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Abstract 

The Hornträsk deposit is a Volcanic Massive Sulfide (VMS) type deposit located in 

the Kristineberg area, Skellefte district, Sweden. A geological investigation was done 

to analyze the geology, stratigraphy and lithogeochemistry regarding alterations of 

this deposit. The results of the observations are compared to the deposits of Rävliden 

and Rävlidmyran. The investigation included seven drill cores within the area. From 

those cores 50 geochemical samples and 24 petrographical samples were taken. 

Lithological observations of the drill cores and thin sections indicate similar 

stratigraphies and structures compared to Rävlidmyran. Those observations are 

further supported by the geochemical results showing strong similarities between 

these deposits regarding the geochemistry. The results in general are further 

supporting the conclusion that Hornträsk is located on the same ore horizon as 

Rävlidmyran. This is especially based on the occurrence of the sulfide mineralization 

in the contact zone between the Skellefte and Vargfors Groups which is in a spatial 

relationship with a carbonate-rich layer. 
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1. Introduction 

 

1.1 Objectives of the project 

 

The Paleoproterozoic Skellefte district is host to abundant Volcanic Massive Sulfide 

(VMS) deposits among these the Kristineberg deposit in the western part of the 

district representing the largest deposit. The Hornträsk deposit is located 5 km to the 

northwest of Kristineberg. The aim of this thesis is to study the geology, stratigraphy 

and structural setting of the Hornträsk VMS deposit and compare to other deposits in 

the Kristineberg area. A special focus is put on the closer comparison with the nearby 

mineralization of Rävliden and Rävlidmyran, which are assumed to be hosted within 

the same ore-bearing horizon and controlled by syn-depositional faults (Skyttä et al., 

2013). The geology and setting of Rävliden and Rävlidmyran was recently 

investigated by Jansson and Persson (2014). Although Hornträsk was an active mine 

in the past, no further geological investigation of this deposit was done. It is of 

interest if Hornträsk and investigated deposits by Jansson and Persson (2014) share 

similarities or represent different VMS settings in the Kristineberg area. In case the 

geological setting of the Hornträsk deposit is similar to the other deposits in the 

Rävliden ore horizon, it can be expected that further unknown deposits could be 

found following this horizon. Consequently, this work aims at reconstructing the 

structural and stratigraphical setting of the Hornträsk deposit. 

Based on the complexity of the geological structures in the Kristineberg area, the 

varying alteration intensities and the relatively high metamorphic grade, reaching 

lower amphibolite facies, various methods are used to identify the stratigraphy and 

process of the ore forming event. These include drill core logging of six cores from 

the Hornträsk deposit, analysis of 24 thin sections taken from the cores and 

geochemical analysis of 55 samples.  
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1.2 Location 

 

The Hornträsk deposit is located in the western part of the Skellefte district which 

hosts numerous VMS-type deposits of which only Kristineberg is currently in 

production. The Skellefte district covers an area of 120 by 30 km (Fig. 1; Kathol and 

Weihed, 2005). The district formed during the Paleoproterozoic and is one of the 

most important mining districts in Europe, producing mainly Zn, Cu, Pb, Ag and Au 

from VMS deposits (Kathol and Weihed, 2005). 

The Hornträsk deposit was mined from 1987 to 1991 and produced 880 kt of ore with 

an average grade of 1.08 % Cu, 4.6 % Zn, 0.5 % Pb, 65 g/t Ag and 0.6 g/t of Au 

(Hannington et al., 2003). Similar to the deposits at Rävliden and Rävlidmyran, 

Hornträsk is located close to the western border between the Skellefte and Vargfors 

Group (Fig.2). Hornträsk is part of a cluster of VMS deposits including the Rävliden 

and Rävlidmyran deposits where Hornträsk is the smallest of these (Hannington et 

al., 2003). Contrary to the other deposits very little is known about the general 

geological structure of the Hornträsk deposit besides a 3D model of the ore body 

geometry (Bauer et al., 2014) and a report to the Mining Inspectorate of Sweden by 

Andersson (1996). In order to interpret the structural geometries of the deposit, drill 

cores drilled by SGU in the 1960s were re-logged. Samples from the drill core were 

analyzed using geochemistry and petrography.  
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Fig.1: Geological overview of the Skellefte district (modified after Bauer et al., 2011). 

Red arrow pointing out the Hornträsk deposit. Published with permission from Elsevier. 
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1.3 Geological background 

 

The Skellefte district is loosely defined but refers generally to the occurrence of rocks 

belonging to the volcanic arc series of the Skellefte Group (Allen et al., 1996; Kathol 

and Weihed, 2005 and references therein). The Skellefte Group comprises volcanic 

rocks, ranging from volcanoclastic material to lava domes and lavas of mainly 

rhyolitic and minor basaltic compositions with an age of 1.90 to 1.88 Ga (Allen et al., 

1996; Kathol and Weihed, 2005). The base of the group is not exposed but 

suggested to overly sedimentary rocks of the Bothnian Supergroup (Skyttä et al., 

2013). The stratigraphic thickness exceeds at least 3 km as reported by Allen et al., 

(1996) from the central Skellefte district.   

The Skellefte Group is overlain by the Vargfors Group, a unit that consists of 

siliciclastic sedimentary rocks. After Bauer et al. (2011, 2013) it comprises 

sandstones, conglomerates and subordinate carbonate-rich mudstones to 

conglomerates, and occurs throughout the district. The Vargfors Group can be found 

for example in the central part of the Skellefte district in a sedimentary sub-basin, 

called the Vargfors basin or the Vargfors syncline (Kathol and Weihed, 2005; Bauer 

et al., 2011, 2013) (Fig.1). In this area a pattern of NW-SE striking faults and 

genetically related NE-SW striking faults define specific fault-bound compartments 

(Allen et al., 1996; Bauer et al., 2011). 

The character of the contact between the Skellefte and the Vargfors Group varies in 

the different compartments, being either conformable, unconformable, or faulted at 

different locations (Allen et al., 1996; Bauer et al., 2011). 



 
 9 

 

Fig.2: Simplified geological overview over the Kristineberg area, red line marks the profile orientation 

of Fig.4 (modified after Årebäck et al., 2005; coordinates in the national grid RT90) Published with 

permission from Springer. 

 

To the north of the central Skellefte district, the Skellefte Group is bordered by the 

Jörn intrusive complex, comprising four main intrusive phases (Fig.3; GI-GIV; 1.89-

1.86 Ga; Wilson et al., 1987; Bejgarn, 2012). The compositions range from gabbro to 

granite, with tonalite and in high abundance granodiorite (Wilson et al., 1987; 

Bejgarn, 2012). The presence of tonalitic clasts from the oldest phase (GI) within 

conglomerates of the Vargfors Group indicate that the time gap between the 

emplacement of the Jörn intrusion, its uplift and the subsequent erosion was only a 

few million years (Bauer et al., 2011, 2013). The southern margin of the Skellefte 

Group is formed by a large region of metasedimentary rocks belonging to the 

Bothnian Basin and granites to syenites of an origin pre and post-dating the Skellefte 

Group (Skyttä et al., 2012). The transition of the Vargfors Group to the Bothnian 

Supergroup in the south was drawn in arbitrary manner (Kathol and Weihed, 2005). 

In the NW, the boundary of the Skellefte district is loosely defined with the 

appearance of the Arvidsjaur Group (1867 ± 3Ma; Skiöld et al., 1993). This group is 
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dominated by subaerial felsic volcanic rocks and minor sedimentary rocks (Skiöld et 

al., 1993; Kathol and Weihed, 2005). 

 

Fig.3: Regional time-stratigraphic relationships, lithostratigraphy and location of massive sulfide 
deposits in the Skellefte district. From Allen et al. (1996) 

 

 

 

 

1.4 Structural Geology 

 

The structural geometry of the Skellefte district is the result of Paleoproterozoic 

extension and subsequent compression (Allen et al., 1996; Bauer et al., 2011). The 

first deformation event (D1) in the Skellefte district is suggested to relate to crustal 

extension at approximately 1,975-1,890 Ma resulting from large-scale NW-SE 

transpression or NW-SE transtension forming a pull-apart basin (Skyttä et al., 2012; 

Bauer et al., 2013). This event resulted in the formation of a syn-extensional fault 

pattern comprising listric normal faults and related transfer faults which segment the 

district into distinct fault bound compartments. This fault pattern is most pronounced 

in the central Skellefte district whereas the Kristineberg area is more dominated by 

normal listric faults (Fig.4). In the Kristineberg area, the D1 event resulted in the 

formation of a bedding parallel S1 foliation which is suggested to have formed from 

compaction (Skyttä et al., 2013). 
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Fig.4: Cross sections through the contact zone between Skellefte Group (SG) and Vargfors Group 

(VG) in the Kristineberg area. From Skyttä et al. (2013). 

 

The main compressional deformation event (D2) in the area resulted from the 

accretion of the volcanic arc complex to the Norrbotten craton at 1,87 to 1,86 Ga 

(Bauer et al., 2011; Skyttä et al., 2012). After Skyttä et al. (2012) this event caused a 

strong strain partitioning in the heterogeneous post-D1 domains. The southern 

domain is characterized by non-coaxial high-strain deformation, accompanied by 

lateral stretching and gently plunging mineral lineations (Skyttä et al., 2012). In the 

northern domain, D2 deformation resulted in inversion of syn-extensional faults 

(Bauer et al., 2011), upright folding around 1,87 Ga (Skyttä et al., 2013) and vertical 

stretching with steep to sub-vertical mineral lineations (Bauer et al., 2011; 2014). 

After Bauer et al. (2011) the reactivation of early syn-extensional faults in the 

Vargfors syncline was favored by carbonate-rich lithologies at the bottom of the 

sedimentary sub-basin. Following Skyttä et al. (2012) there are two possible origins 

for the formation of the northern and southern domains during D2 deformation: one 

event around 1.87 Ga with approximately SSE-NNW bulk compression and strong 

strain partitioning between the southern domain and the northern domain. The latter 

was dominated by a coaxial SSW-NNE shortening component (Skyttä et al., 2012; 

Bauer et al., 2014). The other scenario includes two separate events, a SW-NE 
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transpressional event at 1.87 Ga in the northern domain and a SSE-NNW 

transpressional event in the southern domain (Skyttä et al., 2012). 

The last stage of deformation occurred at 1.82 to 1.80 Ga (D3; Bergman Weihed et 

al., 1996; Bauer et al., 2014). It is inferred to be related to  an E-W-directed crustal 

shortening which caused the reactivation of the N-S striking high-strain zones with 

reverse kinematics (Bergman Weihed et al., 1996; Bauer et al., 2011, 2014; Skyttä et 

al., 2012). 

The metamorphic grade in the Skellefte district increases from the center outwards, 

starting with greenschist facies in the central Skellefte field towards lower amphibolite 

facies to the west, south and east (Allen et al., 1996). The age of the peak 

metamorphism (M1) in the southern and eastern parts of the district is synchronous 

with the oldest deformation event (D1) pre-dating the 1.88 Ga old intrusions 

(Lundström et al., 1997,1999; Skyttä et al., 2012; Bauer et al., 2014). After Skyttä et 

al. (2012) the highest metamorphic conditions with partial melting are observed in the 

SE part of the district. The metamorphic peak in the western and central parts (M2) is 

synchronous with the upright folding (Årebäck et al., 2005; Bauer et al., 2014; Skyttä 

et al., 2012). In the Kristineberg area, sub-solidus PT-conditions were around 600°C 

and  3 Kbar, representing  lower amphibolite facies conditions (Kathol and Weihed, 

2005).  
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1.5 Local Geology 

 

The area of Kristineberg is characterized by two W- to SW-plunging antiforms 

separated by a shear zone (Skyttä et al., 2013; Fig.5). The shear zone divides the 

area into a domain with dominantly coaxial deformation to the north and a 

transpressional domain to the south (Skyttä et al., 2013). Skyttä et al. (2013) suggest 

that this geometry is the result of the formation of splays at the western border of the 

crustal detachment. The strain partitioning in the southern antiform lead to a 

characteristic “flat-steep-flat” geometry with a non-cylindrical, W-plunging fold-hinge 

(Skyttä et al., 2013). The characteristic fault pattern which is present in the central 

Skellefte district is absent (Bauer et al., 2014). The ore bodies located in the southern 

antiform of the Kristineberg area are generally orientated parallel to the major high-

strain zones (Bauer et al., 2014). The deposits of Hornträsk and Rävlidmyran located 

on the northern limb of the southern antiform are sub-horizontal (Bauer et al., 2014). 

The Kristineberg and Rävliden deposits dip 60° towards south (Bauer et al., 2014). 

The long axis of all deposits plunge gently to moderately towards the west and 

southwest, subparallel to the fold axis (Bauer et al., 2014). The structure of the 

Hornträsk deposit is described by Andersson (1996) as isoclinal folds with a strike of 

60 degrees towards NE, a steep dip and fold axis that plunge with 25 degrees 

towards SW. This isocline folds themselves are sitting on the northwestern limb of the 

Kristineberg anticline. 

 

 

 

 

 

 

 

 

 

Fig.5: The structural geology of the Kristineberg area. Modified after Skyttä et al. (2013). 
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In the Kristineberg area, the volcanic rocks of the Skellefte Group comprise a gently 

westward-dipping, 2 to 3 km thick, succession of dominantly felsic tuffs and lavas, 

intercalated with minor mafic volcanic and sedimentary rocks (Hannington et al., 

2003). The volcanic rocks are intensely altered, which complicates a detailed 

stratigraphic subdivision (Hannington et al., 2003). After Vivallo and Willdén (1988) 

the least-altered volcanic rocks with a felsic composition contain SiO2 from 72 to 75 

wt%. The subordinate mafic volcanoclastic material has mainly an andesitic 

composition (Hannington et al., 2003). Original volcanic textures are rare, but 

preserved porphyritic textures can be found in the more massive units within the area 

(Hannington et al., 2003; Vivallo and Willdén, 1988). After Hannington et al. (2003) 

the most common and least altered rock in the Kristineberg area is a porphyritic 

rhyolite tuff, containing quartz and feldspar phenocrysts (1-3 mm in size). 

Fragmented units with original texture include polymict lapilli tuff, pumiceous breccia 

and in-situ hyaloclastite breccia (Hannington et al., 2003). The intrusions and lavas 

are sometimes intercalated with felsic volcanoclastic rocks (Hannington et al., 2003).  

The area of Hornträsk, Rävliden and Rävlidmyran is located within a zone of 

transition between the Skellefte and Vargfors Groups (Fig.2). After Jansson and 

Persson (2014) the contact between the two groups is conformable for the deposits 

of Rävliden and Rävlidmyran. According to the observations of Jansson and Persson 

(2014) the rhyolites of the Skellefte Group are overlain by andesitic, dacitic and 

rhyolitic volcanoclastic sediments which belong to the Vargfors Group. In Rävliden 

the andesites are present as an intrusion with a dacitic rim overlying the coherent 

rhyolites of the Skellefte Group. Towards Rävlidmyran those intrusions are 

terminating and andesitic turbidites and rhyolitic to dacitic siltstones occur. 

