorite 

grains within them. Serpentine occurs in association with large grains of carbonate, together with 

blades of chlorite.  

Magnetite forms hypidiomorphic grains with many cracks, mostly without any inclusions. Grains are 

replacing fine grained chlorite and carbonate. There exists a second generation of magnetite. The 

grains are not cracked and are replacing pyrite, magnetite is showing a preferred orientation – it 

replaces pyrite along lines and cracks – that could have been inherited from structured pyrrhotite. 

There are two generations of pyrite. The first generation grains are sporadic, and take the form of 

idiomorphic grains with cracks. These can be observed to be replaced by the second generation of 

magnetite. The second generation of pyrite is replaced by the second generation of magnetite. 

Pyrrhotite and chalcopyrite have formed around the same time, as they are both replaced by the 

second generation of pyrite and magnetite.  

07005-S3 81,29 -81,45 Tremolite skarn Ore zone 

Skarn in this thin section contains abundant carbonate, talc and chlorite. Carbonate is the most 

abundant mineral; it has hypidiomorphic grains, most silicates are in between them, suggesting 

carbonate formed earlier. There are small inclusions of sulfides in the calcite grains. Talc is colorless, 

the grains are usually tabular in shape and seem to be overgrowing carbonate grains. Chlorite occurs 

in smaller grains and is pleochroic, the color changes from brown-green to bluish green. Chlorite 

occurs in small veinlets with opaque minerals. 

Magnetite occurs in large, hypidiomorphic grains with numerous cracks; it is the oldest ore mineral 

and associated with chlorite and overgrowing carbonate. Digenite formed roughly at the same time 

as magnetite, it is sparse and occurs either in association with magnetite grains, or together with talc. 

Chalcopyrite is not frequent either and is associated with talc and magnetite grains. There is a second 

generation of magnetite, small grains magnetite grains replace pyrite, but the magnetite is changing 

into hematite. Pyrrhotite occurs in patchy grains and is replaced by pyrite. The youngest sulfide is 

pyrite, sometimes there occur small idiomorphic grains, but mostly it occurs as infill between the 
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other mineral and pyrite is sometimes fractured by a system of parallel and perpendicular cracks, 

possibly inherited structures from replacing pyrrhotite. 

07005-S7 238,81 – 238,95 Serpentine skarn Ore zone 

The thin section contains serpentine, carbonate and chlorite. Serpentine is fine grained and replaces 

large grains of what could have been pyroxene. Chlorite occurs in small, hypidiomorphic grains and is 

pleochroic (colorless to blue green). Ore minerals replace the mineral along fractures. Carbonate 

grains are hypidiomorphic and contain small inclusions and cracks. Magnetite and pyrrhotite occur in 

association with carbonate and chlorite, serpentine appears younger than magnetite and associated 

minerals. 

Magnetite grains are cracked and contain a minimum of smaller silicate or carbonate inclusions. In 

some cases, magnetite fills cracks in pyrrhotite grains. Pyrrhotite seems younger than magnetite and 

contains small exsolutions of pyrite in fractures and cracks. Pyrrhotite is cracked and contains only 

small inclusions of silicates.  

07005 247,30 - 247,40 Magnetite-serpentine skarn Ore zone 

This section contains serpentine, clinopyroxene, carbonate, talc and chlorite. Small grains of 

clinopyroxene remain in the altered serpentine mass that makes up most of the thin section. Given 

their shapes, serpentine replaced clinopyroxene and olivine probably, some clinopyroxene remains in 

these replaced grains. Carbonate occurs as infill between the altered grains or as xenomorphic 

grains, sometimes associated with the ore minerals. Minor talc veins occur, crosscutting the 

serpentine and opaque minerals. Chlorite grains occur in minor amounts, overgrowing carbonate. 

Magnetite grains are hypidiomorphic and cracked, some possibly recrystallized, contain small 

inclusions of carbonate, serpentine and occasionally of pyrrhotite. Magnetite grains appear to be 

intergrown with serpentinized clinopyroxene grains. Pyrrhotite is not abundant in the thin section 

and appears to have formed before magnetite. Pyrrhotite grains are cracked and contain pyrite in 

minor amounts.  

07005-S8 257,65 – 257,74 Banded actinolite skarn Ore zone 

This actinolite skarn contains bands of different grain size; the main mineral is actinolite, with minor 

clinopyroxene and chlorite. Actinolite occurs usually in smaller, hypidiomorphic, slightly elongated 

grains and contains numerous small inclusions of opaque minerals. It is pleochroic, changing from 

pale brown-green to pale blue-green. Clinopyroxene occurs in large grains that appear poikilitic, 

enclosing opaque minerals. It is colorless and it seems that it is being replaced by actinolite along the 

cracks. Opaque minerals are often associated with larger actinolite grains and seem to postdate 

them, though it is only magnetite that occurs as inclusions in actinolite. Few grains of chlorite occur 

in cracks in the clinopyroxene, possibly replacing it.  

Magnetite grains are cracked and contain small silicate inclusions. Magnetite and clinopyroxene 

seem to have formed first, small perpendicular fractures crack these two minerals, but not the 

sulfides or actinolite. Pyrrhotite is the most abundant sulfide, it does not contain cracks, but it 

contains inclusions of silicates and small magnetite grains. Chalcopyrite is associated with pyrrhotite, 

chalcopyrite was probably formed earlier than pyrrhotite.  
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07005-S9 265,22 – 265,31 Graphitic phyllite Footwall 

The matrix is consisting of grains feldspars and quartz, finely disseminated graphite and sulfides, with 

occasional small grains of mica and amphibole, most probably tremolite and rutile and tremolite. 

Tremolite is pleochroic, ranging from brown to green. The disseminated sulfide is pyrrhotite.  

Idiomorphic tremolite grains, quartz and plagioclase grains and sulfides infill cracks or open spaces. 

Pyrrhotite occurs in large grains, with minor chalcopyrite as inclusions. Plagioclase occurs in small 

grains with visible twinning.  

09006-S3 52,75 – 52,84 Mafic dyke Hanging wall 

The thin section contains actinolite, scapolite, titanite and carbonate. Actinolite grains vary in size, 

large grains are often idiomorphic, smaller ones hypidiomorphic. Actinolite is pleochroic, the color 

changing from brownish-green to bluish-green. The idiomorphic grains are cracked, some of them 

are zonal. Scapolite grains are colorless, large, cracked and have a range of interference colors (from 

gray to bright blue), the grains are sometimes poikilitic, containing inclusions of carbonate. Ore 

minerals are associated with actinolite as infill between grains; magnetite is associated with titanite 

grains that occur with actinolite. Carbonate forms infill between actinolite grains, or thin veins with 

larger hypidiomorphic grains.  

Magnetite is associated with titanite and in minor amounts with actinolite. It occurs in small grains. 

Pyrrhotite is the most abundant sulfide; it encloses hypidiomorphic pyrite grains, and contains minor 

cracks. Pyrrhotite seems to be associated or intergrown with actinolite and also occurs in small 

calcite veinlets.  