Furthermore, geochemical analysis by Jansson and Persson (2014) showed that the 

volcanoclastic sediments at Rävlidmyran correlate to the intrusions at Rävliden.  
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2. Volcanogenic Massive Sulfide deposits 

 

Volcanogenic massive sulfide (VMS) deposits are also known as volcanic-

associated, volcanic-hosted, and volcano-sedimentary-hosted massive sulfide 

deposits (Galley et al., 2007). The genesis of VMS deposits is linked to hydrothermal 

activities on the seafloor along of mid-ocean ridges and other extensional regimes 

(Hannington et al., 1995). The mineralization processes that can be currently 

observed at active seafloor hydrothermal areas are inferred to be the same that were 

responsible for the formation of VMS deposits (Hannington et al., 1995). In particular 

modern VMS deposits can be found in oceanic spreading ridge and arc environments 

(Herzig and Hannnington, 1995; Fig.6). According to that the VMS deposits that are 

preserved in the geological record formed primarily oceanic and continental nascent-

arc, rifted arc and back-arc settings (Allen et al., 2002; Franklin et al., 1998). 

 

Fig.6: Principal tectonic 

environments in which 

VMS deposits form. 

From Galley et al. (2007) 

 

In general, VMS 

deposits are formed 

at, or near, the 

seafloor surface 

through the 

discharge of hot, 

metal-rich 

hydrothermal fluids 

(Galley et al., 2007). 

Because of that, VMS deposits are classified under the general type of “exhalative” 

deposits. The structure of a VMS consists of two components. The most significant 

part is the mound-shaped to tabular, stratabound body composed principally of 

sulfide, quartz and subordinate phyllosilicates and iron oxide minerals and altered 

silicate wallrock (Fig.7). This body is typically underlain by discordant to semi-

concordant stockwork veins and disseminated sulfides (Galley et al., 2007). The 

stockwork vein systems, or “pipes”, are enveloped by distinctive alteration halos, 
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which may extend into the hanging-wall strata above the VMS deposit (Galley et al., 

2007). The reason for the formation of alteration halos is the interaction between the 

host rocks and the hydrothermal fluids. The hydrothermal fluids alter minerals like 

feldspar which are replaced by alteration minerals like sericite.  

The origin of the hydrothermal fluids is sea water that is circulating through the 

oceanic crust in convection cells above a magmatic heat source (Ridley, 2013; Fig.8). 

Sampling has shown that the salinity of the hydrothermal fluids is similar but not 

identical to that of seawater (Ridley, 2013). Those variations can be explained as 

results of the boiling process during the rise of the fluid below the ocean floor (Ridley, 

2013). The fluids reaching the seafloor have a much higher concentration of Fe, Mn, 

Cu and Zn compared to seawater, but a lower concentration of Mg (Ridley, 2013). 

These differences are the result of the reaction between they hydrothermal fluid and 

the host rocks (Ridley, 2013). 

 

 

Fig.7: Simplified structure of the „TAG“ massive sulfide mount at the Mid-Atlantic-Ridge located on the 

seafloor at 3000 m water depth (Hannington et al., 1996). Published with permission from Wiley 

oBooks. 
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Fig.8: Circulation process of seawater through the oceanic crust in a sea-floor hydrothermal system 

(Ridley, 2013). Published with permission from Cambridge University Press. 

 

VMS deposits can be grouped according to base 

metal content (Franklin et al., 1981). VMS 

deposits are divided into 3 groups with Cu-Zn, 

Zn-Cu and Zn-Pb-Cu according to their contained 

ratios of these three metals (Galley et al., 2007; 

Fig.9). Through interaction of the host rock with 

the ascending hydrothermal      

 

 

Fig.9: Classification of worldwide VMS       

deposits defined by Franklin et al. (1996) 
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fluids the mineral assemblage has changed in the alteration halo. Those alterations 

can be used as target vectors for the exploration of VMS deposits (Gibson et al., 

2007).  

The outermost alteration halo is formed primary by sericite-carbonate-chlorite-pyrite 

(Gibson et al., 2007). In the proximity of the pipes, the alteration changes towards 

chlorite-sericite-pyrite. Highest degree of alteration is typically underneath the VMS 

deposit with a silicification in a quartz-chlorite-sericite-pyrite assemblage. At the rims 

of the VMS deposit a carbonate alteration can appear. In the hanging wall, albite-

quartz alteration can be sometimes observed (Gibson et al., 2007).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10: An example of a VMS proximal alteration zone metamorphosed to greenschist grade. From 

Gibson et al. (2007) 

 

As a mineralogical particularity in the Kristineberg area this albite alteration is mostly 

replaced by an alteration product referred to as amphodelite (Gavelin, 1942) which is 

of a distinctive purple color. In specimen it appears as a homogenous mineral with 

clear grain borders and even cleavages. Under the microscope it can be seen that it 

is an altered anorthite rich plagioclase which contains very fine grained sericite 

(Gavelin, 1942). This fine matrix is orientated parallel to the former lamellas of the 

plagioclase and cause the purple color of this mineral. Secondary alteration minerals 

inside the plagioclase are calcite, tremolite and low traces of chlorite (Gavelin, 1942). 

Based on its appearance close to VMS deposits it is used as an indicator for 

exploration in the Skellefte district (Jansson and Persson, 2014).  
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3. Methods 
 

3.1 Drill core logging 

 

Seven drill cores were logged from the area of the Hornträsk deposit (Table 1). The 

drill hole collars are located to the northwest and southeast side of the mined ore 

body and crosscut the long axis of the deposit (Table 2). Based on the location of the 

drill cores two cross sections were interpreted (Fig. 11).  

The drill holes cover an area of roughly 200 m x 200 m (Fig. 11). The two cross 

sections comprise the cores 66001 and 66006 for profile A and 41, 65002 and 1382 

for profile B (Fig. 11). The cores were drilled by the Swedish Geological Survey 

(SGU) in the years 1965/1966 and are currently stored in the central core archive of 

SGU at Malå.  

 

Table 1 - logged drill core lengths including samples amount per core 

Drill hole number 41 1381 65002 66001 66002 66004 66006 

Measured depth (MD in m) 204 118 247 263 278 375 193 

No. Petrographic samples 4 1 4 4 5 4 2 

No. Lithogeochem samples 8 4 7 6 7 17 6 

 

Table 2 – Coordinates of the drill holes according to SweRef99  

Drill hole 41 1381 65002 66001 66002 66004 66006 

X Coordinate 665324 665397 665397 665437 665349 665349 665453 

Y Coordinate 7222716 7222582 7222582 7222790 7222794 7222794 7222766 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 20 

 

 

 

 

 

 

 

 

Fig.11: Mapview over 

the drill hole locations 

and the profile 

sections, SweRef99.

   

   

 

 

 

 

 

 

 

 

 

 

 

Fig.12: Longitudinal projection of the mine with the ore bodies and mining tunnels including profile 

planes. Modified after Andersson (1996). 
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3.2 Microscopy 

 

In total 24 polished thin sections were prepared by Vancouver Petrograhics Ltd. 

(Table 3). For the identification of minerals reflected and transmitted light microscopy 

was used. The optical microscopy was also used to identify microstructural features 

and hydrothermal alteration assemblages.  

 

Table 3 – Overview of the thin sections with their sample number 

Sample No Drill hole 

MD (m) 

From to 

3 66001 56.10 56.20 

5 66001 113.00 113.10 

8 66001 229.80 229.90 

10 66006 14.40 14.50 

13.2 66006 81.80 82.00 

21 1381 156.50 156.60 

23 66002 23.1 23.2 

25 66002 83.40 83.5 

27 66002 137.05 137.10 

31 66002 245.20 245.30 

33 66002 273.60 273.70 

36 41 41.00 41.10 

39 41 86.20 86.35 

42 41 158.90 159.00 

47 65002 64.65 64.85 

48 65002 84.25 84.4 

52 65002 151.20 151.30 

55 65002 265.35 265.50 

57 66004 21.2 21.35 

60 66004 88.0 88.15 

68 66004 258.3 258.4 

70 66004 278.6 278.7 

76 66001 155.8 155.9 

77 41 56.5 56.7 
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3.3 Lithogeochemistry 

 

A number of 55 samples were taken for lithogeochemical analysis. The analysis was 

done by Bureau Veritas Ltd in Canada. Whole rock analysis was done on all samples 

to measure all relevant elements and also the ignition loss during the procedure.  

Performances done by Bureau Veritas included the products LF202 and TG001. 

LF202 was a spectrometry for the major and minor elements by an inductively 

coupled plasma emission spectroscopy (ICP-ES). It included also an inductively 

coupled plasma mass spectroscopy (ICP-MS) for 45 trace elements. TG001 was for 

measuring the loss on ignition (LOI) for all samples. 

For Quality Assurance (QA) reasons 2 reference samples has been attached to the 

55 regular samples. The reference samples had the codes BCR-2 and W2-A. Their 

results were according to prior analyzes and show that the analytical data appears to 

be of good quality.  

For interpretation of the results data were plotted using different types of diagrams for 

altered rocks in the ioGAS software package. A common diagram for the 

interpretation of the grade of alteration is the Alteration Box Plot by Large et al. 

(2001). 

 

 

 

3.4 Profile Interpretation 

 

Two profiles have been constructed, a western profile including the holes 66001, 

66006 and the bottom part of 66004 and an eastern profile with 41, 1382, 65002 

(Fig.11). The primary rock composition was inferred using the results of the 

geochemical assays together with structural, lithological and petrographical 

observations in thin sections and drill cores.  
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4. Results 
 

4.1 Rock unit description 

 

The hanging wall of Hornträsk consists of volcanoclastic rocks with various 

characteristic regarding, grain size, mineralogy, deformation and alteration. Based on 

lithological observations and immobile element systematics the hanging wall can be 

divided into two major units. 

- rhyolitic to dacitic siltstone 

- andesitic turbidite, and sandstones. 

Furthermore, a minor unit of basaltic siltstone has been identified.  

 

The underlying footwall is also formed by volcanoclastic rocks. In contrast to the 

hanging wall, rocks of the footwall are of rhyolitic origin. It can be shown through 

immobile element systematics that the rhyolites originate from different sources.  

 

The mineralization at Hornträsk is located in the transition from hanging wall to 

footwall and in the uppermost footwall. The identification of the position in the 

stratigraphy and occurrence is only possible through immobile element systematics. 

 

 

4.1.1a Rhyolitic-dacitic siltstone and massflows (Hanging wall) 

 

This unit is fine grained (≤ 0,5 mm) and commonly rich in biotite causing a dark 

brown to black color. Locally, there are siliceous clasts and blue quartz phenocrysts 

which are exclusive to this rock type. In addition, there are locally carbonate-rich 

clasts. Grain size can change based on the occurrence of clasts in the silty matrix. 

Based on the gradual increasing abundance of clasts in the drill holes 66001 and 

66006 it can be inferred that the unit is partly formed by graded massflows.  

Alteration is dominated by sericite and chlorite and is mostly of low intensity except in 

proximity to the mineralized horizon at the base of the hanging wall succession. In 

general, there is a weakly developed foliation but locally folds up to 10 cm amplitude 

have been observed.  
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Fig.13: Rhyolitic siltstone, biotite-rich from drill hole 66001 at 56 m hole depth. 

 

In the drill holes 66006 and 66001 a significant high content of biotite caused a dark 

brownish color (Fig.12). The color is not a constant parameter of this rock. In drill hole 

66004 the siltstone changes into a phyllite with a higher mica content over a length of 

30 m (Fig.13). Color and mineralogy is the same as in the regular siltstone and it 

shows a gradational transition. It is suggested that the biotite-rich sub-unit results 

from a stronger degree of deformation rather that representing an unit on its own.  

Massflows of this unit can be observed in the drill holes 66006 and 66001. The base 

of the massflows is formed by coarse clastic material with clast sizes up to 9 mm in a 

silty matrix. Clast content decreases stratigraphically upwards into the regular 

siltstone.  
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Fig.14: Rhyolitic siltstone with weak phyllitic texture in drill hole 66004 at 14m hole depth 

 

This rock type occurs at the top of the stratigraphic succession encountered in the 

Hornträsk drill holes investigated for this study (e.g., in drill holes 41, 65002, 66001, 

66002, 66004, 66006). Furthermore, it occurs locally just above the mineralized 

horizon albeit as a relatively thin unit (e.g., in drill holes 66004; 6602 and 41).   

 

4.1.1b Andesitic turbidites and sandstone (Hanging wall) 

 

This unit consists of various volcanoclastic material with similar geochemical 

composition and is therefore combined into one unit.  

Most abundant type is a sandy-grained rock (< 2 mm) with common plagioclase 

crystal fragments (Figs.14 and 15). The amount of plagioclase is not constant and 

varies between 10 to 50 %. On macroscopic scale, the shape of the plagioclase 

indicates a coherent origin of the rock. But it can be observed in thin section 36 (drill 

hole 41) that the plagioclase shows signs of clastic transport (Fig.15). This part of the 

unit can be observed in the drill holes 41, 65002, 66002, 66004.  
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Fig.15: Feldspar-bearing clastic rock from drill hole 41 at 41 m hole depth 

 

Fig.16: Broken plagioclase crystal fragments in a fine grained quartz-sericite matrix, sample 36 from 

drill hole 41 at 41 m hole depth. 
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The second rock type of this unit is formed by graded beds which can be interpreted 

as turbidites. Those beds are silty-grained on top and change gradually towards 

coarse clastic material at the bottom. The top is mostly dark grey in color whereas the 

bottom is of brighter grey based on quartz and plagioclase clasts in it. The contacts 

between those beds are sharp and can be clearly identified. This sub-unit can be 

found only in drill hole 66002.  

Observed alterations range from low chloritic alterations to skarn alterations in close 

contact to a mineralization. The skarn alteration, which is dominated by tremolite with 

sizes up to 2 cm, made it impossible to identify the transition from the andesitic part 

of the hanging wall into the rhyolitic footwall. Those strong alterations overprint the 

texture of the andesites and limits their identification to geochemistry.  

 

 

 

 

4.1.1c Basaltic siltstone (Hanging wall) 

 

The minor unit of the basaltic siltstone is only identified by immobile element 

systematics. Through lithological observations no visible difference was seen 

between this unit and the rhyolitic-dacitic siltstone around it (Fig.16). Mineralogy is 

based on optical observation the same as of the rhyolitic siltstone. A visible alteration 

is not present and also the geochemical data show no significant alteration.  

Based on geochemical results the presence of this unit could be verified in the drill 

holes 66001 and 66006.  

 



 
 28 

 

Fig.17: Basaltic siltstone with similar color of the surrounding rhyolitic siltstone, drill hole 66001 at 26 m 

hole depth 

 

 

 

4.1.2 Skarn rocks and sulfide mineralization (Mineralized horizon) 

 

The mineralization is of semi-massive to weak impregnation intensity. The semi-

massive parts of the mineralization are dominated by fine grained sphalerite with 

grain sizes under 1 mm. In contact between the host rocks and the mineralizations 

zones pyrrhotite, pyrite and chalcopyrite can be observed. Chalcopyrite can be found 

as dominant mineral in zones of impregnation. It forms euhedral crystals with sizes 

up to 1 cm. Pyrite and pyrrhotite can be mostly found disseminated or in small veins 

close to the mineralized horizons or in small veins in the lower hanging wall or more 

commonly in the footwall.     
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Within the mineralization, skarn alteration is the dominant alteration type (Fig.18). 

The tremolite therein forms crystals up to 2 cm in size (Fig.17). Also carbonate can 

be found as recrystallized marble layers of a thickness up to 5 cm in the zone but is 

also occurring as minor mineral in the skarn (Fig.19). An important aspect for the 

alteration is the occurrence of amphodelite. This intense alteration halo is beginning 

a few meters above the mineralization with increasing chlorite alteration which 

changes into the skarn alteration.   

 

 

 

Fig.18: Tremolite needles overgrowing the deformed quartz matrix, drill hole 66006at 82 m hole depth. 
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Fig.19: Tremolite altered rock beneath the mineralization at drill hole 66002 at 245m hole depth. 

 

Fig.20: Petrographical sample of Fig.18, showing the strong altered rock. 
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4.1.3 Footwall rhyolite 

 

Volcanoclastic rocks of rhyolitic origin are forming the footwall at Hornträsk. Grain 

sizes vary from sizes of 2 mm up to 50 mm for clasts. A weakly quartz-phyric texture 

can be observed locally through the entire footwall. Together with local observations 

of relict (<1 mm) crystalline groundmass it can be suggested that the footwall mainly 

may have constituted from coherent rhyolitic lavas and/or sub-volcanic intrusions. 

Concentric fractures reminiscent of perlite were locally observed (drill hole 41). In 

addition to the quartz-phyric texture a hyaloclastic texture could be observed in the 

drill hole 66004 indicating the exposure of rhyolitic lava to a water-saturated 

environment (Fig.21).  

The footwall is dominated by a weak to strong sericitic alteration with the occurrance 

of chloritic alteration in the top towards the mineralized horizon. Heterogeneous 

distribution of fine grained sericite in the matrix causes alteration textures which 

overprint original textures (Fig.22).  

 

 

Fig.21: Hyaloclastic texture of the footwall in drill hole 66006 at 130m hole depth. 



 
 32 

 

Fig.22: A relict feldspar phenocryst within a fine grained sericitic matrix, sample 70, drill hole 66004 at 

278 m hole depth. 
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4.2 Deformation textures 

 

The petrographic investigation of thin sections revealed various microstructures 

derived from deformation.  

The majority of rocks from Hornträsk show a tectonic foliation. Mostly the foliation 

planes are formed by biotite, and less common by sericite or chlorite (Fig.23). The 

foliation intensity varies from penetrative and well developed to weak.  

 

The majority of samples show a more or less pronounced crenulation and related 

crenulation cleavage. Its intensity varies based on the presence of a former 

developed foliation and the amount of phyllosilicate minerals. At Hornträsk typically 

S1 foliation is crenulated into symmetric and asymmetric folds that developed an 

axial planar parallel, spaced crenulation cleavage. The frequency and character of 

spacing seems to be dependent on the primary character of S1 foliation. Where 

quartz-feldspar and mica domains (QF-M-domains) were present in the S1 foliation 

the crenulation foliation appears less well developed. Since the mica domains are 

thinner than the feldspar domains a discrete crenulation cleavage is present.   

Even though the samples were not oriented, the geometries of the crenulations allow 

interpreting the location within a fold system. The reason is that the symmetry or 

asymmetry can indicate the position of the rock on a larger fold. Symmetrical folds 

can be typically found in the hinge areas or folded rocks, whereas asymmetric folds 

are usually part of the fold limbs.  
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Fig.23: Example for symmetric crenulation of S1 foliation and related axial surface parallel S2 

crenulation cleavage. Sample 33, drill hole 66002 at 274 m hole depth. 
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Fig.24: A discrete crenulation cleavage with QF-M-domains, sample 60, drill hole 66004 at 88 m. 

 

One sample (sample 68) shows the development of C-S-fabrics, indicative of a 

certain amount of shearing involved. Those micro-shears (C) resulted in a local 

foliation (S) in a relation to the shearing (Fig.25). 
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Fig.25: C-S-fabrics within sample 68.  

 

Fig.26: A foliation textures formed by biotite bands with weak indications of a folding, sample 5. 

 

A special type of deformation can be observed in the sample 48 (drill hole 65002) 

where a shear zone filled by fine-grained chlorite occurs. The chlorite and biotite 
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grains are forming a crenulation texture where the chlorite is orientated along the S2 

plane and the biotite grains mimic through kink band deformation the crenulation 

cleavage (Fig.27). The results of this deformation are biotite crystals with well-

developed kink bands interrupted by layers of chlorite.  

 

 

 

Fig.27: Biotite grains deformed as kink bands and cross cutted by chlorite, sample 48.  
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4.3 Metamorphism 

 

Along with microstructures, indicators for metamorphism and its chronological 

sequence can be observed. Best example of the metamorphism are garnets that 

could be found within a shear zone in the drill holes 65002 and 1382 (Fig.28). Under 

the microscope, the sample shows euhedral garnets of a size up to 1 cm. The large 

garnet porphyroblasts show asymmetric tails and form both sinistral and dextral 

sigma clasts. The distribution and orientation of quartz grains within the garnet 

demonstrate a slight rotation of the garnet during its growth and therefore indicates a 

syn-deformational growth of the crystal. Furthermore, some garnets grow across S1 

foliation and deflect S2 crenulation foliation (Fig. 28). This indicates that the growth of 

the garnets and the related metamorphism occurred together with the D2 deformation 

of the rocks.  

 

 

Fig.28: Garnet porphyroblast with asymmetric tails and rotated internal foliation deflecting S2 foliation, 

sample 47. 
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Another kind of porphyroblasts can be observed in sample 39 (drill hole 41 at 86 m). 

In this sample, biotite has formed porphyroblasts with sizes up to 500 µm (Fig.29). 

Similar to the garnet porphyroblast also the biotite hosts quartz inclusions which 

indicate a syn-tectonic growth of the crystal. Different from the garnets the biotite 

porphyroblasts are hosted by the hanging wall.  

 

 

Fig.29: Biotite porphyroblast within a quartz matrix. 

 

Also sulfides were affected by the metamorphism. They were remobilized and 

recrystallized overgrowing the deformation textures. Sample 70 (drill hole 66006 at 

278.6 m) shows the occurrence of the two generation of sulfide crystallization. The 

rock hosts the first generation of sulfides which were deformed during the 

deformation and recrystallized forming mixed grains with pyrite and chalcopyrite of 

sizes around 200 µm (Fig.31). But also the second generation which forms larger 

grains of pyrite with sizes up to 800 µm with euhedral shape and overgrowth foliation 
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(Fig.30). The overgrowing relationships of sulfides in this sample indicate that peak-

metamorphic conditions postdate peak deformation.  

 

Fig.30: Recrystallized pyrite with chalcopyrite dissolutions.  

 

Fig.31: Euhedral pyrite grains without deformation. 
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4.4 Lithogeochemistry 

 

Lithogeochemical methods can be used to complement drill core logging, quantify 

observed hydrothermal alteration and enable stratigraphic correlations. Various kinds 

of discrimination diagrams can be used to infer primary magmatic composition of the 

volcanic rock types and their alterations.  

Most important for the rock classifications are the immobile elements. The immobile 

elements represent the least affected elements during a hydrothermal alteration 

process and hence are the best indicators for geochemical rock classification of 

altered rocks. This group further divides into immobile elements that are compatible 

and incompatible during the magmatic fractionation process (MacLean, 1990; 

MacLean and Barrett, 1993).  The most important elements for such analysis are Zr 

which is both immobile and incompatible and Al with Ti which are also immobile but a 

compatible element. 

 

At the start of the classification process all 55 samples were plotted in a Zr versus Y 

diagram (after MacLean, 1990) to determine the general geochemical affinity of the 

samples (Fig.32). In this scheme, Zr/Y ratios of less than 4 indicate tholeiitic affinity, 

ratios from 4 to 7 are transitional and ratios above 7 indicate calc-alkaline affinity. The 

Hornträsk samples show strong calc-alkaline affinity for samples from the rhyolitic 

footwall, of the majority dacite and rhyolite samples. In contrast, andesite and basalt 

samples are mainly of tholeiitic affinity. Previously, a lithogeochemical classification 

based on the Zr vs.TiO2 ratio was applied to volcanic units at Kristineberg (Barret et 

al., 2005; Fig.33). These authors defined that Zr/TiO2 ratio for basalt is less than 

0.015, for andesite it is ≤ 0.025 and for dacite ≤ 0.038 (Table 3). 

A transition zone lies between dacite and rhyolite from 0.038 to 0.05 and higher 

values define only rhyolite.  
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Fig.32: Zr vs. diagram after MacLean (1990) 
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Fig.33: Zr vs. TiO2 diagram with field defined after Barret et al. (2005). 

 

Fig.34: Zr vs.TiO2 diagram with field defined after Jansson and Persson (2014). 
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A similar plot with different dividing line was developed for samples from the Rävliden 

and Rävlidmyran VMS deposits (Jansson and Persson, 2014, Fig.34). The ratio 

values there were 0.0143 and below for basalt, below 0.249 for andesite, below 

0.0375 for dacite and rhyolite for above 0.0375 (Table 3). This division omitted the 

former transition zone from Barret et al. (2005) between dacite and rhyolite. And 

samples in the transition zone are now located in the rhyolite field. It is complicated to 

classify the samples in this study as some of them plot on the division line between 

basalt to andesite and andesite to dacite field.  

 

Based on the observations from the two plots in regards to the lithological results new 

division ratios were chosen for the Hornträsk samples to fit the different classification 

fields better to the lithological observations (Table 4, Fig. 35). 

The ratio for basalt was lowered to 0.01, the division between andesite and dacite 

was increased from 0.025 to 0.035 and the boundary towards rhyolite was kept by 

0.05. The rhyolites range within the same values that were used by Barret et al. 

(2005).  

 

Table 4 – Division based on Zr vs. TiO2 in this study compared to Barret et al. (2005) 

and Jansson and Persson (2014). 

Rock Typ Barrett et al.(2005) 
Jansson and Persson 

(2014) This study 

Rhyolite Above 0.050-0.082 > 0.0375 >0.05 

Dacite 0.026-0.038 0.0249-0.0375 0.035-0.05 

Andesite 0.016-0.025 0.0143-0.0249 0.01-0.035 

Basalt 0.0040-0.0150 <0.0143 <0.01 
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Fig.35: Zr vs. TiO2 diagram with adapted ratios for the samples of this study. 

 

 

For a validation of the changed values in the Zr vs. TiO2 ratios the samples were 

plotted in the Zr/Ti vs Nb/Y diagram after Winchester and Floyd (1977). The samples 

are color coded according to their lithological classification and stratigraphic position 

for easier identification (Fig.36).  

First conclusion of this diagram is that all samples plot in the sub-alkaline field. The 

Nb/Y ratio which is the second important element ratio in the diagram after 

Winchester and Floyd (1977) is not further used for the classification process.  

For a comparison, the samples were plotted with the same ratios in the volcanic 

rocks diagram modified by Pearce (1996, Fig.37). Here it can be observed that the 

boundary between basalt and andesite has been shifted towards lower Zr/TiO2 

values and all andesite samples are within the field of andesite/andesitic basalt. 

However, compared to Fig. 35 where dacitic samples were within or close to the 

dacite/rhyolite field the dacite samples can now be clearly found in the andesite field. 

The division is still not very clear after using both diagrams, since the results are not 

showing a clear distribution.  
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Fig.36: Volcanic Rock Classification diagram (Winchester and Floyd 1977) applied to the samples. 
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Fig.37: Classification of volcanic rocks after Pearce (1996). 

 

To identify a further division the samples were plotted in a Zr/TiO2 vs Zr/Al2O3 

diagram (Fig.38). Focus is here on the division of the rhyolite into four groups based 

on the division by Jansson and Persson (2014). According to Jansson and Persson 

(2014) four different types of rhyolite were identified at Rävliden and Rävlidmyran 

with a certain distribution of the types. Rhyolite type 1 is the dominant in the footwall 

and types 2, 3 and locally 4 occur in the transition zone from footwall to hanging wall. 

The mineralization also occurs primarily in the last three types.  

The diagram for Hornträsk shows that this distribution is also present at Hornträsk 

with rhyolite 1 exclusive to the footwall and the types 2, 3 and 4 occurring in the 

footwall, mineralization and hanging wall.   
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Fig.38: Zr/TiO2 vs Zr/Al2O3 diagram with classification after Jansson and Persson (2014) 

 

The last diagram for the lithogeochemical study is the alteration box plot after Large 

et al. (2001). Based on the ratios of the CCPI (Chlorite-Carbonate-Pyrite Index)  and 

AI (Alteration Index) it can be indicated which VMS alteration zone the samples 

belong to (Fig.39). The alteration index (AI) was defined by Ishikawa et al. (1976) to 

measure the alteration intensity of sericite and chlorite occurring in the host rocks 

close to the VMS Kuroko deposits. 

Alteration Index 

𝐴𝐼 =
100(K2O + MgO)

(K2O + MgO + Na2O + CaO)
 

As supporting index for the AI the Chlorite-Carbonate-Pyrite Index (CCPI) was 

developed to include the carbonate alteration and to distinguish between chlorite and 

sericite alteration (Large et al., 2001). 

 

𝐶𝐶𝑃𝐼 =
100(MgO + FeO)

(K2O + MgO + Na2O + FeO)
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The diagram for the 50 samples shows a wide variation for the type and intensity of 

alteration in the Hornträsk deposit. First interesting observation is that there is no 

rhyolite sample within the field for the least altered rhyolite thus it can be assumed 

that all analyzed rhyolites have been altered. This is consistent with hand specimen 

and petrographic observations. Seven samples of dacite and andesite from the 

hanging wall are in the fields for the least altered dacite and andesite. In general 

most of the samples are clustering in the upper right corner indicative of chlorite 

alteration including the samples of the mineralization which show the highest AI 

and/or CCPI values.  

Most of the samples plot between chlorite and sericite dominated alteration on the 

right side of the diagram. Interesting here is that the most altered samples seem to 

be exclusively of rhyolitic origin. The dacite, andesite and mafic samples from the 

hanging wall are to the left of the rhyolite samples and show a lower alteration grade 

in the alteration box.  

Another part of the rhyolite samples is found on the upper side between chlorite - 

dolomite/ankerite and epidote/calcite alteration. The location of samples in this 

direction is not surprising since veins and parts of the cores show a distinct carbonate 

content.  

 

The low alteration grade of the mafic, andesite and dacite samples is not unexpected 

since former analysis has shown that the rhyolite as host rock has the highest 

alteration intensity (Jansson and Persson, 2014).  
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Fig.39: Alteration box plot diagram after Large et al. (2001) with the alteration minerals sericite (ser), 

chlorite (Chl), dolomite and ankerite (do lank), epidote and carbonate (ep ca), albite (ab), actinolite (ac) 

and ilmenite (il). 
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4.5 Interpretation of cross sections 

 

Based on the lithological observations and geochemical results two profiles of the 

deposit and its structure was interpreted. The profiles comprise the drill holes 66001, 

66006 and the deeper part of 66004 (Profile A) as eastern profile and in the west 

Profile B with the holes 41, 65002 and 1382. The drill holes are projected on the 

profile planes (Fig. 39) with a depth of view of 300 m (profile B) and 400 m (profile A).  

 

As a base for the structural interpretation of the Hornträsk deposit the report from 

Andersson (1996) was used. Here, the general structure is described as isoclinal 

folds with a strike of 60 degrees towards NE and a steep dip. These isocline folds are 

located on the northwestern limb of the Kristineberg anticline. The fold axis plunges 

with 25 degrees towards SW.  

Following this description the deposit itself is plunging also with 25 degrees. The 

profiles were produced perpendicular to the main structure, e.g. perpendicular to the 

main tectonic foliation and fold axis (Fig.39).  

Based on maps of the mine and previous 3D-models, two ore bodies are present in 

Hornträsk (Bauer et al., 2014). The SW body is called E-Ore; the NE one is the G-

Ore. These ore lenses are lying parallel to the hinge line of the F2-fold (Andersson, 

1996).  