09006-S5 57,63 – 57,74 Actinolite skarn Ore zone 

The skarn contains actinolite, carbonate and minor quartz, biotite and titanite. Actinolite is 

pleochroic, changing from brown-green to green, with some biotitization occurring. Carbonate 

occurs in a vein and forms hypidiomorphic grains that vary in size, with fine grains at the sides of the 

vein.  Quartz occurs rarely, in idiomorphic grains. Actinolite and carbonate contain fine inclusions of 

ore minerals, mostly pyrrhotite. Thin carbonate veinlets crosscut magnetite grains.  

Magnetite formed earliest, it contains cracks with carbonate along them. Pyrite occurs as 

hypidiomorphic grains, some cracks are filled by pyrrhotite, making it the earliest sulfide to form. 

Chalcopyrite occurs in the carbonate vein and replaces pyrite and pyrrhotite. Pyrrhotite is intergrown 

with carbonate grains and is the infill of the vein. Sulfides are associated at the sides of a carbonate 

vein and small inclusions in actinolite and magnetite. 

09006-S7 71,34 – 71,41 Actinolite-clinopyroxene skarn Ore zone 

The thin section contains clinopyroxene, actinolite, titanite, quartz and carbonate. Clinopyroxene 

grains are being replaced by minor serpentine, actinolite and carbonate along the edges. Quartz 

occurs rarely, together with actinolite intergrown with sulfides. Carbonate in veins forms large, 

hypidiomorphic grains, or infill between actinolite, tremolite and small ore mineral grains in the 

matrix. Actinolite forms idiomorphic grains and is pleochroic, changing color from yellow-green to 

green. Titanite is associated with actinolite. Actinolite and titanite are associated with veins of 
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opaque minerals and are intergrown with the sulfides that are replacing the clinopyroxene grains. 

Minor stilpnomelane is associated with the sulfides in veins.  

Magnetite seems to be the first ore mineral formed, it is cracked and being replaced by all other 

sulfides. Pyrite occurs in two generations. The first pyrite generation is more abundant, forms 

idiomorphic grains and is cracked and formed before clinopyroxene. The second pyrite generation 

follows, is less abundant and formed after the first generation. Chalcopyrite formed after the two 

pyrite generations and occurs along cracks and edges of pyrite grains. Pyrrhotite is the most 

abundant sulfide and formed last in the succession of sulfides.  

09006-S9 89,62 – 89,73 Clinopyroxene skarn Ore zone 

The thin sections contain clinopyroxene, actinolite, titanite, chlorite and carbonate. Clinopyroxene 

grains with many small inclusions vary in size, the larger grains are cracked, the color changes from 

pale green to pale yellow sometimes, clinopyroxene is mostly colorless and replaced from the edges 

by chlorite and serpentine. Actinolite grains are hypidiomorphic and pleochroic, ranging from yellow-

green to dark blue-green and are undergoing serpentinization in some places. Titanite is associated 

with actinolite. Carbonate grains of various sizes occur, they appear to be replaced by clinopyroxene 

or occur together with it in thin veins crosscutting the opaque minerals, carbonate also fills in crack 

in magnetite. Small idiomorphic grains of plagioclase occur in carbonate veins. Quartz grains are 

idiomorphic and colorless, and occur rarely. Epidote idiomorphic grains occur with coarse grains 

carbonate and are replaced by serpentine, larger hypidiomorphic epidote grains occur together with 

clinopyroxene. 

Magnetite grains are cracked and hypidiomorphic and are probably the oldest opaque mineral, it is 

being replaced by clinopyroxene. Large, idiomorphic pyrite grains with silicate and sulfide inclusions 

occur. The enclosed sulfides are chalcopyrite and pyrrhotite, suggesting they were formed earlier 

than the pyrite, but after magnetite, because they fill in the cracks in the grains. Actinolite formed 

after pyrite, the silicates enclosed by pyrite are clinopyroxenes. A clinopyroxene-carbonate vein 

crosscuts the magnetite in part of the thin section, with pyrite replacing the magnetite.  

09006-S13 146 – 146,07 Graphitic phyllite Footwall 

The thin section contains plagioclase, quartz, amphibole, carbonate, biotite, rutile, titanite and 

graphite. The matrix is made up by small plagioclase and minor quartz grains, minor biotite, finely 

disseminated graphite and hypidiomorphic amphibole grains. Plagioclase is possibly zonal, the centre 

containing a number of inclusions, the rims containing none. Biotite grains are small, anhedral and 

pleochroic, going from pale brown to brown. Titanite grains occur together with veinlets of sulfides 

together with biotite. The larger sulfide veins contain plagioclase grains, euhedral amphiboles, quartz 

grains and carbonate infill. Sulfides in these veins are large grains of pyrrhotite with small inclusions 

of chalcopyrite and pyrite and crosscutting pyrite veins.  

Pyrrhotite forms small grains with minor chalcopyrite and pyrite intergrown in the matrix. Rutile 

replaced by titanite occurs in between silicate grains, and contains small pyrrhotite inclusions. Pyrite 

is the youngest sulfide, crosscutting larger pyrrhotite grains in small veinlets or overgrowing it as 

small grains.  
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07001 177,92 – 178,02 Clinopyroxene skarn Ore zone 

The thin section contains carbonate, clinopyroxene, tremolite and chlorite. Carbonate forms the 

matrix, the slightly elongated grains seem to be following a direction. Chlorite occurs in tabular or 

columnar grains, replacing clinopyroxene. Chlorite is pleochroic, going from pale green to pale 

brown, and it is associated with magnetite. Tremolite occurs in large elongated grains that are being 

replaced. Clinopyroxene grains are tabular and contain carbonate inclusions. 

Magnetite forms large hypidiomorphic grains, and contains small stilpnomelane grains. Chalcopyrite 

is not common and replaces pyrrhotite. Pyrrhotite occurs as isometric or hypidiomorphic grains, with 

small inclusions of magnetite, replacing it. Pyrite replaces stilpnomelane and magnetite, also it 

appears to be replacing pyrrhotite, but it is unclear. 

07001 287,49 – 287,54 Magnetite skarn Ore zone 

The thin section contains chorite and carbonate. Carbonate grains are hypidiomorphic, their edged 

are made up by very fine grained carbonate. Chlorite grains are tabular and pleochroic, going from 

pale green to pale brown, overgrowing carbonate.  

Most of the thin section is made up by large grains of magnetite with inclusions of chlorite. 

Chalcopyrite occurs in very small amounts, it is unclear when it formed, probably just before 

pyrrhotite. Pyrrhotite infill the spaces between magnetite grains, contains some cracks, and appears 

to be intergrown with magnetite. Some pyrite exsolution occurs in larger pyrrhotite grains.  

07001 296,05 – 296,15 Magnetite skarn Ore zone 

The thin section contains chlorite, carbonate and serpentine. Chlorite grains are tabular and slightly 

pleochroic, going from colorless to pale green, their cleavage planes are visible. Carbonate takes the 

form of a fine grained mass that acts as infill between grains. Rarely, serpentinized clinopyroxene 

grains occur, in association with carbonate. Some shapes of carbonate grains suggest carbonate 

replacement, possibly of clinopyroxene. Chlorite is probably younger than carbonate.  

Most of the thin section is magnetite, the grains are cracked and contain inclusions of silicates and 

carbonate. Pyrrhotite grains are cracked and fill in the spaces between magnetite grains, possibly, 

they are intergrown. Pyrrhotite overgrows carbonate grains (possibly replacing clinopyroxene). Pyrite 

is sparse; the grains are clear, without cracks or inclusion and are overgrowing pyrrhotite. 