In the profiles, the rock units are colored according to the color code used by Boliden 

and are representing the combination of the results from drill core logging and 

lithogeochemical data. 
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In profile A, the structure is a closed anticline, which hosts the E-Ore body and an 

open slightly overturned anticline with the G-Ore (Fig.43). This structural 

interpretation is supported by the geometry of crenulations from the petro graphical 

samples (Fig.23, 24, 25, 42). The coupling of symmetric crenulations to fold hinges 

and asymmetric crenulations to fold limbs allows interpreting the distribution of folds 

and therefore the overall fold geometry of the deposit. The dip is very steep for the 

northern anticline and more gently for the second. First occurrence of ore is in drill 

hole 66006 at 50-meter hole depth. The occurrence is documented by the mine plans 

where the E-Ore is intersecting in a real depth of 40 m below surface. The ore 

horizon is repeated three times within a tight area and indicates together with the 

deformation textures a complex structure in the fold crest (Fig.40).  

In the A profile, the rocks above the ore horizon are volcanoclastic siltstones with 

varying chemical composition from basaltic, dacitic to rhyolitic according to 

lithogeochemical results (Fig.40; 41).  

After the first fold crest with the E-Ore the holes intersect again the siltstones until a 

new alteration zone appears followed by the deeper G-Ore in the next fold crest.  

Also this ore horizon has formed a parasitic fold in the fold hinge. Important to 

recognize is that the ore horizons have formed in a zone with carbonate rich rocks. 
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Fig.40: Graphic drill log of drill hole 66006 according to Boliden Color Code. 
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Fig.41: Graphic drill log of drill hole 66001 according to Boliden Color Code. 
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Fig.42: schematic view of profile A with sample points and analyzed deformation patterns. 
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Fig.43: Profile A with the drill holes 66001, 66004 and 66006 according to Boliden Color Code. 
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The western profile B including the drill holes 41, 1382 and 65002 shows a slightly 

different structure than profile A (Fig.48) with a SW-plunging fold axis. The anticline in 

this profile is closed and slightly overturned with a steep limb angle. The ore body is 

still hosted within the fold hinge similar to profile A.  

Beginning with drill hole 41 in the NW the first unit to this direction is formed by 

coarse volcanoclastic material of andesitic composition (Fig.44). It is interlayered by 

finer material and can be interpreted as andesitic turbidites. Below follow rhyolitic 

siltstones similar to the siltstone in profile A which formed the last unit before the ore 

body. With increasing depth alteration intensities increase and the E-Ore body is 

intersected by drill hole 41. Compared to profile A, the body is sitting deeper and has 

a weaker mineralization. Contrasting, the alteration halo is larger towards the top 

showing chlorite and a weaker tremolite and skarn alteration at the rim of the ore 

body.  

From the SE side the drill holes 1382 and 65002 are starting within the footwall to the 

ore body (Fig. 45; 46). The first unit here is of coarse volcanoclastic origin and is part 

of the rhyolitic footwall. Until the cores are hitting the E-Ore no hanging wall can be 

observed. In the end part of 65002 the andesitic hanging wall unit is present.  

For the structural reconstruction the results of the petrographical samples regarding 

their deformation textures were plotted in a simplified schema of profile B (Fig.47). 
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Fig.44: Graphic drill log of drill hole 41 according to Boliden Color Code. 
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Fig.45: Graphic drill log of drill hole 65002 according to Boliden Color Code. 
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Fig.46: Graphic drill log of drill hole 1382 according to Boliden Color Code. 
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Fig.47:  Schematic view of profile B with sample points and analyzed deformation patterns. 
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Fig.48: Profile B with the drill holes 41, 1382 and 65002 according to Boliden Color Code.  
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5. Discussion 

 

One of the main objectives of this thesis was the comparison with the VMS deposits 

of Rävliden and Rävlidmyran regarding geology and stratigraphy. With all data that 

has been used now, similarities and differences can be shown.  

The structure of the discussion will follow the order of the results. First focus will be 

on the stratigraphy and geology of Hornträsk. Next point is the geochemistry of the 

deposit in comparison with the geochemistry of Rävliden and Rävlidmyran (Jansson 

and Persson, 2014) and of Kristineberg (Barret et al., 2005) (Table 4).  

Last objective will be the structure of Hornträsk and how it is fitting into the regional 

structure of the Kristineberg area.  

 

Beginning with the stratigraphy, the first step is the division into the hanging wall, 

including all units above the mineralization horizons and the footwall with all units 

below it. The hanging wall consists of volcanoclastic siltstones and turbidites ranging 

in composition from basaltic to andesitic to dacitic to rhyolitic siltstone. Basaltic 

siltstones appear only locally as the top part of a thicker siltstone unit in the drill holes 

66001 and 66006 from the eastern area. Therefore the occurrence of basaltic 

material can be expected in the top area of the stratigraphy and can be compared to 

the mafic intrusions and mass flows in the upper stratigraphic level in the Rävliden 

area (Jansson and Persson, 2014).  

The geochemical change towards rhyolite and dacite represents the same sequence 

as observed by Jansson and Persson (2014).  

Particular features of the stratigraphy at Rävliden are andesitic intrusions with dacitic 

rims. These are not present at Hornträsk. Instead, volcanoclastic turbidites of 

andesitic composition (drill hole 66002 and 41) can be found in the B profile. This is 

similar to the observed andesitic turbidites in the Rävlidmyran area by Jansson and 

Persson (2014). The occurrence of the dacitic unit at Hornträsk seems not connected 

with andesitic sediments in Hornträsk. But the dacitic siltstone at Hornträsk has a 

similarity with the dacitic intrusion that is occurring in the hanging wall stratigraphy of 

Rävliden and Rävlidmyran. The dacitic siltstone in Hornträsk is bearing blue quartz 

grains, which were a distinct feature of the dacite unit in Rävlidmyran (Jansson and 

Persson, 2014). Graphitic shale, which is common in Rävliden/Rävlidmyran is 
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restricted to local occurrences at Hornträsk (drill hole 66004 but with only low 

graphite content).  

 

The ore horizons hosting the E- and G-ores appear stratabound along a carbonate 

rich horizon. This carbonate rich rock has a typical thickness of around two meters 

and occurs at the transition from hanging wall to footwall. The rock is altered into a 

patchy skarn rock with minerals like tremolite and amphodelite. A similar appearance 

of altered carbonate rich rock close to mineralization is described by Jansson and 

Persson (2014). Also, the occurrence of carbonate rich layers is described as a 

distinctive indicator for the transition between Skellefte and Vargfors Group by Bauer 

et al. (2011). Furthermore, these carbonate rich layers worked as a gliding horizon, 

partitioning strain and controlling basin inversion and re-activation of syn-extensional 

faults during the D2 crustal shortening (Bauer et al., 2011).  

The sulfide ore bodies of Rävliden and Rävlidmyran are also associated with the 

appearance of carbonate rich units. Formation of the ore bodies seems to occur 

exclusively in this kind of unit. Different here is the distribution of amphodelite. 

According to Jansson and Persson (2014) amphodelite appears up to 300 m above 

the ore horizon into the hanging wall. This has not been observed at Hornträsk. Here, 

amphodelite is restricted to the immediate vicinity of the mineralization. But it can be 

possible that this apparent lack of appearance was due to the limited number of 

investigated drill cores.  

Another mineralogical similarity is the occurrence of garnets of pale reddish to 

yellowish color. Garnets are observed locally in the western drill holes 1382 and 

65002 in the rhyolitic volcanoclastic footwall, where they are present in a chlorite rich 

fault zone. Those garnets show internal deformation indicating a syn-tectonic growth 

as porphyroblasts (Fig.27).  

The ore minerals within the mineralization are dominated by sphalerite in the top 

zone of the mineralization followed by a mixture of chalcopyrite, pyrrhotite and pyrite. 

Sphalerite forms thin semi-massive bands whereas the minerals underneath have a 

stringer-like appearance. This sequence which can be best observed in the E-Ore 

body indicates a zoning of the mineralization. The intensity of mineralization is 

strongest in the E-Ore in the eastern profile and decreases significantly towards the 

west. Therefore, the appearance of the E-Ore in the western profile is more of an 

impregnation of sulfides instead of a semi-massive mineralization. The G-Ore is of 
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weaker intensity than the E-Ore and appears like a stringer mineralization in the 

footwall.  

In addition to the carbonate rich rock, which divides the stratigraphy into hanging and 

footwall, other carbonates-bearing horizons can be found. Those layers are thinner 

than the ore bearing unit and appear in the hanging wall. The structure and 

appearance of these carbonates is patchy and nodular similar to the observations in 

Rävliden and Rävlidmyran (Jansson and Persson, 2014). Their conclusion was that 

the carbonates are the result of the formation of carbonate concretions below the 

seafloor. A similar conclusion was done by Herrmann and Phil (2001) about 

carbonate rich units at the VMS deposit of Thalanga in Australia. The reason for this 

assumption will be discussed further in the geochemical part of the discussion.  

 

The footwall of Hornträsk is formed mainly by volcanoclastic material with rhyolitic 

composition. Texture can change towards a hyaloclastic rock, which indicates that a 

rhyolitic intrusion has intruded in the sub-seafloor into a water saturated environment. 

Regarding to observations in thin sections it can be assumed that coherent rhyolites 

are part of the footwall. Due to alteration which caused partially a fine silicification of 

the footwall and a loss of primary textures, the thickness of coherent rhyolites cannot 

be measured. The majority of the footwall seems to be formed by the coarser 

volcanoclastic rock with gravel grain sizes. The faults and quartz veins that were 

observed in the footwall probably represent the hydrothermal conduits for the 

formation of the ore bodies. It was observed from other mineralization within the 

Skellefte district that the mineralization appear in the proximity of re-activated and 

inversed syn-extensional faults (Allen et al., 1996; Bauer et al., 2011) and that the 

ore forming hydrothermal fluids utilized these structures as fluid conduits (Bauer et 

al., 2014).  

Furthermore, based on petrographic observations it can be stated that the peak 

metamorphism happened after the peak deformation. Indications for that can be 

found in the thin sections 5 (DH 66001) and 13.2 (DH 66006). Those observations 

are consistent with the results of Årebäck et al. (2005) and Skyttä el al. (2012), which 

showed that the peak metamorphism is late- to post-tectonic in the central and 

western Skellefte district.  
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Lithogeochemistry 

The lithogeochemistry data are used in order to infer primary geochemical 

characteristics of altered volcanic rocks. Results of this analysis made it possible to 

define the primary composition of stratigraphic units. The classification for the 

lithogeochemistry itself is based on previous results from similar studies at Rävliden 

and Rävlidmyran (Jansson and Persson, 2014) and Kristineberg (Barrett et al., 

2005). The defined compositional limits for rhyolite, dacite, andesite and basalt at 

Hornträsk are slightly different than at the other areas.  

Barrett et al. (2005) and Jansson and Persson (2014) identified trends and clusters in 

the rhyolitic field which indicated the presence of four different types of rhyolites in 

the footwall and the lower part of the hanging wall. Those observations can be 

confirmed for Hornträsk. At Hornträsk rhyolite type 1 is occurring in the hanging wall, 

type 2, 3 and 4 are present in the footwall which is similar to the observations at 

Rävliden and Rävlidmyran (Jansson and Persson, 2014). 

The magmatic affinity of the samples plots similar to Barrett et al. (2005) with a 

composition from calc-alkaline to tholeiitic. Especially the rhyolites show a clear calc-

alkaline trend like the footwall rhyolite of type A in Kristineberg.  This trend is also 

observed by Jansson and Persson (2014) for the deposits at Rävliden and 

Rävlidmyran.  

Possible explanation for the difference with the rhyolites is that the analyzed samples 

by Barrett et al. (2005) are deeper in the stratigraphy of the Skellefte Group 

compared to Hornträsk. A higher similarity is given with the results of Jansson and 

Persson (2014) as Rävliden and Rävlidmyran are probably on a similar stratigraphic 

level.  

Similar to their results, the rhyolites in Hornträsk are chemically more homogenous in 

the lower hanging wall and upper footwall. But the observed differentiation of the 

rhyolites in the deeper footwall is not observed clearly in the samples of Hornträsk. 

Reason for this can be that the drill holes are not extending very deep into the 

footwall.  

An important unit for the Hornträsk mineralization is the carbonate rich layer which is 

also present in Rävliden and Rävlidmyran (Jansson and Persson, 2014). Herrmann 

and Hill (2001) concluded that the carbonate rich layer at the VMS deposit of 

Thalanga, Australia was the result of carbonate precipitation in shallow sub-seafloor 

sediments. This observation is based on the lithogeochemistry of the unit at Thalanga 
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that has clear showing a rhyolitic composition identical to the footwall. This chemical 

signature is also apparent at Hornträsk where the carbonate rich unit is at the 

transition zone from the rhyolitic footwall towards the hanging wall. Further on 

Herrmann and Hill (2001) observed that above the main layer smaller carbonate rich 

occurrence can be found in the hanging wall. Based on a lower alteration grade in 

the hanging wall the texture of the carbonate could be observed in these host rocks. 

It is described that the carbonate occurs as spheroidal and nodular grains. The same 

texture can be found at Hornträsk for other carbonate rich layers in the hanging wall.  

 

 

Structure 

The lithological succession of Hornträsk is strongly folded and faulted which is a 

general characteristic of VMS deposits in the Kristineberg area. Different from the 

assumption, that the folds are of isoclinal character with a wavelength of 150 m 

(Andersson,1996) the folds in Hornträsk are of a closed shape with an isoclinal 

character. The dip is steep as described and observed in the profiles and the general 

structure of those folds is more overturned. This orientation and dip is also indicated 

by structural measurements of Bauer et al. (2014). 

The proposed fold structure corresponds close to the models of Skyttä et al. (2013) 

where intense and asymmetric folding is related to reactivated fault zones during 

compressional inversion. Following this model the folds are the results of reverse 

shearing which is observed at Kristineberg (Skyttä et al., 2013) and at Rävliden and 

Rävlidmyran (Jansson and Persson, 2014). Compared to Rävliden and Rävlidmyran 

(Jansson and Persson, 2014) the degree of deformation is higher at Hornträsk. 

The ore body itself appears to be thickened in the hinge zone of the folds indicating 

remobilization of ore minerals into the fold hinges. This is furthermore supported by 

M-fold micro structures in the host rock indicating a location in the vicinity of fold 

hinges. Parasitic folds are also observed in the Kristineberg area by Skyttä et al. 

(2013).  

The plunge of the G and E ore bodies is constant towards the SW for the explored 

parts of Hornträsk. Based on the observed “flat-steep-flat” geometries with non-

cylindrical fold axes in the Kristineberg area (Skyttä et al., 2013)  it can be expected 

that the fold plunges are not constant in depth and potentially turns into steeper 

orientation in depth.  
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An interesting point is also the appearance of the ore bodies within the fold hinges in 

the closer vicinity of the shear zones. Reason for this is that the folds developed as a 

response to fault inversion and shearing. This means that the VMS deposits formed 

primarily in the vicinity of syn-extensional faults and the fault inversion caused the re-

activation of sulfides into the hinge areas of the folds. Since the carbonate rich layer 

are probably extending through the fold limb it would be possible to find also there a 

mineralization when a shear zone is cutting through it. The re-activation of 

mineralization and its enrichments into fold hinges in contact to faults is also applying 

for Kristineberg, Rävliden and Rävlidmyran (Jansson and Persson, 2014). 

Based on the profiles it can also be assumed that the overturned folds, which are 

hosting the mineralization, are ending with them into the footwall which is higher 

towards the SE. The transition and appearance of the Vargfors Group towards the 

NW indicates that the whole structure of Hornträsk is dipping towards NW since it is 

located on the dipping limb of the antiform of Kristineberg.   

In regard to the position of the contact between the Skellefte Group (SG) and 

Vargfors Group (VG) the structural model of Skyttä et al.(2013) is not applicable to 

the area around Hornträsk. In this model the contact between both units are 

expected to be 200 m higher in depth and that therefore the Hornträsk deposit is 

located within the SG and not in the transition zone (Fig. 49). With the results of this 

work it can be shown that the contact is instead lower and the structure is different 

from the expectations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.49:Cross sections through the contact zone between Skellefte Group (SG) and Vargfors Group 

(VG) in the Kristineberg area. Modified after Skyttä et al.(2013). 
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6. Conclusions 

 

The Hornträsk mineralization is located on the same stratigraphic horizon as massive 

sulfides at Rävliden and Rävlidmyran The stratigraphy and lithogeochemistry is 

overall very similar with smaller differences. One rock type that has not been 

observed at Hornträsk is particular andesitic intrusions with dacite rims, which occur 

at Rävliden Instead, volcanoclastic sediments are abundant at Hornträsk, which is 

more similar to the stratigraphy at Rävlidmyran. Similar to Rävlidmyran, Hornträsk is 

strongly folded and forms a parasitic antiformal fold to the larger Kristineberg 

antiform. The thickening of the ore in the fold hinges indicates a remobilization of the 

ore, and based on petrographic observations it can be inferred that the remobilization 

occurred syn- to late deformational during peak metamorphism. Within the local fold 

hinges the ore is located in parasitic folds.  

The carbonate-rich layer, which is also present at Rävliden and Rävlidmyran, is 

located in the transition from footwall to hanging wall. The mineralization at Hornträsk 

is in a spatial relationship to the carbonate-rich layer.  

Alteration zones in Hornträsk are very similar to Rävliden and Rävlidmyran. The 

hanging wall is in general only weakly altered whereas the footwall is strong altered 

and dominated by sericite alteration below the mineralizations. The mineralization 

horizon is dominated by a Skarn alteration with tremolite as major mineral. The 

alteration textures are also similar regarding recrystallization of carbonates in the 

carbonate-rich layer as marble and the texture of sericite-quartz alteration in the 

footwall.  
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Appendix  

 

Graphic drill core logs of 66002 and 66004 
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Detailed drill core logs 

 

Drill hole 66001 (Profile A) 

 

Drill hole 66001 is located in the northeastern part of the study area and has a 

measured depth of 263.20 m (Fig.11). The first rock unit is a clastic rock which 

contains calcite rich clasts with a size of 5 to 20 mm. Biotite forms the groundmass of 

the rock resulting in a dark to blackish color with whitish calcite bearing clasts. The 

general foliation is parallel to the core axis. The thickness of this unit is 7.30 m and 

continues to a depth of 14.10 m. It is followed by a fine grained rock with grain sizes 

around 1 mm, similar to the top rock its groundmass is made of biotite but the calcite 

rich clasts are smaller (1-10 mm) and only scattered present. Bluish quartz 

phenocrysts appear locally. The bottom of this unit is changing gradually towards 

bigger grain sizes containing clasts at the end around 67.80 m. Measured thickness 

of this unit is 53.7 m. The next unit is also a fine grained rock with stronger alteration, 

it contains amphodelite and the composition is changing locally when calcite is 

present. The rock is interbedded  with small layers of biotite dominated rock which is 

similar to the fine grained biotite rich rocks from above. At a depth of around 98.0 m 

the grain size increases and goes over into a more sandy grained rock at 100.70 m, 

the thickness of this unit is 32.90 m. The sandy grained rock differs from the previous 

unit by less alteration and the appearance of small feldspar crystals which are not 

euhedral in majority. Those crystals have a size from 1 to 3 mm. Alteration of this unit 

increases towards the bottom from 117.0 to the end at 120.6 m calcite and 

amphodelite appears as alterations.  

At 120.6 m the biotite rich rock appears again, which is altered by sericite. It 

continues until 124.5 and changes into an alteration zone with amphodelite and 

tremolite with a thickness of 0.5 m, followed by a sequence of alterning biotite rich 

rock and layers of amphodelite and calcite which have each a thickness of less than 

0.5 m. This sequence ends at 129.4 when a quartz vein strikes through. The 

thickness of this interlayered unit is 8.8 m followed by the quartz vein of 0.9 m. The 

next unit is 0.7 m thick and extends from 130.3 to 131.0 m. It is a fine grained 

massive rock with a dark brown-greenish color, the grains are smaller than 1 mm.  

It contains traces of fine chalcopyrite and pyrrhotite. From 134.0 m a sandy grained 

rock with grain sizes around 2 mm is observed. This rock contains biotite but also 

euhedral plagioclase and is slightly sericite altered. The grain sizes vary locally from 
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coarse to fine grained. The clasts reach sizes up to 40 mm and are of white-greyish 

color and widely scattered, their shape is not clear and compose probably quartz. 

Below 146 m the alteration intensity increases  and at 153.8 m patches of sphalerite 

can be found disseminated in the rock. At 161.8 also chalcopyrite appears and 

sphalerite content drops significant. The zone of the weak mineralization ends with 

the rock unit at 171.3 m. Including the clastic layer this rock unit reaches a thickness 

of 37.3 m whereas the mineralization extends over 17.5 m.  

At 171.3 m another sandy grained unit begins which is similar to the previous but 

lacks plagioclase and shows a stronger sericitic alteration. It contains primary quartz 

and sericite and shows signs of deformation. The deformation intensity increases 

until 179.8 when a fracture zone with a thickness of 30 cm crosscut the core. In this 

area the core is broken since the zone is heavily damaged. Underneath the shear 

zone fine grained pyrite can be found in fractures. A smaller fault zone cuts the rock 

at 196.0 m with a thickness of only 0.1 m. Above and below the shear zone 

chalcopyrite can be found in the rock but only as weak impregnation. The units ends 

at a depth of 204.7 m, total thickness is 33.4 m including the shear zones.  

The next unit extends only from 204.7 to 207.9, has a total thickness of 3.2 m and  is 

a strongly altered version of the previous rock, hence consisting of  sericite and very 

fine grained and scattered chalcopyrite in the matrix.   

At 207.9 starts a clast rich rock with a hyaloclastic texture. It has a fine sericite rich 

matrix with clasts of quartz with sizes up to 1 cm. Another shear zone cuts that rock 

at 211.1 m with a thickness of 20 cm. Different from the previous zones this shear 

zone contains consolidated material of the host rock fragments with sizes from 5 to 

10 cm. There after the hyaloclastic rock continues until the end of the core at 263.2 

m.   
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Drill hole 66006 (Profile A) 

 

The drill hole 66006 is located around 20 m south of the previous drill hole 66001with 

a slight offset to the west. The drill hole is inclined towards southeast. Bedrock is hit 

at a depth of 7.9 m after drilling through the soil layer. 

It comprises a fine grained rock with grain sizes below 1 mm, color is dark brownish 

and it shows a weak orientation. Primary mineral is biotite, which causes the dark 

color, scattered are also some patches of feldspar present. This unit ends at 13.8 m 

after a measured thickness of 5.9 m.  

At 13.8 m begins a clast rich rock with clast sizes up to 5 mm in a mica rich matrix. 

The clasts are of whitish color and significant hardness, they are build up by quartz. 

Besides of silica minerals it also contains sulfides. Small euhedral pyrite grains of 

sizes up to 1 mm can be found but also fine grained pyrrhotite occurs.  This unit ends 

at 20.5 m depth with a thickness of 6.7 m. The rock is followed by the biotite rick rock. 

At 27.2 m a shear zone appears with a thickness of around 20 cm. The zone is filled 

by clay minerals, the core is also broken in this area indicating soft filling minerals. To 

the bottom of the unit an increasing alteration grade can be observed with sericite 

and chlorite on the last 5 m. The unit ends at 47.5 m with a thickness of 27.0 m.  

Followed at 47.5 m begins a mineralization horizon started by a massive sulfide 

horizon of sphalerite with a thickness of 1.3 m to 48.8 m depth. At 48.8 m begins an 

impregnation of chalcopyrite in a strongly sericitized rock until 54.0 m, reaching a 

thickness of 5.2 m. The amount of chalcopyrite is decreasing to the bottom of the 

mineralization.  

The mineralization is followed by a unit of completely altered rock at 54.0 m which 

contains large tremolite needles up to 1 cm long in combination with a chlorite matrix. 

In fractures sphalerite appears as small veins of a few cm. Also a weak impregnation 

by pyrite can be observed in this rock. The units end at 63.5 m with a thickness of 9.5 

m.  

At 63.5 m a new massive horizon of sphalerite appears, this horizon extends down to 

65.7 m and reaches a thickness of 2.2 m. Grain sizes varies up to 2 mm for 

sphalerite. Below follows an impregnation of chalcopyrite and pyrite into a sericitized 

rock with veins of galena and starting appearance of tremolite towards the bottom. 

The zone extends from 65.7 m to 67.5 m and has a thickness of 2.0 m, grain sizes for 

the sulfides goes up to 2 mm for chalcopyrite.  



 
 80 

With 67.5 m begins a zone which is tremolite and chlorite altered. The tremolite is 

coarse and has needles with a length of 1 cm. The unit ends at 73.2 m with a 

thickness of 5.7 m. It is followed by an impregnation of chalcopyrite that appears in 

the tremolite altered rock and increases towards the bottom, but the tremolite is 

decreasing and veins of calcite and quartz cuts the rock. The grain sizes are 

decreasing to around of 1 mm. Besides tremolite also amphodelite occurs in the rock. 

The zone ends at 79.6 with a sharp contact and a thickness of 6.4 m. Afterwards the 

unit is altered again by tremolite and has similar grain size and composition as the 

previous two alteration zones, exception is here that coarser grains of quartz with a 

size of 1 cm are appearing in this unit. The unit extends down to 86.8 m and reaches 

a thickness of 7.2 m.  

The next unit at 86.8 m is a dark greyish rock. It has a fine grain size below 0.5 mm 

and contains different micas with biotite and chlorite. Larger grains of biotite can be 

found with sizes up to 3 mm. Locally, the rock exhibits a tectonic foliation. Veins of 

quartz cut at different locations the unit. From 96 to 101 m depth chalcopyrite can be 

found in fractures with sizes up to 1 cm. This unit continues until a depth of 108.5 m 

and reaches a thickness of 21.7 m.  

Between 108.5 and 111.5 m depth extends a clast rich rock. The rock has a sericite 

rich matrix and has quartz clasts with sizes up to 3 cm. Some scattered sphalerite 

grains can be observed in the matrix of the rock. This unit has a thickness of 3.0 m.  

Below 111.5 m begins the dark greyish rock again and continues to a depth of 116.0 

m when an increasing impregnation of chalcopyrite begins. Until 118.6 m chalcopyrite 

can be found as massive layers of one cm thickness in veins and also disseminated 

in the host rock. Beside the chalcopyrite rich veins are also quartz veins cutting 

through the rock. The host rock is also altered by chlorite with increasing intensity 

towards the bottom at 118.6 m.  

At 118.6 m the chalcopyrite is disappearing and the altered host rock continues until 

125.5 m. The grade of alteration decreases towards the bottom. Amphodelite can be 

observed at the beginning of this rock. Many quartz veins are cutting through the 

rocks with a thickness up to 10 cm. Including the mineralization horizon the unit has a 

thickness of 9.5 m.  

Subsequently, a clast rich rock starts at 125.5 m. Amount and size of the clast can 

very between 5 mm and 3 cm. Partly, the rock shows a hyaloclastic texture.  
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At 162.3 to 163.6 a fault zone cuts through the rock. The zone is characterized by a 

brecciation of the host rock and a weak chloritization halo of a few cm. The fault 

mechanism appears cataclastic with consolidated material of the host rock. Below the 

clastic rock occurs a zone with a strong impregnation of chalcopyrite at 174.3 to 

178.3 m. The chalcopyrite occurs as massive veins and fractures and is 

accompanied by a set of quartz veins which also contains coarse chalcopyrite.  

Until the end of the core at 193.0 m the clastic rock continues.  

 

 

 

Drill hole 66002 (no Profile) 

 

The drill hole 66002 is located western of 66006 and 66001. It was drilled at the 

same location as hole 66004 but is dipping steeper. The thickness of overburden is 

7.6 m.  

The first unit is a greyish phyllite. It contains a high amount of mica that can be found 

on foliation surfaces. The rock is thin laminated. The phyllite ends at a depth of 22.2 

m with a thickness of 14.6 m.  

Next unit reaching from 22.2-33.8 m has sandy grained with largerclasts. The rock 

contains small grains of feldspar and quartz (<1 mm) together with clasts of calcite 

with a size up to 2 cm. The grain sizes increases towards the bottom when the grain 

distribution be identified as a lapilli tuff with grains of a size around 2 cm.  

This sequence repeats over 2.9 m again between 33.8 and 36.7 m.  

Below 36.7 m begins a sandy rock again which has the same mineral composition as 

the previous unit but is even grained and has no clasts. The sandy rock ends at 39.8 

m with a thickness of 3.1 m.  

At 39.8 m the grey phyllite starts again with a weak foliation. A quartz vein is cutting 

through at 40.8 until 43.0 m and contains fragments of the phyllite. The phyllite below 

the qz vein has also a decreasing visibility of the foliation over the next meter.  

The phyllite changes its color at 54.2 m towards dark black. With this change fine 

sulfides (<1mm) in the shape of pyrite can be found on foliation surfaces and that the 

phyllite is also containing a low amount of graphite.  

At a depth of 58.0 m a sandy bedded structure of 1 m thickness occurss that has 

grading contacts into the upper phyllite. The sandy unit contains quartz grains of a 
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size smaller than 1 mm. At 59 m the phyllite starts again but contains small layers of 

this sandy grained unit and ends at 60.4 m into another sandy grained rock with the 

same composition as the previous one. This sandy unit has a thickness of 0.6 m.  

With the end of the sequence the black phyllite continues at 61.0 m until 72.3 m 

when another sandy unit of 1.3 m thickness occurs.  

At 73.6 m the phyllite continues until the depth of 77.2 m. The thickness of the black 

phyllite including the flat sandy grained units is 23.0 m in total.  

After the phyllite begins at 77.2 m a slightly coarse rock with grain sizes around 0.5 

mm. It has a lightly greenish to greyish color and is evenly grained. Different then to 

the phyllite fine veins of calcite and quartz are present in the rock. The rock contains 

fine biotite and chlorite which causes the greenish color. This unit is interrupted three 

times by small clastic units. Those units contains clasts of calcite with sizes below 1 

cm. The first clastic unit occurs at 110.0 m depth with a thickness of 1 m, second is 

smaller with a thickness of 0.8 m at a depth of 127.6 m. The last unit has also a 

thickness of 0.8 m and reaches from 133.8 to 134.6 m depth. The greenish rock 

continues to a depth of 158.7 m when a gradual change towards a coarser unit 

begins. Thickness of this rock unit is in 81.5 m.  

The new rock unit shows a similar composition as the previous unit, but has less 

biotite and more quartz that can be observed. Grain sizes are between 1 to 2 mm. At 

168.5 m depth this unit ends when a quartz vein occurs of 0.2 m thickness that 

contains chlorite.  