07001 314,45 – 314,55 Actinolite-clinopyroxene skarn Ore zone 

The thin section contains actinolite, clinopyroxene, chlorite and biotite. Actinolite grains are tabular, 

pleochroic, going from pale brown-green to green, some grains are replaced by biotite, 

serpentinization occurs along fractures in part of the thin section. Actinolite occurs in bands, the 

opaque minerals are distributed evenly in the thin section, though fine grained inclusions of ore 

minerals are more common in clinopyroxene. Clinopyroxene grains are colorless, some are almost 

idiomorphic, retaining their square shape and containing small columnar grains of actinolite, 

probably overgrowing them. Chlorite grains occur between actinolite grains, probably overgrowing 

them and overgrowing clinopyroxene as well. Chlorite is weakly pleochroic (from pale brown to pale 

green), and cleavage is visible in some grains.  
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Magnetite grains contain inclusions of silicates, sometimes they are cracked. Magnetite occurs more 

frequently in actinolite rich bands, and it appears to be intergrown with actinolite. Minor 

chalcopyrite occurs associated with magnetite. Pyrite occurs in two generation, the first one is 

replacing magnetite, the second one occurs as thin perpendicular veins with serpentine that crosscut 

magnetite and actinolite. Pyrite and pyrrhotite are associated with actinolite and are replacing 

magnetite. 

Section TPL1160 

12049-S3 124,80 – 124,90 Magnetite-serpentine skarn Ore zone 

The thin section contains serpentine, chlorite, carbonate, talc and chlorite. Serpentine probably 

replaced olivine or clinopyroxene. Chlorite is pleochroic, changing form colorless to pale blue-green, 

the grains are hypidiomorphic, some have a tabular or columnar shape. Talc-serpentine veins occur 

with chloritization on their sides. Carbonate is mostly fine grained and occurs within the serpentine 

mass or associated with magnetite. Cracked clinopyroxene grains occur in the serpentine, they are 

colorless and they are replaced by serpentine and magnetite along cracks.  

Magnetite grains are idiomorphic, with cracks and have probably been recrystallized. Pyrite is not 

very abundant and formed after magnetite, it is replaced by a possible second generation of 

magnetite. Pyrrhotite is replaced by pyrite. Pyrite is possibly replaced by a second generation of 

magnetite. Very minor chalcopyrite is associated with magnetite.  

12049-S6 144,40 – 144,55 Magnetite skarn Ore zone 

The magnetite skarn contains serpentine, chlorite, clinopyroxene and carbonate. Serpentine 

probably replaces clinopyroxene and olivine, the grains are isometric, and some clinopyroxene 

remains unaltered. Chlorite is colorless. Clinopyroxene occurs, it is colorless and forms 

hypidiomorphic grains with cracks with small inclusions of bright red hematite. In some grains, 

twinning is visible. Carbonate forms veins that are sometimes deformed, carbonate also occurs as 

fine grained infill.  

Magnetite grains are idiomorphic to hypidiomorphic and contain small cracks and inclusions, 

probably it has undergone recrystallization. Magnetite also occurs in cracks in clinopyroxene, 

suggesting it formed after it. Pyrite forms hypidiomorphic grains and is replaced by pyrrhotite along 

cracks. Chalcopyrite forms rims around clinopyroxene grains and formed before pyrrhotite, but after 

pyrite. Pyrrhotite is the last sulfide to form, it is infill between former sulfides and magnetite, and it 

contains cracks that are at times filled by magnetite.  

12053-S2 39,03 – 39,11 Magnetite-serpentine skarn Ore zone 

The thin section contains serpentine, chlorite, and carbonate. Serpentine fully replaces idiomorphic 

grains of olivine, with chloritization occurring at the rims of the grains. Fine grained carbonate is infill 

between serpentinized grains and appears to be replacing the matrix between the grains.  

Magnetite occurs as large hypidiomorphic grains containing small inclusions. Chalcopyrite forms 

hypidiomorphic grains containing a large number of minuscule inclusions, sometimes the grains 

appear to be zonal. Chalcopyrite is associated with bladed grains of chlorite. Pyrite is replacing 
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pyrrhotite and chalcopyrite, and it is in turn being replaced by magnetite. Pyrite occurs also as small 

idiomorphic grains overgrowing other opaque minerals, the grains have rims of magnetite. Pyrite also 

occurs in veinlets with carbonate. Pyrrhotite grains are clear, without cracks and only minor 

inclusions of pyrite, possibly exsolutions. In some places it appears as if magnetite is intergrown with 

pyrrhotite.  

12053-S3 45,65 - 45,72 Magnetite actinolite skarn Ore zone 

The thin section contains chlorite, carbonate and minor chlorite. Chlorite has tabular grains 

overgrowing carbonate and sulfides, visible cleavage planes and it is pleochroic, going from pale 

yellow to yellow-green. Carbonate grains occur abundantly, smaller grains are intergrown with 

chlorite, larger grains are associated with sulfides.  

Magnetite grains are hypidiomorphic, cracked and associated with chlorite, the second magnetite 

generation occurs as small grains replacing pyrite. Magnetite occurs in between carbonate grains and 

has pyrrhotite and chalcopyrite as infill in cracks. Chalcopyrite fills in cracks in magnetite and 

silicates, and is overgrown by pyrrhotite and pyrite. Pyrrhotite grains are hypidiomorphic with cracks 

filled by pyrite and second generation magnetite. Pyrite is replacing pyrrhotite along fractures and 

contains magnetite along cracks and in chunks replacing it. Some second generation magnetite grains 

appear to be replaced by hematite.  

Section TPL1950 

07027-S4 211,85 - 211,94 Marble Footwall 

The marble contains carbonate, talc and clinopyroxene. Talc occurs as clusters of finer grains 

together with fine grained carbonate or as larger talc grains that are replaced by serpentine, some 

biotitization occurs as well. Clinopyroxene occurs in cracked grains and undergoes serpentinization, it 

is associated with hypidiomorphic carbonate grains.  

Chalcopyrite is the first formed sulfide, it occurs sparsely in small grains. Pyrite and pyrrhotite are 

intergrown with each other. Sulfides occur together with coarser carbonate grains, intergrown with 

talc or replaced by serpentinized clinopyroxene grains.  
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Appendix V. Microprobe analysis results 

Amphibole analyses 

Point 
07006-s6-

a1 
09022-s4-

a3 
07005-s9-

a1 
07005-s9-

c4 
07005-s9-

c6 
07005-s9-

b4 
07005-s9-

b2 

Na2O 0,098 0,128 0,432 0,121 0,305 0,602 0,419 

CaO 0,282 13,349 13,04 13,668 13,054 12,881 13,262 

ZnO 0 0,034 0,027 0 0,04 0 0,026 

Cl 0,003 0,04 0,014 0,005 0,003 0,029 0,024 

MgO 24,119 23,916 23,048 23,247 22,583 23,409 23,455 

Cr2O3 0,014 0,038 0,045 0,129 0,114 0,015 0,099 

FeO 12,75 1,546 2,034 2,07 2,192 1,6 1,677 

K2O 0 0,055 0,079 0,029 0,075 0,192 0,167 

Al2O3 0,24 0,185 1,025 0,201 0,714 1,26 0,807 

MnO 4,21 0,036 0,08 0,027 0,134 0,078 0,061 

NiO 0,03 0 0,035 0 0,026 0 0,006 

SiO2 56,028 57,941 56,657 57,458 56,951 57,277 57,304 

V2O3 0 0,034 0,134 0,058 0,151 0,169 0,148 

TiO2 0 0,003 0,06 0 0 0,251 0,123 

Total   97,773 97,296 96,707 97,012 96,341 97,756 97,573 

 