At 168.7 m a sequence of graded beds begins. The beds begin with silty grain sizes 

and gradually increase in grain sizes towards a clastic material at the bottom. Clasts 

are of quartz with sizes up to 2 cm. The beds are altered and show chlorite beside of 

biotite over the length of the unit with partly sericite alteration.  

A shear zone cuts through a bed sequence at 197.3 to 198.6 m depth. The zone is 

filled with consolidated material. Underneath that shear zone the bed structure 

continues until 221.1 m depth. In total at least 8 beds could be identified with a 

thickness not including the 1.3 m thick shear zone of 51.3 m.  

At 221.1 m begins a silty grained rock, similar to the beginning of a bed structure, but 

this rock is slightly altered by chlorite and small quartz veins are occurring in this unit. 

Its bottom has a sharp contact to a coarser unit and reaches a thickness of 3.1 m.  

Lower unit at 224.2 m is a coarse grained unit (~2 mm) with clasts of quartz. It 

contains biotite and chlorite and has a greenish color. The alteration increases 
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downwards. The unit is cut by a massive quartz vein from 228.2 to 229.4. 

Underneath this quartz vein smaller veins of quartz with a thickness below 10 cm can 

be found. The alteration increases here further and sericite appears.  

This altered units end at 232.3 m when a mineralization horizon of sphalerite, pyrite 

and chalcopyrite begins. The rock changes towards a tremolite altered rock with no 

relicts of the previous host rock. The mineralization is not massive but can be 

identified as a strong impregnation in the tremolite altered rock. This unit ends at 

243.3 m when the sulfide minerals end with a thickness of 11.0 m.  

It is followed by the tremolite altered rock with coarser grain sizes. Tremolite needles 

with sizes of 1 cm can be observed and also patches of amphodelite of 5 cm. This 

strong altered unit continues until 251.5 m.  

The next unit is fine grained (~0.5 mm) at the beginning but changes towards coarser 

grain sizes (~2 mm) at the bottom like a graded bed. This unit is still strongly altered 

by tremolite and disseminated chalcopyrite can be found in the coarser bottom 

together with sericite.  

At 258.3 a mineralization of coarse euhedral chalcopyrite (~5 mm) occurs in the 

tremolite altered host rock. The mineralization continues till 266.2 m depth and 

reaches a thickness of 7.9 m.  

Last unit of the core is a sandy (~2 mm) rock which is still strongly altered. The 

alteration through tremolite decreases quickly at the beginning of this unit and is 

replaced by alteration through chlorite and sericite. In this unit also small fractures 

filled by chalcopyrite can be observed. This unit ends with the end of the core at the 

depth of 278.8 m.  
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Drill hole 66004 (Profile A) 

 

The drill hole 66004 was drilled from the same location as drill hole 66002 but has a 

different dip angle and is orientated more towards the east. The overburden has a 

thickness of 8.0 m.  

The first bed rock intersection reveals a phyllite with dark greyish to black color. It 

shows a weak to strong foliation and has a high mica content whereas no sulfides 

were observed. The unit extends from 8.0 to 20.2 m.  

At 20.2 m clasts of quartz can be observed in the phyllite with a size up to 3 cm until 

20.8 m. Below the rock has a silty grain size with small crystals (<0.5 mm) that can 

be identifies as feldspars it continues to 22.5 m and changes towards the quartz 

clastic rock as in the shallower part of the drill hole. This clastic rock continues for 5 

m until 27.5 m. Different from the previous clast bearing rock the matrix of the rock is 

calcite rich and veins of quartz with calcite can be observed.  

After this unit begins at 27.5 m again the phyllite unit with varying foliation and extend 

until 84.2 m. In this part of the phyllitic rock fine veins of calcite and quartz can be 

observed cutting through this rock. The phyllite gets massive at the bottom as the 

foliation decreases and the rock has more calcitic veins.  

At 84.2 m the grain size and composition changes, fine (<1 mm) calcite and biotite 

grains are present. The calcite grains grow towards clasts of a size up to 3 cm in the 

middle of this unit and decreases in size to the bottom again. In the area of the clastic 

rich part a strong foliation with folding can be observed. The unit ends at 93.0 with a 

thickness of 5.8 m.  

From 93.0 to 95.8 the black massive silty rock occurs again with no foliation.  

Below begins at 95.8 a coarse unit with clasts of calcite at the top with sizes up to 3 

cm and similar to the previous clastic unit. The clast sizes decreases towards a grain 

size around 1 mm at the bottom of this unit at 98.2 m.  

With 98.2 m depth the black massive rock continues again and ends finally at 110.5 

m. This last part of this rock does not contain any veins or sulfides but shows a 

constant high mica content.  

At 110.5 m begins a sandy rock with grain sizes up to 1 mm. This rock shows a dark 

blackish color but it contains small sulfides, quartz and has a lower mica content. 

Characteristic for this rock is the presence of scattered blue quartz phenocrysts. This 

unit changes when quartz occur as small clasts with a size of around 5 mm at a 
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depth from 128.7 to 145.5 m. This part of the unit is also slightly altered by chlorite 

and contains fine feldspars with a grain size of 1 mm.  

Between 145.5 and 150.1 m extends a blackish rock with a grain size in average of 

0.5 mm. It has fine quartz veins which contain pyrrhotite around 149 m depth. Quartz 

appears in patches with a grain size up to 1 mm and biotite as small flakes in the 

matrix.  

At 150.1 m starts a more greyish rock with grain sizes around around 2 mm. This 

rock is still containing much mica with biotite and also slightly chlorite. The content of 

quartz is higher than in previous rock of this core and fine feldspar crystals can be 

found. Quartz grains reach a size of 3 mm and are of an elongated shape. The 

percentage of quartz is decreasing towards 167.9 m. Around 167.9 feldspar 

increases in the rock and also chlorite both quartz and biotite decreases. The grain 

size increases slightly up to 3 mm. Some quartz veins are cutting through the rock in 

this unit again.  

At 175.6 m calcite and quartz veins are occuring with a stronger chlorite alteration in 

the rock. Also in the matrix calcite can be found and biotite is only occuring in areas 

where the alteration is not so strong. The grain size here is finer again with 2 mm in 

average. The unit ends at 189.4 m with multiple veins of calcite with thicknesses 

around 1 cm. Including the smaller changes of the rock the whole unit has a 

thickness of 78.9 m.  

Below this unit begins at 189.4 m a silty grained (<0.5 mm) rock with a greyish color. 

It has a strong lamination with alternating brighter and darker layers. The darker 

layers consist of biotite and the brighter ones of quartz. Based on the small grain size 

feldspar cannot be surely identified. At 204.3 m cuts a 30 cm thick vein of calcite the 

rock followed by smaller veins with the same composition with a thickness below 1 

cm. This unit goes on until 216.4 m depth and ends with the occurrence of a big 

quartz vein.  

The quartz vein extends between 216.4 and 217.2 m. It has fragments and as 

fracture fillings in the upper and lower rock, the texture indicates a strong movement 

of this vein.  

With 217.2 m begins a clastic rock with grain sizes of 4 mm. The observed clasts 

reach a size of 3 cm in a very fine grained matrix that is mica rich. Probably it is 

sericitic, biotite is very little present. Around 223 m small fractures occur with small 

grains of chalcopyrite in it. Towards the bottom of the unit at 247.1 m the amount of 
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large clasts increases, the clasts are surrounded by more fine-grained matrix. The 

bottom contact is formed by an impregnation of chalcopyrite and a change of the 

texture.  

At 247.1 m the texture changes towards a hyaloclastic rock with the same 

composition. The impregnation of chalcopyrite that begins at the same time extends 

to 251.2 m Grain size of the hyaloclastic rock is around 5 mm and is an increase 

compared with the upper unit. Multiple shear zones can be observed in this unit. The 

first shear zone occurs at 270.7 m with a thickness of 10 cm. At 295 m a set of shear 

zones can be recognized. Largest zone goes from 297.2 to 297.9 m and contains 

garnet in it. The last shear zone ends at 298.9.  

Together with the shear zones a starting alteration can be observed. Chlorite starts to 

be present at 298.0 m and gets stronger to a medium grade. At 301.4 m also sericite 

is present in the hyaloclastic rock and gets stronger downwards. A weak 

impregnation of chalcopyrite starts at 314.0 m. Alteration and impregnation ends at 

319.1 m when another massive quartz vein cuts the rock.  

This quartz vein stretches between 319.1 to 327.5 m it contains fragments of the 

surrounding rock which are mostly completely altered by chlorite. In the quartz vein 

also small pyrite grains can be observed in fractures.  

From 327.5 to 338.7 the hyaloclastic rock can be found again. In this part the rock is 

heavily altered and fractured by calcite veins with thicknesses below 1 cm. The 

hyaloclastic texture cannot be identified the whole length, some parts are altered to a 

massive rock due to silicification. At 335.1 m a weak impregnation of chalcopyrite 

starts and continues until 337.5 m. This whole unit ends at 338.7 m when another 

massive quartz vein occurs. This quartz vein has a size of 1.8 m and comes to an 

end at 340.5 m. Below the hyaloclastic rock continues with an ongoing alteration 

through chlorite with a weaker intensity. Sericite can be observed as a weak 

alteration between 343.0 to 348.0 m. Below 350.0 m the intensity of the alteration of 

chlorite increases continuing until the end of the core. At 356.7 m also sericite can be 

observed again also with an increasing intensity towards the end of the core. Around 

371 m a beginning silicification of the rock can be observed which continues until the 

end of the core at a depth 375.1 m. The hyaloclastic unit which is altered strongly at 

the end reaches a thickness of 128.1 m.  
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Drill hole 41 (profile B) 

 

This drill hole represents the westernmost hole and is inclined towards southeast. 

The measured depth of this whole is 204.3 m. The overburden has a thickness of 6.1 

m.  

The first bedrock intersection begins at 6.1 m with a clastic rock. Average grain size 

of the unit is around 25 to 30 mm. The observed clasts are of lithic or polymictic 

composition and can contain quartz and feldspar. The clasts are abundant and reach 

sizes up 4 cm. Matrix of this rock is fine grained and seems to be rich in mica, but 

also contains small quartz and feldspar crystals. This clastic part terminates at 11.0 

m depth when clasts decreases and disappear. At 17.4 to 17.9 m a weathering of the 

rock can be observed. Holes of a cubic shape with a size from 1 to 3 mm can be 

found. The color of the rock has changed from light greyish towards a greenish color.  

The unit comes to an end at 20.4 m, on the last meter the grain size slightly 

increased.  

At 20.4 m begins a fine grained (<0.5 mm) silty rock of dark color. The grain sizes 

increases gradually towards a more even grained rock with grain sizes around 2 mm 

at 25.0 m. At this point also the appearance of small calcitic clasts with a size of 5 

mm can be found and also veins with calcite of a thickness below 10 cm. This unit 

has a higher content of feldspar than the previous one but lower in quartz with 

around 10 %. This unit extends until a depth of 32.8 m and reaches a thickness of 

12.4 m.  

The next unit at 32.8 m depth starts again with a silty rock that continues until around 

40.0 m, than the grain size gradually. This unit contains less feldspar than the 

previous unit. The bottom of the unit shows below 40.0 m an increase of feldspar with 

euhedral crystals of sizes up to 1 cm.  

With 41.6 m depth begins an altered rock with a silty grain size. The color of this rock 

is greenish and indicates an alteration by chlorite. The grade of the alteration 

increases towards the bottom. From 46.1 to 53.0 the core is broken and unsorted. 

Based on observation it is estimated that this chloritized unit continues until 53.0 m.  

At 53.0 m begins a rock with a grain size of 2 mm and different texture. The texture 

seems to be perlitic, but is only weak and cannot be identified for certain. The rock 

contains larger flakes of biotite and also quartz. After 57.4 m calcite rich veins cut the 
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rock and separate the previous rock into lenses in the veins, between the veins fine 

massive layers can be noted.  

A new unit begins at 61.0 m with a massive unit of greyish color. The rock is very 

hard and fine grained (<0.2 mm), no quartz or feldspar can be observed. This unit 

could be altered by silicification.  

The end of the unit is formed by a network of calcitic veins from 75.5 to 77.3 m 

whereas the veins are mostly thin with a thickness below 1 cm.  

With 77.3 m begins a coarser rock with quartz, feldspar and flakes of biotite. Grain 

size is around 1 mm. The unit changes gradually towards 81.0 m into a more fine 

grained unit with no quartz and feldspar present anymore. With this change sericite 

begins and a foliation can be observed. The unit contains larger grains of biotite 

beside the sericite.  

A new unit consisting of several calcitic veins from 88.6 to 90.3 m which crosscuts 

the lithology occurs.  

From 90.3 to 97.5 m: There is a massive grey rock without biotite flakes or any larger 

observable minerals. The rock’s hardness resembles the hardness of quartz resulting 

from a strong silification.  

At 97.5 the grain size increases and the texture and minerals occurs again like at the 

unit from 81.0 to 90.3 m. Different from previous the alteration has changed from 

sericitic towards chlorite, which causes a greenish color for this rock. Calcite veins 

can also be observed at 102.5 m. From 104.3 m starts a black greenish rock with 

grain sizes up to 2 mm. The rock consists of primarily biotite and chlorite. Biotite has 

formed larger flakes with size up to 2 mm, chlorite is finer grained and occurs 

between the spaces of biotite flakes. With the chlorite also traces of pyrite can be 

found. This unit ends at 110.2 m with a thickness of 5.9 m.  

A coarser unit begins at 110.2 m with grain sizes of 5 mm. The rock is altered and 

contains fine calcite and amphodelite. Also grains of feldspar of 5 mm size can be 

found. The rock shows a foliation of chlorite and a weak impregnation by the 

occurrence of sphalerite at 116.0 m. Underneath this unit at 117.7 to 120.5 m begins 

again the black greenish rock from before.  

At 120.5 m starts a strongly altered rock by chlorite. The rock contains patches of 

amphodelite, flakes of biotite and bands with quartz. A calcite vein of 0.3 m thickness 

extends from 125.6 to 125.9 m. From 129.0 m there are gradual changes in alteration 

and mineral composition. The rock turns into a silicified rock at 129.0 m with broken 
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silica clasts with sizes up to 7 cm. The matrix is formed by chlorite and biotite. This 

alteration decreases again towards 133.3 m. At this depth the content and size of 

clasts decreases strongly and biotite is more abundant together with small patches of 

amphodelite.  

The occurrence of the clasts terminates at 139.1 m.  

With 139.1 m begins a sandy grained rock again with sizes up to 2 mm. The rock 

contains much mica with an equality between biotite and chlorite. Traces of pyrite can 

be found with sizes of below 0.5 mm with a euhedral shape and also quartz. Color of 

the rock is greenish black. This unit continues until 170.3 m and reaches a thickness 

of 31.2 m.  

At 170.3 m a sequence of thick quartz veins begin with a thickness up to 20 cm until 

171.2 m. Those veins contain large pyrites in patches with grain sizes up to 1 cm. 

The host rock between the veins is chloritized. The rock directly underneath the veins 

is strongly sericitized and changes into a tremolite altered rock at 173.0 m. This 

alteration zone continues and hosts a weak mineralization of pyrite and chalcopyrite 

from 175.0 to 180.8 m. The mineralization increases towards the lower contact of the 

mineralized zone into a strong impregnation of chalcopyrite in the rock. Underneath 

the tremolite altered rock continues with tremolite needles of a size up to 1 cm. The 

alteration by tremolite ends at the depth of 189.5 m.  

It is followed by a rock that is altered by chlorite and sericite. Grain size is around 2 

mm at the beginning but increases towards the end of the core with quartz clasts up 

to 5 mm. This unit ends with the core at 204.3 m.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 90 

Drill hole 65002 (Profile B) 

 

Drill hole 65002 is in the southwestern area of the drill holes, together with drill hole 

1382 (formerly 65002 B) it is the only core that starts in the southern area with an 

orientation towards north. 1382 is a secondary drill hole that was drilled within 65002 

and begins within this hole at a depth of 62.0 m. The soil layer on top has a thickness 

of 10.4 m.  

First solid rock unit at 10.4 m is a clastic rock with a grain size between 5 to 10 mm 

depending on amount and size of clasts. The clasts are formed by quartz and reach a 

size of 4 cm maximum most of the clasts have size below 1 cm. All clasts are 

elongated and show an orientation within the rock.  

The matrix is also quartz rich but contains also fine biotite and chlorite which form a 

weak foliation. At 24.5 m depth a few garnets can be found with a size up to 1 cm 

with a slightly reddish color. Another garnet is found at 64.6 m which has a stronger 

reddish color. A weak impregnation of chalcopyrite can be observed from 98.8 to 

102.8 m the sulfides can be observed in the matrix with grain sizes around 1 mm. 

Another location of chalcopyrite is from 107.0 to 110.2 m when chalcopyrite can be 

found in small veins together with quartz. Last mineralization zone is from 119.2 to 

128.5 with a second zone of weak chalcopyrite impregnation within clastic rock. 

The clastic unit ends at 147.1 m. From 144.0 m the clast size decreases till the end of 

the unit. This first unit has a measured thickness of 136.7 m.  

At 147.1 m begins a rock without clasts and grain size of 1 mm. This rock contains 

feldspar with an amount up to 30 % together with biotite (~20%) and small rounded 

quartz grains (50%). The unit ends with a thickness of 12.5 m at a depth of 159.6 m.  

Below 159.6 m begins a carbonate rich rock with amphodelite and fine flakes of 

biotite and chlorite. Grains are smaller than in the rock before with an average grain 

size around 0.5 mm. Due to the alteration the rock is slightly greenish in color. A 

larger quartz vein is cutting the rock between 161.8 to 162.3 m.  

The rock is silicified at 166.6 m where calcite decrease and the color changes 

towards a darker green and changes back to its carbonate rich form at 174.4 m.  

At 179.6 m a mineralization begins with a weak impregnation of sphalerite in a 

tremolite altered rock. The tremolite forms needles with sizes up to 5 mm in this unit 

and contains chlorite in the matrix. After the occurrence of sphalerite also 

chalcopyrite and pyrite occur. The Mineralized zone consists of different ore minerals 
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in the following order: sphalerite, chalcopyrite, pyrrhotite and pyrite. This can reflect a 

possible zonation in the mineralized zone. The mineralization ends at 191.1 m 

together with the tremolite alteration. It is followed by a silicified rock with fine veins 

filled with chalcopyrite and quartz. The silicification decreases towards 193.5 m and 

chlorite can be observed together with other fine mica with sizes around 0.5 mm. At 

197.5 the silicification increases and chlorite ends. Similar to the beginning this unit 

also contains fine veins filled by pyrite, pyrrhotite and chalcopyrite.  

At 202.1 m this unit ends a short unit of a tremolite altered rock begins. This tremolite 

alteration has only a thickness of 2.2 m and ends at 204.3 m depth.  

The next unit starts at 204.3 m and is composed of a sandy grained rock with grain 

sizes around 1 mm. The rock contains rounded quartz grains and plagioclase. The 

matrix is formed by biotite and sericite as a weak alteration of the rock. Downwards 

the grain sizes slowly increase towards a more clastic grain distribution. At 224.4 

lithic clasts occur with sizes up to 3 cm. The clasts end with the unit at 239.0 m, 

measured thickness of the unit is 34.7 m.  

Underneath begins at 239.0 m a unit with grain sizes of 2 mm and small clasts up to 

5 mm. The mineral composition is similar to the previous unit but altered to chlorite 

and less sericite is present. The amount and size of clasts increase towards the 

bottom to a size up to 8 mm. The unit ends is intersected by a shear zone at 246.5 m 

and ends at 249.5 m. At 248.6 a 20 cm thick brittle shear zone or fault zone cuts the 

bedded structure. The zone is filled by quartz besides the fragments of the host rock.  

The last unit begins at 249.5 m the rock has a grain size of 1 mm and contains 

feldspar which is uneven distributed in the unit. The matrix is formed by biotite 

together with traces of chlorite and quartz. The feldspar form phenocrysts of slightly 

larger grain size which gives the rock a porphyric texture. Two weak impregnations 

occur in this unit. First impregnation is at 262.4 to 268.1 m when pyrrhotite occurs in 

small quartz veins. The second impregnation is at 275.7 to 277.2 m again with 

pyrrhotite in veins.  

The unit extends until the end of the core at 280.9 m. Thickness is in total 30.4 m.  
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Drill hole 1382 (65002 B) 

 

The drill hole 1382 was wedged out from the previous drill hole 65002 into an east-

dipping direction. The drill hole 1382 was drilled more steep towards northeast to get 

closer to the drill hole 41. Drill hole 1382 separates from drill hole 65002 at a depth of 

62.0 m.  

The first unit of this core is comparable to 65002 and comprises a clastic rock with 

quartz clasts of a size from 1 to 2 cm with elongated shape. The matrix is formed by 

fine quartz and sericite. Furthermore, a weak alteration by chlorite can be observed 

locally. Similar to 65002 pale reddish garnets can be found at 63.0 m with a size from 

3 to 5 mm. A stronger chloritization can be observed between 75.0 to 83.3 m together 

with multiple quartz veins with a thickness up to 30 cm. From 83.3 m the alteration 

changes to sericite dominating over chlorite. Texture and grain size of the unit are 

only slightly varying by a few mm. At 100.1 m a weak impregnation by chalcopyrite 

occurs together with two 10 cm thick quartz veins which can be seen at the beginning 

and the end of the impregnated zone at 100.1 and 101.2 m, respectively. With this 

zone also the alteration by sericite and chlorite ends. From 101.2 to 117.9 m the 

clastic rock continues without stronger alteration. At 117.9 m a 20 cm thick quartz 

vein cuts the rock and is followed by thinner veins less than 5 cm in thickness which 

contain chalcopyrite. Below that the clastic rock is underlying the quartz vein again 

and altered by chlorite. It ends at 127.0 m where multiple quartz veins occur.  

With the quartz veins at 127.0 m the alteration intensity incrases strongly and 

patches of amphodelite occur beside chlorit and quartz with grain sizes below 1 mm. 

This altered unit ends after 11.0 m at 128.1 m.  

Next unit is less altered and coarser with grain sizes around 2 mm. It contains 

feldspar with a content up to 20%. Matrix is formed by biotite and chlorite. Also quartz 

is present in the matrix.  

At 144.0 m begins a silicified rock containing stringers of sphalerite and continuing 

until 149.6 m.  From 149.8 m a tremolite altered rock begins which has a strong 

impregnation by sphalerite and galena together with calcite in the matrix. Sphalerite 

is in this zone the dominant sulfide mineral. The tremolite alteration ends at 153.3 m 

and a new rock with feldspar and amphodelite begins. The grain size of this rock is 

around 3 mm. Quartz veins with a thickness of less than 10 cm occur and contain 
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fine grains of sphalerite in it. The rock is moderately altered by chlorite. Beside 

chlorite also biotite can be found in patches. The unit ends at 161.0 m  

With 161.0 m begins a silicified rock with a massive texture and grain sizes below 0.5 

mm. The grain size increase gradually and layers of sericite can be found. Also 

feldspar occurs around 166.0 m and the grain size reach a size of up to 5 mm. With 

the end of the silicification calcite can be found in the matrix besides sericite. 

Towards the bottom of the unit around 169.5 m calcite together with amphodelite and 

chlorite dominate the rock.  

A tremolite altered rock follows the unit then at 172.2 m together with an 

impregnation of pyrite. The tremolite forms needles with sizes up to 1 cm and the 

grain sizes range around 6 mm.  

This unit ends at 176.9 m with the beginning of a silicified rock with traces of 

sphalerite until 178.8 m. It is followed by a massive layer of sphalerite from 178.8 to 

179.0 m.  

The last unit is a sericite altered rock with quartz and traces of pyrite and pyrrhotite. 

Grain size is around 2 mm. The unit ends with the core at 180.8 m.  
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Petrographic sample descriptions 

 

Petrographic sample for drill hole 66001 

 

Thin section 3 @ 56.1m  

 

A mica rich rock with biotite, chlorite and sericite as the matrix with a quantity of 60 

%, Quartz is present with an amount of 40 %. Biotite forms the largest grains of all 

micas with sizes around 200 µm. Chlorite has formed smaller grains with 100 µm and 

sericite is the smallest mica with sizes around 80 µm. A chloritization of smaller 

biotite grains can be observed. Quartz is mostly deformed and recrystallized. The 

grain sizes vary from 20 to 200 µm. It forms also a single clast in the rock with a size 

around 1 mm (anhedral shape). Sulfides are not present and also no tectonic 

deformation could be observed.  

 

 

Thin section 5 @ 113.0 m 

 

A thin section that contains as main minerals biotite, quartz and traces of calcites 

together with sulfides. The rock shows a foliation defined by a preferred orientation of 

biotite and the formation of QF- and M-layers Biotite has formed larger subhedral 

grains and is distributed randomly without preferred orientation showing a post-

deformational crystallization. The matrix is formed by quartz with 120° angles, 

whereas grain sizes can vary. Larger grains show undulose extinction resulting from 

a certain degree of deformation. Pseudomorphic replacement of quartz and 

plagioclase are present forming strongly altered quartz and feldspar relicts. 

Recrystallization can be observed in the relicts by smaller quartz grains. Sulfide 

minerals are only present as traces with an amount of less than 5 %. Pyrite can be 

identified together with small inclusions of chalcopyrite.  
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Thin section 72 @ 155.8 

 

A thin section from the end of the siltstone unit close to the occurence of the 

volcanoclastic footwall. The composition is 50 % of quartz, 40 % sericite and 10 % of 

sulphides. They form small subhedral shapes in bulging into the matrix. This rock 

shows an asymmetric crenulation cleavage defined by platy sericite with an angle 

around 38° between the S1 and S2 foliation and forming QF- and M-bands.  The 

quartz in the QF-bands shows signs of deformation, recrystallization and is fine 

grained.  Pyrite is the major sulfide mineral with traces of chalcopyrite and sphalerite. 

Sphalerite also appears only in the bulges together with the other sulfides.  

 

 

 

 

 

Thin section 8 @ 229.8 m 

The thin section hosts various micas with sericite (25 %) and chlorite (20%), also a 

larger faction of quartz with around 40 % is present and an amount of 10 % sulfides. 

The rock has only a weak observable crenulation with varying intensity. The planes 

are defined by sericite and chlorite forming fine flakes with a clear orientation. The 

rock shows a porphyritic texture with a matrix composed of fine grained, 

recrystallized quartz coarser grains which are strongly deformed and might represent 

primary phenocrysts. 

Pyrite forms larger euhedral crystals which grow across the foliation. It contains 

subhedral grains of chalcopyrite or has it present at the rims. Sphalerite is fine 

grained and appears in the quartz matrix or within pyrite. Pyrrhotite is after pyrite the 

most abundant sulfide but is in majority of anhedral shape. 
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Petrographic sample for drill hole 66006 

 

Thin section 10 @ 14.4 m 

 

The rock has a high amount of amphiboles (35 %) together with plagioclase (30 %) 

which are randomly distributed in the sample. This thin section shows a weakly 

chlorite altered rock. A chlorite-filled, weak, narrow micro-shear zone can be 

observed.  

Ore minerals are only present as small traces of sphalerite, pyrrhotite and 

chalcopyrite. The sphalerite appears mostly isolated from the other sulfides but within 

the close vicinity. Chalcopyrite can be found as inclusions in pyrrhotite or in direct 

contact with it.  

 

 

Thin section 13.2 @ 81.8 m 

 

This thin section represents a tremolite alteration zone, taken from a part where 

tremolite was not abundant to analyze the matrix and the structure. The composition 

of the thin section resembles approximately 60 % quartz, 30 % muscovite, 9 % 

altered grains and 1 % titanite. 

The rock is affected by a strong crenulation defined by deformed quartz needles with 

a size of less than 0.1 mm. The first tectonic fabric is represented by a penetrative 

S1-foliation that is overprinted by a spaced S2-foliation and a related F2-crenulation. 

The spaced S2-foliation is oriented sub-vertically to S1. After the formation of the 

crenulation the peak metamorphism caused the growth of larger muscovite grains 

with a preferred orientation showing a deviation orientation to the S1- and S2-fabrics. 

Those grains grow over the older structures showing a deviation stress field during 

formation. Beside those main minerals also various other minerals can be observed. 

Calcite can be found at multiple locations with tail-deformed grains. But smaller 

calcites without deformation can also be observed. Those grains are hosted in larger 

quartz grains of 1 mm size that also show a deformation from the crenulation as 

internal deformation. As accessorial mineral., small, euhedral titanite can be found 

with a grain size of 0.2 mm. Many minerals cannot be identified anymore since the 

alteration has caused a degeneration of them. They appear as greyish blur in the thin 

section. Opaque minerals were not observed in this section.  
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Petrographic sample for drill hole 66002 

 

Thin section 23 @ 23.1 m 

 

Sample was taken of a sandy unit with calcite clasts. The mineral composition of the 

thin section is defined by calcite as major mineral with 40 %, than quartz with 30 % 

and biotite with 20 %, sulfides are appearing with an amount of 10 %.  

The rock show a weak foliation defined by biotite. The biotite forms small flakes along 

the foliation with sizes around 200 µm. The largest grains are formed by calcite 

(anhedral) which appears in small clusters. Quartz forms a fine grained, crystalline 

matrix. Plagioclase can be found as solitary relicts in the rock. They are decaying 

through growing hosted anhedral grains of biotite and quartz.  

Additionally, fine grained pyrite, chalcopyrite and pyrrhotite is present forming 

subhedral grains in the matrix.  

 

 

Thin section 25 @ 83.5 m  

 

This sample was taken from the upper part of a fine sandy rock with greenish color 

and higher biotite content.  The amount of the mica (biotite and sericite) is high in this 

section with around 50 % together with quartz of an amount of below 40 % a minority 

of sulfide is present with 10 %.  

The section shows a foliated rock with foliation planes formed by biotite and sericite. 

In some parts of the section a weak, localized crenulation cleavage can be found. 

The foliation in this section acts as a cleavage plane forming distinct fractures. The 

two biggest fractures are filled with sulfide minerals. Below and above two further 

fractures occur which are filled by quartz and a mixture of plagioclase and calcite. 

The sulfide minerals in the main fractures are mainly pyrrhotite with segregation 

lamellas of pentlandite and pyrite.  Pyrite and also chalcopyrite can be found in minor 

concentration. A third fracture is filled with sulfides, cuts the foliation vertically and 

connects the two main sulfide lenses. In contrary to the previous two fractures the 

sulfides in this smaller fracture are formed primarily by pyrite and chalcopyrite without 

inclusions in their crystals. This is an indication that this vertical fracture was formed 

after the other fractures and a remobilization of sulfides has occurred. Beside the 
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sulfides in the fractures also disseminated, foliation-parallel sphalerite can be 

observed.  