Point 
07005-s9-

b5 
07005-s9-

c1 
09022-s4-

a4 
09006-s7-

c4 
09006-s7-

c5 
09006-s7-

b6 

Na2O 0,483 0,418 0,906 2,901 3,231 2,609 

CaO 13,369 13,563 12,273 12,433 12,569 12,385 

ZnO 0 0 0,035 0,004 0,077 0 

Cl 0,027 0,017 0,017 0,134 0,102 0,121 

MgO 23,349 22,733 23,421 13,914 13,954 16,332 

Cr2O3 0,008 0,144 0 0,131 0,015 0,029 

FeO 1,821 1,657 2,625 11,848 12,466 10,603 

K2O 0,172 0,055 0,197 0,697 0,529 0,64 

Al2O3 1,253 0,952 0,957 13,381 13,547 11,285 

MnO 0,096 0,093 0,128 0,11 0,102 0,129 

NiO 0 0 0,032 0 0,027 0 

SiO2 56,496 55,839 57,169 40,954 40,656 43,804 

V2O3 0,091 0,195 0 0,014 0 0,018 

TiO2 0,227 0,045 0,076 0,699 0,905 0,341 

Total   97,386 95,707 97,832 97,19 98,157 98,269 
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Phlogopite analyses 

Point 
12053-s3-

c6 
12053-s3-

b5 
12053-s3-

a3 
09022-s4-

a2 
07006-s5-

c5 

Na2O 0,938 0,877 0,768 0,199 0,215 

CaO 0 0,022 0,01 0 0,019 

ZnO 0,054 0,138 0 0,025 0 

Cl 0,068 0,067 0,045 0,07 0,114 

MgO 25,11 25,809 26,143 25,095 22,583 

Cr2O3 0,008 0 0 0,015 0 

FeO 5,304 4,615 4,284 3,604 14,945 

K2O 8,508 8,156 9,074 9,928 6,218 

Al2O3 12,719 12,35 13,119 14,041 11,5 

MnO 0,048 0 0,045 0 0,082 

NiO 0 0,016 0 0,019 0 

SiO2 41,426 41,803 41,832 42,055 36,088 

V2O3 0,005 0 0,006 0,02 0,007 

TiO2 0,423 0,492 0,554 0,847 0,958 

Total   94,596 94,33 95,87 95,902 92,703 

 

Clinopyroxene analyses 

Point 
09006-s7-

a4 
09006-s7-

a2 
09006-s7-

a3 
09006-s7-

a6 
09006-s7-

b3 

Na2O 0,172 0,2 0,461 0,327 0,136 

CaO 25,287 25,511 24,036 25,256 25,638 

ZnO 0,139 0 0 0 0 

Cl 0 0 0 0 0,003 

MgO 15,392 16,118 12,901 16,331 17,28 

Cr2O3 0 0,045 0,022 0,008 0,053 

FeO 5,472 3,768 7,988 3,636 2,593 

K2O 0,004 0,004 0,01 0,001 0 

Al2O3 0,189 1,272 4,425 1,091 0,567 

MnO 0,193 0,076 0,058 0,004 0,04 

NiO 0 0 0,021 0,022 0,009 

SiO2 54,299 52,819 49,187 53,313 54,669 

V2O3 0 0 0,017 0,002 0 

TiO2 0,003 0,075 0,555 0,134 0,089 

Total   101,15 99,888 99,681 100,125 101,076 
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Serpentine analyses 

Point 12053-
S2-B4 

07005-
s3-a2 

12008-
s1-a5 

07006-
s5-c1 

07006-
s5-c5 

07006-
s6-c5 

07006-
s5-b5 

09022-
s4-b5 

09022-
s4-b6 

09022-
s4-b6 

Na2O 0,039 0,013 0 0,012 0,005 0,033 0,079 0,006 0,005 0 

CaO 0,034 0,168 0,167 0,045 0,026 0,026 0,008 0,036 0,068 0,044 

ZnO 0,014 0,12 0,016 0 0,01 0 0 0,03 0 0 

Cl 0,228 0,083 0,044 0,053 0,033 0,133 0,042 0,042 0,021 0,019 

MgO 40,988 36,908 33,2 15,627 13,244 33,144 33,954 39,396 41,584 41,53 

Cr2O3 0 0 0,037 0 0,033 0 0 0 0 0 

FeO 1,529 2,959 7,91 32,639 36,832 10,221 10,788 2,283 1,999 2,022 

K2O 0,02 0,003 0,012 0,012 0,007 0,047 0,091 0,272 0,091 0,082 

Al2O3 0,136 0,053 0,204 0,587 0,182 0,028 3,175 1,629 1,409 1,415 

MnO 0 0,035 0,103 0,557 0,701 1,215 0,105 0 0 0,037 

NiO 0 0 0,016 0 0,021 0 0 0,026 0 0 

SiO2 41,628 46,961 42,845 37,198 35,974 42,084 38,055 42,808 44,517 44,639 

V2O3 0,021 0,007 0 0,049 0 0,009 0,026 0 0,02 0 

TiO2 0,005 0,019 0 0 0 0 0,159 0,106 0,02 0,052 

Total   84,591 87,31 84,544 86,767 87,061 86,91 86,473 86,625 89,729 89,836 

 

Plagioclase analyses 

Point 07005-
s9-c6 

07005-
s9-c6-plg 

07005-
s9-a2 

07005-
s9-a2 

07005-
s9-a3 

07005-
s9-c6 

07005-
s9-a3 

07005-
s9-c6 

07005-
s9-b5 

07006-
s5-a2 

Na2O 11,159 11,542 9,875 11,603 10,083 10,708 11,675 11,92 11,749 11,496 

CaO 0,302 0,312 0,534 0,51 0,252 1,153 0,194 0,271 0,403 0,44 

ZnO 0 0 0 0,046 0 0 0 0,058 0,086 0,042 

Cl 0,002 0,009 0,016 0,007 0 0 0,053 0,004 0,005 0,008 

MgO 0 0,001 0,03 0,01 0 0 0,016 0 0 0,001 

Cr2O3 0,045 0 0,076 0,038 0,015 0 0 0 0,008 0 

FeO 0,034 0,108 0,238 0,242 0,116 0,125 0,062 0,127 0,03 0,178 

K2O 0,04 0,047 0,064 0,049 0,046 0,046 0,061 0,047 0,063 0,057 

Al2O3 20,799 19,886 20,941 20,15 20,826 20,909 19,507 20,075 19,915 20,2 

MnO 0 0,015 0 0 0,045 0 0,014 0,035 0,023 0 

NiO 0 0 0 0,054 0 0 0 0,015 0,003 0 

SiO2 71,622 68,509 72,129 67,148 72,693 70,235 67,262 68,535 68,021 68,65 

V2O3 0 0,011 0,018 0,009 0 0 0,002 0 0 0,036 

TiO2 0 0 0 0,036 0 0 0 0,038 0 0,019 

Total   104,003 100,438 103,917 99,9 104,076 103,176 98,834 101,124 100,305 101,125 
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Talc analyses 

Point 
07005-s3-

a5 
07005-s3-

b1 
07005-s3-

b2 
07005-s3-

b1 

Na2O 0,112 0,096 0,051 0,159 

CaO 0,038 0,055 0,015 0,122 

ZnO 0 0 0 0 

Cl 0,007 0,082 0,009 0,022 

MgO 30,725 33,601 32,01 29,997 

Cr2O3 0,008 0 0 0,023 

FeO 1,319 2,539 1,675 1,642 

K2O 0,019 0,011 0,021 0,02 

Al2O3 0,11 0,102 0,071 0,173 

MnO 0,011 0,026 0,039 0 

NiO 0,018 0,031 0,01 0 

SiO2 61,457 53,48 57,601 58,763 

V2O3 0 0,034 0 0,023 

TiO2 0,008 0,012 0,019 0,006 

 Total   93,83 90,05 91,519 90,945 

 

Analyses of titanium minerals 

Point 12053-S2-
A7 

12053-S2-
C4 

07005-s9-
b1 

09006-s7-
a6 

07005-s9-
b4 

07005-s9-
c6 

07005-s9-
b2 

07005-s9-
b1 

Mineral gei-ilm gei-ilm tnt tnt tnt rt rt rt 

Na2O 0,023 0,023 0,004 0 0,02 0,002 0,002 0,009 

CaO 0 0 27,551 28,853 28,083 0,323 0,086 0,099 

ZnO 0,006 0,067 0,086 0 0 0,022 0 0,006 

Cl 0 0,005 0 0,001 0 0 0 0,004 

MgO 23,661 22,852 0,025 0,112 0,012 0 0,027 0,006 

Cr2O3 0 0 0,267 0 0,269 0,674 0,699 0,61 

FeO 13,981 14,613 0,163 1,193 0,133 0,471 0,358 0,162 

K2O 0 0,009 0,002 0,002 0,003 0 0,004 0,006 

Al2O3 0,045 0,068 1,178 1,005 1,162 0,051 0,06 0,054 

MnO 2,413 2,554 0,033 0 0 0,009 0 0 

NiO 0,006 0 0 0,007 0,034 0,034 0 0 

SiO2 0 0 29,947 30,462 30,208 0,024 0 0 

V2O3 0 0,316 0,673 0,199 0,782 1,674 1,442 1,287 

TiO2 61,629 61,828 37,687 38,315 37,368 98,785 97,925 98,169 

 Total   101,764 102,334 97,616 100,149 98,074 102,069 100,603 100,411 
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Chlorite analyses 

Point 
09022-s4-

b7 
09022-s4-

a4 
07006-s5-

a2 
12008-s1-

b3 
12053-S2-

B6 
12053-S2-

A6 
12053-s2-

b2 
09006-s7-

a1 
09006-s7-

c1 

Mineral clinochlore clinochlore clinochlore clinochlore clinochlore clinochlore clinochlore chamosite chamosite 

Na2O 0,023 0,057 0,002 0,017 0,018 0,017 0,006 0,017 0,022 

CaO 0,153 0,345 0,328 0 0,008 0,004 0,009 0,08 0 

ZnO 0 0,022 0,072 0 0,05 0 0,022 0 0,037 

Cl 0,037 0,063 0,069 0,055 0,024 0,007 0,021 0 0,01 

MgO 34,782 30,596 27,934 34,457 33,366 32,047 32,008 16,655 18,506 

Cr2O3 0 0 0,09 0 0,078 0 0,046 0 0 

FeO 3,007 4,444 6,335 4,047 3,076 3,527 3,021 26,918 21,988 

K2O 0,016 3,203 0,015 0,023 0 0,001 0,025 0,007 0,009 

Al2O3 8,042 8,82 15,648 13,022 19,407 19,698 19,451 15,8 19,711 

MnO 0,028 0,031 1,203 0,11 0,003 0,012 0 0,096 0,189 

NiO 0 0,033 0 0,058 0,011 0 0 0,044 0,003 

SiO2 40,316 40,639 32,365 34,741 30,655 30,163 29,343 29,051 27,161 

V2O3 0 0,032 0,013 0,007 0,012 0,017 0,016 0 0,023 

TiO2 0,003 0,312 0,011 0,017 0 0,02 0,027 0 0 

 Total   86,399 88,583 84,069 86,542 86,703 85,511 83,99 88,668 87,657 

 

Goethite and hematite analyses 

Point 12008-s1-
a2 

12008-s1-
a2 

07005-s3-
a4t 

07005-s3-b2 
12053-s3-

c3 
12053-s3-

b4 
07006-s5-

c3 
07006-s5-

b2 
07006-s5-

b3 

Mineral gt gt gt gt gt gt hem hem hem 

Na2O 0,013 0,027 0,017 0 0,06 0,086 0,01 0,01 0 

CaO 0 0 0,022 0,076 0,013 0 0 0 0,02 

ZnO 0 0 0 0,086 0 0,057 0 0 0,125 

Cl 0 0 0,008 0 0 0,001 0 0,006 0,013 

MgO 0,526 0,6 0,927 2,237 1,087 2,257 0,277 0,261 0,292 

Cr2O3 0 0,038 0 0,017 0,011 0 0 0 0 

FeO 70,645 73,774 71,053 69,988 70,122 69,274 84,779 86,749 85,698 

K2O 0 0 0,003 0,002 0 0,012 0 0 0,004 

Al2O3 0 0,012 0 0 0 0 0 0 0 

MnO 0,017 0,028 0,023 0,083 0,036 0 0,159 0,226 0,228 

NiO 0,057 0 0,026 0 0 0 0 0,039 0 

SiO2 0,886 1,214 4,477 3,265 3,504 2,728 1,999 1,133 1,892 

V2O3 0,038 0,016 0,029 0,009 0 0 0,046 0 0 

TiO2 0,033 0 0 0 0 0 0,019 0 0 

 Total   72,215 75,709 76,583 75,763 74,833 74,415 87,289 88,423 88,269 
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Carbonate analyses 

Point 
09006-s7-

c5 
09006-s7-

c3 
09022-s4-

a3 
12008-s1-

c1 
12008-s1-

c2 
12008-s1-

c1 
12008-s1-

c1 
12008-s1-

c1 

Mineral calcite calcite dolomite siderite dolomite siderite siderite siderite 

Na2O 0,004 0,002 0 0,141 0,035 0 0,141 0 

CaO 51,412 51,669 31,049 0,113 32,229 0,177 0,113 0,177 

ZnO 0,103 0,107 0,014 0 0 0,139 0 0,139 

Cl 0,005 0 0,002 0,029 0,005 0,012 0,029 0,012 

MgO 0,369 0,438 22,032 13,928 22,416 14,959 13,928 14,959 

Cr2O3 0 0 0,015 0 0,008 0 0 0 

FeO 0,514 0,493 1,127 31,182 2,793 30,35 31,182 30,35 

K2O 0,005 0 0,001 0 0,006 0,009 0 0,009 

Al2O3 0,019 0,007 0,006 7,361 0 7,532 7,361 7,532 

MnO 0,135 0,138 0,111 0,032 0,909 0,014 0,032 0,014 

NiO 0,017 0,001 0,001 0,006 0,007 0 0,006 0 

SiO2 0 0 0 0,415 0 0 0,415 0 

V2O3 0,028 0,002 0,02 0,042 0 0 0,042 0 

TiO2 0 0 0,018 0 0 0,004 0 0,004 

Total   52,61 52,857 54,396 53,242 58,407 53,193 53,242 53,193 

 

Magnetite analyses 

Point 12053-S2-
B3 

12053-S2-
A3 

12053-S2-
A7 

12053-S2-
C4 

12053-S2-
B2 

12053-S2-
C2 

12053-S2-
A4 

12053-s3-
c2 

12053-s3-
a1 

Na2O 0,049 0 0 0 0,007 0,034 0 0 0 

CaO 0,229 0 0 0 0,01 0 0 0 0 

ZnO 0 0 0,004 0,035 0 0,067 0,087 0,007 0,051 

Cl 0,006 0 0 0,004 0 0 0 0 0,014 

MgO 2,138 1,619 1,838 1,971 1,848 0,253 0,104 0,128 0,196 

Cr2O3 0 0 0 0 0 0,082 0 0 0,022 

FeO 89,509 90,456 89,957 90,703 89,265 90,803 90,975 92,716 92,773 

K2O 0 0 0 0 0 0 0 0,002 0,015 

Al2O3 0,123 0,049 0,11 0,114 0,077 0 0 0,054 0,053 

MnO 0,067 0,028 0,032 0,06 0,11 0,602 0,104 0,007 0,057 

NiO 0 0 0 0,007 0,061 0,068 0,021 0,033 0 

SiO2 0 0,027 0 0 0 0,35 0,24 0 0 

V2O3 0,027 0 0,036 0,015 0 0 0 0,041 0,074 

TiO2 0,037 0,023 0,084 0,167 0,006 0 0,016 0,008 0,036 

Total   92,184 92,202 92,061 93,075 91,384 92,259 91,547 92,996 93,288 
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Point 
07006-s6-

c2 
07006-s6-

c1 
07006-s6-

c3 
07006-s6-

a1 
07006-s6-

b1 
12008-s1-

a1 
12008-s1-

c2 
12008-s1-

c4 
12008-s1-

b1 

Na2O 0 0,091 0,068 0,027 0,041 0 0,047 0 0 

CaO 0 0 0 0 0 0 0,077 0 0 

ZnO 0,079 0 0,14 0,029 0 0,009 0 0,07 0,032 

Cl 0,016 0,012 0 0,004 0 0,006 0,005 0 0,006 

MgO 0,005 0,016 0,218 0,131 0,158 0,204 0,205 0,218 0,232 

Cr2O3 0,064 0 0,043 0 0 0 0,016 0,048 0 

FeO 91,517 91,132 92,823 91,808 92,295 92,34 91,966 92,137 91,586 

K2O 0,006 0 0,005 0 0 0,022 0 0 0 

Al2O3 0 0 0,14 0,069 0,158 0,421 0,163 0,284 0,647 

MnO 0,04 0,076 0,19 0,356 0,169 0,218 0,117 0,248 0,268 

NiO 0 0 0,007 0 0 0 0 0 0 

SiO2 0 0,067 0 0,045 0,011 0 0,031 0 0,022 

V2O3 0 0,009 0 0,043 0 0 0,02 0,021 0,021 

TiO2 0 0 0 0 0 0,1 0,089 0,043 0,069 

Total   91,723 91,4 93,634 92,511 92,832 93,319 92,735 93,069 92,882 

 

Point 
09006-s7-

a2 
09006-s7-

c4 
09006-s7-

c3 
09006-s7-

b3 
07005-s3-

a3 
07005-s3-

b2 
07006-s5-

b2 
07006-s5-

b3 

Na2O 0 0 0 0,013 0,017 0 0 0,031 

CaO 0,074 0 0 0 0 0 0,091 0,118 

ZnO 0,057 0,007 0,046 0,111 0 0 0,143 0 

Cl 0 0 0 0 0,003 0,005 0,027 0,044 

MgO 0,002 0,007 0,046 0 0,526 0,609 0,57 0,494 

Cr2O3 0,005 0,011 0 0,027 0 0,027 0,022 0,028 

FeO 92,274 92,732 92,62 93,064 92,102 91,233 86,604 86,597 

K2O 0 0 0 0 0,001 0,006 0 0 

Al2O3 0,003 0,138 0,112 0 0 0 0 0,009 

MnO 0,037 0,013 0,025 0,011 0,104 0,065 1,57 1,688 

NiO 0,039 0 0,003 0,005 0 0 0 0 

SiO2 0 0 0 0 0,026 0 1,829 2,066 

V2O3 0 0 0,06 0,026 0,053 0,04 0 0 

TiO2 0,08 0,042 0,06 0 0,019 0,022 0 0 

Total   92,571 92,95 92,972 93,257 92,85 92,006 90,85 91,065 
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Pyrrhotite analyses 

Point 12053-S2-
A2 

07006-s6-
b2 

07006-s6-
a4 

07006-s6-
c4 

12008-s1-
b2 

12008-s1-
b4 

12008-s1-
c3 

12008-s1-
a3 

12008-s1-
a5 

   Cd     0,045 0 0 0,029 0,012 0,065 0 0 0 

   Mn     0,014 0 0,031 0 0 0,015 0,031 0 0 

   Zn     0,104 0,004 0 0 0 0 0,052 0 0,036 

   Sb     0 0,032 0,055 0,042 0 0 0,005 0,047 0 

   Co     0,304 0,121 0,149 0,133 0,167 0,114 0,061 0,125 0,155 

   Cu     0 0,036 0 0 0,057 0,017 0,031 0,054 0,034 

   S      39,539 38,898 38,601 38,167 39,378 35,888 38,937 38,8 39,805 

   Ni     0,045 0,036 0 0 0,043 0,075 0,031 0,058 0,012 

   Ag     0 0,003 0 0,016 0,003 0 0,02 0,016 0 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0 0 0,03 0,084 0,053 0,055 0,021 0,013 0,036 

   Hg     - 0 0 0 0 0 0 0 0 

   Au     0 0 0 0 0 0 0 0 0,026 

   Fe     59,214 60,381 60,81 60,644 59,544 53,949 60,781 60,533 59,376 

  Total   99,265 99,511 99,676 99,115 99,257 90,178 99,97 99,646 99,48 

 

Point 
09006-s7-

b1 
09006-s7-

b2 
09006-s7-

b3 
09006-s7-

c2 
09006-s7-

c4 
09006-s7-

c4 
09006-s7-

c4 
09006-s7-

a3 
09006-s7-

a4 

   Cd     0 0 0,027 0,015 0 0,065 0,047 0 0,038 

   Mn     0,028 0 0,011 0,001 0,001 0,023 0 0,02 0 

   Zn     0,141 0 0 0 0 0,001 0 0,049 0,135 

   Sb     0 0 0 0,013 0,038 0 0 0 0,027 

   Co     0,175 0,207 0,221 0,289 0,19 0,208 0,184 0,153 0,234 

   Cu     0 0 0,035 0 0,043 0 0,058 0,047 0,011 

   S      39,124 39,446 39,28 39,062 39,841 39,679 39,842 39,473 39,552 

   Ni     0,066 0,094 0,037 0,041 0,052 0,05 0,111 0,101 0,107 

   Ag     0 0,041 0,013 0,02 0 0 0,025 0,014 0,013 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0 0,034 0,043 0 0 0,006 0 0,026 0,021 

   Hg     0 0 0 0 0 0 0 0 0 

   Au     0,049 0,026 0,072 0,033 0,046 0 0 0 0 

   Fe     59,69 59,996 59,959 59,621 60,571 59,791 59,891 60,179 59,731 

  Total   99,273 99,844 99,698 99,095 100,782 99,823 100,158 100,062 99,869 
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Point 
07005-s9-

c2 
07005-s9-

b2 
07005-s9-

b4 
07005-s9-

b1 
09022-s4-

a1 
09022-s4-

b2 
09022-s4-

b4 
09022-s4-

b3 
07005-S3-

B3 

   Cd     0 0,033 0,027 0 0,06 0 0 0,042 0 

   Mn     0,001 0,025 0,001 0,001 0,026 0 0 0,034 0 

   Zn     0 0 0,079 0,042 0 0,04 0,015 0 0,027 

   Sb     0 0,008 0 0 0 0 0,088 0,013 0,088 

   Co     0,212 0,189 0,202 0,216 0,157 0,23 0,218 0,212 0,152 

   Cu     0,095 0 0 0 0,011 0,02 0,089 0,005 0,177 

   S      39,634 39,41 39,097 38,943 38,934 38,57 38,465 38,695 30,686 

   Ni     0,121 0,084 0,117 0,068 0 0,064 0,026 0,028 0,132 

   Ag     0,014 0,003 0,014 0,019 0 0 0 0,057 0 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0,011 0 0 0 0 0 0,032 0 0,06 

   Hg     0 0 0 0 0 0 0 0 0 

   Au     0,026 0,007 0,033 0 0,033 0,053 0 0,043 0 

   Fe     59,68 59,834 59,874 59,269 59,21 59,803 59,818 60,085 55,451 

  Total   99,794 99,593 99,444 98,558 98,431 98,78 98,751 99,214 86,773 

 

Point 
07006-S5-

C2 
07006-S5-

C1 
07006-S5-

A1 
07006-S5-

B3 
12053-S3-

A1 
12053-S3-

C1 
12053-S3-

b3 
07005-s3-

a5 

   Cd     0 0 0 0 0 0 0 0,006 

   Mn     0,016 0 0 0,013 0,053 0,014 0,014 0,084 

   Zn     0,057 0 0,037 0,009 0 0,019 0 0 

   Sb     0,04 0 0 0 0,048 0 0 0 

   Co     0,19 0,21 0,249 0,228 0,146 0,157 0,214 0,169 

   Cu     0 0 0,035 0 0,053 0 0,034 0 

   S      39,089 39,156 39,412 39,552 38,747 39,729 38,136 34,202 

   Ni     0,072 0,051 0,06 0,09 0,028 0 0,074 0,197 

   Ag     0,016 0 0,002 0 0 0 0 0,002 

   Pb     0 0 0 0 0 0 0 0 

   As     0,026 0,041 0,006 0,049 0 0 0 0 

   Hg     0 0 0 0 0 0 0 0 

   Au     0,03 0 0,063 0,036 0 0,02 0 0,023 

   Fe     59,289 59,705 59,624 59,97 60,574 59,823 59,967 53,094 

  Total   98,825 99,163 99,488 99,947 99,649 99,762 98,439 87,777 
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Pyrite analyses 

Point 
12053-S2-

B5 
12053-S2-

A1 
12053-S2-

A4 
12053-S2-

C3 
12053-S2-

C1 
12053-S2-

C2 
12008-s1-

a4 
12008-s1-

a2 
09006-s7-

b1 

   Cd     0 0 0,072 0 0 0 0,012 0 0,006 

   Mn     0,021 0 0 0,009 0 0 0 0 0 

   Zn     0,057 0 0,002 0 0,005 0 0,009 0 0 

   Sb     0 0 0 0 0,005 0 0,021 0 0 

   Co     0,051 0,247 0,146 0,237 0,145 0,263 0,123 0,121 0,226 

   Cu     0,013 0 0,044 0,065 0 0 0,067 0,013 0,045 

   S      53,233 52,301 50,75 49,341 52,177 53,01 50,851 52,188 52,282 

   Fe     46,693 45,345 45,349 47,538 45,863 46,179 46,782 46,384 46,606 

   Ni     0 0,038 0 0,018 0,055 0,027 0,005 0,017 0,05 

   Ag     0 0,001 0,025 0,029 0,026 0,03 0 0 0,026 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0 0 0 0,044 0,088 0 0 0 0,026 

   Hg     - - - - - - 0 0 0 

   Au     - - - - - - 0 0,006 0,055 

  Total   100,068 97,932 96,388 97,281 98,364 99,509 97,87 98,729 99,322 

 

Point 
09006-s7-

b2 
09006-s7-

b5 
09006-s7-

b5 
09006-s7-

a3 
09006-s7-

a5 
09006-s7-

a4 
07005-s9-

a3 
07005-s9-

a2 
07005-s9-

c3 

   Cd 0 0 0 0,012 0 0 0 0 0,034 

   Mn 0,003 0 0,011 0,019 0 0,039 0 0 0 

   Zn 0,078 0,036 0 0,033 0 0,075 0 0,064 0,02 

   Sb 0,023 0,047 0 0 0 0,067 0 0,097 0 

   Co 0,505 1,075 0,06 0,665 0,725 1,319 0,19 0,171 0,112 

   Cu 0 0 0,048 0 0,106 0,055 0,032 0 0,033 

   S 53,81 53,696 53,334 53,52 53,167 53,04 52,824 52,736 52,251 

   Fe 45,951 45,36 46,05 45,603 45,952 45,147 46,491 46,45 45,992 

   Ni 0 0 0 0 0 0,042 0,104 0,119 0,158 

   Ag 0,005 0 0 0 0 0,015 0 0 0,01 

   Pb 0 0 0 0 0 0 0 0 0 

   As 0 0,018 0,01 0,047 0,016 0,037 0,008 0,099 0,004 

   Hg 0 0 0 0 0 0 0 0 0 

   Au 0 0 0,035 0,038 0,035 0 0 0,035 0 

   Total 100,375 100,232 99,548 99,937 100,001 99,836 99,649 99,771 98,614 
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Point 
07005-s9-

c1 
09022-s4-

b2 
07005-S3-

B2 
07005-S3-

B2 
07005-S3-

B3 
07005-S3-

A6 
07005-S3-

A6 
07005-S3-

A5 
07005-S3-

A5 

   Cd     0 0 0,043 0,019 0 0 0,012 0 0,037 

   Mn     0 0,024 0,018 0,055 0 0 0,02 0,011 0,018 

   Zn     0,102 0 0 0,05 0,056 0,011 0 0,04 0,026 

   Sb     0 0,029 0 0 0 0 0 0 0 

   Co     0,108 0,522 0,143 0,261 0,178 0,165 0,285 0,153 0,162 

   Cu     0,017 0,036 0,052 0,363 0 0,001 0,977 0,058 0,059 

   S      52,957 52,525 52,39 51,732 52,073 52,304 48,47 52,529 45,727 

   Fe     45,794 45,556 46,312 45,484 46,035 46,209 45,269 46,165 48,197 

   Ni     0,063 0 0,234 0,332 0,229 0,155 0,208 0,052 0,238 

   Ag     0 0,023 0 0,037 0,018 0,015 0 0 0,064 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0 0,077 0 0 0 0,014 0,03 0,052 0,045 

   Hg     0 0 0 0 0 0 0 0 0 

   Au     0,055 0,064 0 0 0 0 0 0 0 

  Total   99,096 98,856 99,192 98,333 98,589 98,874 95,271 99,06 94,573 

 

Point 
07006-S5-

C2 
07006-S5-

C1 
07006-S5-

C4 
07006-S5-

A1 
07006-S5-

A1 
07006-S5-

B1 
07006-S5-

B2 
07006-S5-

B3 
12053-S3-

C1 

   Cd     0 0,031 0 0 0,022 0 0 0 0,043 

   Mn     0 0 0 0 0 0,016 0 0 0,015 

   Zn     0 0 0 0 0 0 0 0,006 0,017 

   Sb     0 0 0 0 0 0 0,008 0 0,052 

   Co     0,596 0,729 0,654 0,424 0,56 0,111 0,496 0,065 0,135 

   Cu     0,017 0 0,012 0,051 0 0,023 0,015 0,028 0,025 

   S      53,695 53,264 53,514 53,422 53,405 53,575 53,36 52,377 51,884 

   Fe     45,672 45,466 45,991 46,276 45,955 46,529 46,46 46,747 46,121 

   Ni     0,015 0,011 0,022 0 0 0 0,01 0,026 0,034 

   Ag     0 0,005 0 0 0 0 0 0 0 

   Pb     0 0 0 0 0 0 0 0 0 

   As     0,012 0,045 0 0,016 0,016 0 0,018 0 0,047 

   Hg     0 0 0 0 0 0 0 0 0 

   Au     0 0 0 0 0 0 0,006 0 0 

  Total   100,007 99,551 100,193 100,189 99,958 100,254 100,373 99,249 98,373 
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Point 
12053-S3-

C4 
12053-S3-

b3 
12053-S3-

b4 
12053-S3-

b4 
07005-s3-

b3 
07005-s3-

a6 

   Cd     0,037 0,04 0 0,022 0 0 

   Mn     0,011 0 0,031 0 0,008 0 

   Zn     0 0,003 0 0 0,03 0 

   Sb     0,018 0 0 0 0 0 

   Co     0,2 0,192 0,232 0,243 0,165 0,296 

   Cu     0,052 0,046 0,005 0,022 0,221 0,729 

   S      52,657 51,989 52,591 51,772 52,207 46,349 

   Fe     46,088 46,287 46,521 45,637 45,741 45,429 

   Ni     0,082 0,029 0,024 0,009 0,333 0,197 

   Ag     0 0 0,027 0,007 0 0 

   Pb     0 0 0 0 0 0 

   As     0 0,055 0 0 0,054 0 

   Hg     0 0 0 0 0 0 

   Au     0,048 0 0,058 0,029 0,036 0,029 

  Total   99,193 98,641 99,489 97,741 98,795 93,029 

 

Chalcopyrite analyses 

Point 
07006-s6-

b3 
07006-s6-

c1 
07006-s6-

c4 
07006-s6-

b3 
09006-s7-

b1 
09006-s7-

b2 
09006-s7-

b3 

   Cd     0,009 0,003 0 0,03 0,053 0,032 0,038 

   Mn     0 0 0,014 0,012 0 0 0 

   Zn     0,049 0,03 0,033 0,109 0,046 0,113 0,058 

   Sb     0 0,06 0 0 0,018 0,007 0 

   Co     0,058 0,08 0,034 0,068 0,074 0,036 0,087 

   Cu     30,794 33,159 25,768 28,172 33,253 34,161 33,213 

   S      33,131 34,754 34,068 34,837 34,623 34,466 34,529 

   Fe     30,421 30,373 30,796 31,074 30,646 30,541 30,754 

   Ni     0 0 0 0 0,019 0 0 

   Ag     0 0 0,092 0 0,009 0 0,043 

   Pb     0 0 0 0 0 0 0 

   As     0 0,058 0 0 0 0 0,02 

   Hg     0 0 0 0 0 0 0 

   Au     0 0,08 0 0 0 0,021 0 

  Total   94,462 98,597 90,805 94,302 98,741 99,377 98,742 
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Point 
09006-s7-

b4 
09006-s7-

c1 
09006-s7-

c2 
09006-s7-

c3 
09006-s7-

a5 
07005-s9-

a3 
07005-s9-

a3 

   Cd     0,024 0,056 0 0 0,071 0,021 0,05 

   Mn     0,039 0,004 0,001 0 0,02 0 0 

   Zn     0,038 0,059 0 0,017 0 0 0,044 

   Sb     0,045 0,058 0 0 0,007 0 0 

   Co     0,088 0,02 0,074 0,054 0,081 0,047 0,086 

   Cu     33,756 33,221 33,557 33,207 33,504 33,187 33,098 

   S      34,818 35,422 34,849 34,848 35,273 34,84 35,154 

   Fe     30,632 30,742 30,544 30,619 30,82 30,43 30,449 

   Ni     0 0 0,031 0,011 0 0 0,014 

   Ag     0 0,016 0 0,006 0 0 0,029 

   Pb     0 0 0 0 0 0 0 

   As     0,01 0 0,024 0 0 0,077 0 

   Hg     0 0 0 0 0 0 0 

   Au     0 0,055 0 0,017 0 0,028 0 

  Total   99,45 99,653 99,08 98,779 99,776 98,63 98,924 

 

Point 
07005-s9-

c2 
09022-s4-

b1 
09022-s4-

b4 
09022-s4-

b3 
07005-S3-

B2 
07005-S3-

A2 
12053-S3-

A1 

   Cd     0,051 0,027 0 0,006 0 0 0 

   Mn     0 0 0 0,022 0,022 0 0,002 

   Zn     0 0,066 0,009 0,084 0 0,007 0,097 

   Sb     0 0 0,02 0 0 0 0,008 

   Co     0,106 0,097 0,06 0,095 0,055 0,03 0,02 

   Cu     33,378 33,068 33,477 22,069 33,58 33,911 33,439 

   S      34,395 34,871 34,716 35,125 34,497 34,276 35,315 

   Fe     30,887 30,9 30,623 40,602 30,426 30,638 30,841 

   Ni     0,052 0 0,013 0 0 0 0 

   Ag     0,025 0,014 0,008 0 0 0 0,019 

   Pb     0 0 0 0 0 0 0 

   As     0 0 0,02 0 0,01 0 0 

   Hg     0 0 0 0 0 0 0 

   Au     0,052 0 0 0,014 0 0 0,01 

  Total   98,946 99,043 98,946 98,017 98,59 98,862 99,751 

 

 

 