 

 

Thin section 27 @ 137.0 m 

 

The sample is from the same fine sandy unit as the previous sample. The amount of 

the mica is also high in this section with around 50 % (45 % biotite, 5 % sericite) 

together with quartz of an amount of below 45 %; sulfide is present with 5 %. 

A symmetric crenulation cleavage defined by biotite can be observed in this rock with 

an angle around 90° between the S1 and S2.. Biotite forms the majority of the 

minerals beside quartz. Between the biotite-rich M-bands recrystallized quartz forms 

distinct QF-bands with grains slightly oriented along foliation. The sulfides are 

present with an amount of 5 %. Pyrite, pyrrhotite and chalcopyrite can be found as 

dissemination in the matrix with anhedral shape. 

 

 

 

 

Thin section 31 – 66002 @ 245.2 m 

 

The sample is characterized by a strong hydrothermal alteration and a strong 

crenulation defined by sericite. The texture is overgrown by large muscovite crystals 

indicating a post-deformational mineral growth during peak metamorphic conditions. 

Elongated calcite grains are present in the sericitic matrix. They are filling the space 

between different sericite layers. Small inclusions of chalcopyrite can be found in the 

matrix together with pyrite and sphalerite.  
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Thin section 33 – 66002 @ 273.0 m 

 

Sample was taken from a tremolite altered rock below a mineralization zone.  

Micas (chlorite and sericite) form the matrix of this rock with a content of 55 % and 

quartz with 40 %, smallest faction are sulfides with only 5 %. The rock shows an 

asymmetric crenulation cleavage with an angle around 80° between S1 and S2. The 

crenulation is defined by a chlorite and deformed quartz layers. The rock in this 

section is affected by a chlorite and sericite alteration. Quartz form small 

recrystallized grains in-between the M-bands. Also broken clasts of quartz can be 

observed, do not contain micas. The observed structures include an asymmetric.  

The asymmetry indicates that the section originates from a fold limb rather than the 

hinge area.  

Pyrite represents the only sulfide mineral in this section. It has mostly euhedral shape 

and has grown over the tectonic fabric indicating a post-deformational remobilization.  

 

 

 

Petrographic sample for drill hole 66004 

 

Thin section 57 @ 21.2 m 

 

This section was taken from a sandy clastic rock which is interlayered by phyllite. 

Mineral composition of the sample is quartz with 50 % as main mineral., than 

plagioclase with 20 %, biotite with 15 % and sulfides with only 10 %.  

The section shows weak traces of tectonic deformation and hydrothermal alteration. 

Relicts of plagioclase can be found in it. They are phenocrysts with a larger size than 

the quartz matrix. But the crystals are breaking down, included grains of calcite can 

be found in them and they have crystal deformations. The matrix is defined by fine 

grained quartz that has 120° angles between quartz grains which indicate that the 

matrix is recrystallized. Randomly oriented flakes of biotite also occur. Together with 

biotite also sulfides can be found. They are anhedral in shape and form small in-

between grains. Sulfides are present with pyrite, pyrrhotite and chalcopyrite with 

grain sizes around 50 µm and anhedral shape.  

Thin section 60 – 66004 @ 88.0  



 
 100 

 

The section was taken from a coarser clastic rock hosting carbonate-rich clasts. This 

sample represents a larger carbonate-rich clast. Since this sample was chosen for its 

strong deformation the mineral composition does not represent the minerals of the 

hosting unit. This section comprises a highly deformed rock with a crenulation 

cleavage. The foliation is defined by biotite with small to medium grain sizes. It shows 

distinct, altering QF-M-domains with calcite replacing feldspar. Quartz layers are fine 

grained, strongly deformed and recrystallized. Calcite is coarser than quartz and 

shows no deformation probably due to post-deformational recrystallization.  

Very fine grained Sulfide minerals are present in the biotite layers with pyrite and 

chalcopyrite.  

 

 

Thin section 68 @ 258.3 m 

 

This sample represents the top part of a unit with hyaloclastic texture.  

The section contains abundant quartz ranging around 75 % and chlorite with 20 %. 

Grain sizes for quartz vary from larger (250 µm) grains to finer grains in the matrix 

(<50 µm). Quartz grains are undulose (large grains) or are recrystallized (small 

grains). The rock exhibits a C-S-fabric evident of shearing. The zones are filled with 

chlorite that appears along the plane. Sulfide minerals are present with an amount of 

less than 5 %. The most common sulfide in the section is sphalerite and pyrite. They 

show anhedral crystal shapes and appear as small intergranular inclusions.   
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Thin section 70 @ 278.6 m 

 

The thin section was taken from the lower port of a weak impregnation zone with 

chalcopyrite as major sulfide. Mineral composition is dominated by quartz with 

around 55 % followed by chlorite and sericite with 30 % combined, 10 % sulfides and 

5 % of plagioclase. 

The rock is characterized by a distinct crenulation cleavage defined by chlorite and 

sericite. The bands in-between the crenulation cleavage consist of fine grained, 

recrystallized quartz. Relicts of plagioclase can be found encircled by quartz.  

Two generations of sulfide minerals were observed. One generation of sulfides 

shows deformation and subhedral shapes and consists of a mixture of pyrite and 

chalcopyrite. The second generation has formed euhedral grains overgrowing the 

crenulation cleavage. The latter are composed of biotite and inclusions of 

chalcopyrite. Sphalerite can be found close to pyrite crystals within the quartz matrix.  

 

 

 

 

Petrographic samples for drill hole 41 

 

Thin section 36 – 41 @ 41.0 m 

 

Sample was taken from a coarser clastic rock, which was identified as a bedded 

structure. The rock hosts large, rounded to edgy grains of plagioclase in a quartz rich 

matrix. Size of the plagioclase grains ranges from 200 to 800 µm. No deformation 

can be observed in the minerals or the rock itself. Biotite represents the only mica 

mineral and shows a beginning chloritization. The quartz matrix shows a 

heterogeneous grain size around 50 µm. Most of the quartz grains are recrystallized. 

The heterogeneous grain size distribution and the rounded shape of the clasts 

indicate that the material is of clastic origin.  

Pyrrhotite, chalcopyrite and sphalerite can be found as small grains disseminated in 

the matrix. Pyrite appears locally as halos surrounding plagioclase clasts.  
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Thin section 71 @ 56.5 m 

 

The sample represents a silty massive rock with larger flakes of biotite. Mineral 

composition is dominated by quartz with an amount of around 55 %, than sericite with 

30 % and calcite with 10 %, some traces of plagioclase with 5 %.  

An asymmetric crenulation cleavage defined by sericite can be observed in this rock 

with an angle around 50° between the S1 and S2. The matrix is formed by fine 

grained, often deformed and recrystallized quartz in-between the sericite bands. 

Lenses of coarser calcite can be observed locally. They show no crenulation but 

small flakes of sericite can be observed between calcite crystals. Furthermore, some 

strongly altered plagioclase relicts are present. The larger biotite grains are party 

chloritized. 

 

 

 

Thin section 39 @ 86.2 m 

 

This sample was taken from the same unit as the previous unit but shows a sericite 

alteration and a higher amount of biotite flakes. The minerals in this section are 

dominated by quartz with 50 %, sericite with 25 %, biotite with 15 %, calcite and 

sulfides with 5 % for each.  

The rock shows an asymmetric crenulation cleavage with an angle around 75° 

between S1 and S2. The crenulation is defined by a sericitic matrix and deformed 

quartz layers. The quartz is very fine grained (< 50 µm), recrystallized and shows 

120° intergranular angles. Larger grains can be found which show undulose 

extinction. The sericite has formed small flakes oriented parallel with the crenulation 

cleavage. Contrary to sericite biotite appears as larger grains with sizes up to 400 µm 

and randomly oriented across the crenulation. The biotite flakes seem to be 

porphyroblasts in the rock and host included quartz grains. They show a weak 

deformation. Solitary calcite can be found in the quartz bands as accessory mineral.  

Pyrite can be found hosting grains of chalcopyrite and solitary grains of sphalerite 

within the crenulation foliation planes of the rock. The sulfide minerals are fine 

grained with sizes below 100 µm.  
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Thin section 42 @ 158.9 m 

 

Sample was taken from a sandy rock with no visible alteration. Minerals in this 

sample are dominated by quartz with around 75 % followed by lower amounts of 

biotite with 10 % also sericite with 10 % and 5 % of sulphides in total. 

The rock is weakly deformed and only a slight foliation can be observed. Biotite 

appears as dominant mica mineral with varying grain sizes. Furthermore anhedral., 

fine grained sericite is present. It appears in nodules and fractures which indicate that 

it has altered primary feldspars. A weak chloritization of biotite can be found locally. 

Subhedral calcite grains occur locally. Euhedral to subhedral pyrite is the dominant 

sulfide mineral. They sometimes contain inclusions of chalcopyrite. Sphalerite can be 

found as anhedral grains in the matrix.   

 

 

 

 

Petrographic samples for drill hole 65002  

 

Thin section 47 A/B @ 64.6 m 

 

This sample was taken from a clastic rock which has a local occurrence of garnets. 

This unit is not represented in general by this sample; focus is on the garnet 

occurrence.  

The minerals beside of the garnet are quartz and chlorite. Quartz dominates in the 

rim areas where the surrounding rock starts. Chlorite is appearing as matrix around 

the Garnet fine grained with sizes below 100 µm and with a crenulation cleavage.  

The large garnet porphyroblast of 1 cm size shows asymmetric tails and forms a 

sinistral/dextral delta clast. The matrix around the garnet is formed by chlorite and 

quartz. Chlorite is fine grained and flows around the crystal. Quartz is present in the 

surrounding rock and in the strain shadow of the garnet. It is fine grained in the 

surrounding rock but has formed larger grains in the strain shadow of the garnet. The 

garnet itself shows some fractures that are filled by chlorite. 
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Thin section 48 @ 84.25 m 

 

Sample is taken from the same unit as the previous one showing a local shear zone 

filled with biotite and chlorite. Mineral composition in this section is not representing 

the clastic unit in general. Dominant mineral in the sample is fine-grained chlorite and 

quartz. Biotite forms the largest grains with up to 3 mm in size. Chlorite and quartz 

have sizes below 100 µm. 

The section shows deformed biotite in a chloritic matrix with well-developed kink-

bands defined by biotite. The deformation of the biotite and the orientation of the 

chlorite indicate high strain intensity within a shear zone. Quartz can be found outside 

of this zone showing a weak crenulation. The biotite shows a beginning chloritization 

on its crystal rims. Furthermore, calcite can be found in the high strain zone. It shows 

no internal deformation and is located between deformed biotite indicative of post-

deformational growth. Also larger Quartz grains can be found in the rim areas of the 

shear zone. Sulfides are not present in the shear zone and the surrounding rock.  

 

 

 

 

Thin section 52 @ 151.2 m 

 

A sample taken from a sandy rock with a light alteration. Rock is formed by a matrix 

of fine grained quartz of 45 % in total. Micas are dominant when combined with 30 % 

of sericite and 20 % of biotite. Smallest mineral faction are sulphides with only 5 %. 

The rock has no crenulation but shows a weak foliation and zones of shearing. 

Indicators for a shearing are clasts of biotite which show an internal deformation like 

rotated clasts. That shearing deformed the larger biotite grains and a later shear 

caused a small fracture within the rock that cut through a larger clast. That shear 

plane is filled with a colorless mineral with a dark bluish interference color, possibly 

chlorite. Beside of the larger biotite clasts also feldspar relicts can be found with the 

same type of deformation. The matrix is formed by quartz and sericite. Euhedral 

pyrite, chalcopyrite and subhedral sphalerite are present. Pyrite forms larger euhedral 

grains which grow over the crenulation. Sphalerite can be found as small subhedral 

grains close to pyrite.  
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Thin section 55 @ 265.3 m 

 

Sample was taken from a sandy rock with a light chlorite alteration and visible flakes 

of biotite and plagioclase. Mineral composition is dominated by quartz with an 

amount of 60 % followed by biotite and chlorite with 30 % combined and plagioclase 

with around 10 %. Sulfides are only present as traces with less than 1 %. 

In this thin section a weak crenulation was observed. The crenulation cleavage 

planes are defined by biotite and chlorite with grain sizes around 100 µm. No 

chloritization of biotite is evident. Small crystalized quartz can be observed within 

relicts composed of broken plagioclase grains (size up to 1000 µm) and large quartz 

crystals. The crenulation planes bend around those relicts and do not cut them. Since 

they have a larger size than the matrix and other minerals the rock has a porphyritic 

texture. The matrix of the rock is formed by fine recrystallized quartz grains with sizes 

smaller than 100 µm.  

Sulfides are only present with subhedral grains of pyrite and sphalerite. 
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Petrographic sample for drill hole 1382 

 

Thin section 21 @ 156.0 m 

 

Sample was taken from a sandy rock which is located between two mineralization 

horizons with only a light alteration. Minerals present in this section are sericite with 

an amount of 50 % as dominant mineral followed by quartz with 40 %. Biotite and 

sulfides are each present with 5 %.  

The rock shows an asymmetric crenulation cleavage with an angle around 35° 

between S1 and S2. This asymmetry indicates that the rock is located on a fold limb. 

Together with the deformation also an alteration by sericite can be observed with 

sizes up to 100 µm. The sericite defines the crenulation cleavage planes together 

with deformed quartz which is very fine grained (< 50 µm) and recrystallized. The 

largest grains with a size up to 400 µm are formed by biotite sitting in-between 

foliation planes and showing a porphyryblastic character since the sericite is bending 

around it. In contrast to the other minerals biotite shows traces of deformation or 

alteration. This could indicate that biotite has been growing post-deformational and at 

peak-metamorphic conditions. Primary sulfide minerals are anhedral pyrite which 

hosts inclusions of chalcopyrite. 
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Geochemical Data 

Table I – Geochemical Raw Data including sample depth and connected petrographic samples 

Sample Drill hole depth (m)   
Petrographic 
Sample Classification Stratigraphy 

Unit Number from  to Number Name   

S1600004782 66006 25.1 25.3   mafic hanging wall 

S1600004783 66006 54.1 54.3   dacite Mineralized horizon 

S1600004784 66006 81.8 82 13.2 Rhyolite 2 Mineralized horizon 

S1600004785 66006 110.8 111   Rhyolite 2 Mineralized horizon 

S1600004786 66006 130 130.2   Rhyolite 3 footwall 

S1600004787 66006 167.2 167.4   Rhyolite 3 footwall 

S1600004814 65002 19.6 20   Rhyolite 1 footwall 

S1600004820 65002 50.1 50.75   Rhyolite 3 footwall 

S1600004825 65002 97.6 98.1   Rhyolite 3 Mineralized horizon 

S1600004830 65002 140.85 146.3   Rhyolite 3 footwall 

S1600004850 65002 151.3 151.6 52 Rhyolite 3 footwall 

S1600004860 65002 175.1 175.45   Andesite hanging wall 

S1600004861 65002 231.95 232.35 55 Rhyolite 2 hanging wall 

S1600004862 1382 95.05 95.3   Rhyolite 3 footwall 

S1600004863 1382 110.95 111.2   Rhyolite 3 footwall 

S1600004864 1382 135.25 135.45   Rhyolite 2 footwall 

S1600004865 1382 156.3 156.5 21 Rhyolite 3 Mineralized horizon 

S1600004866 66002 22.9 23.1 23 Rhyolite 3 hanging wall 

S1600004867 66002 37.1 37.35   Rhyolite 3 hanging wall 

S1600004868 66002 136.9 137.05 27 Andesite hanging wall 

S1600004869 66002 162.3 162.5   Andesite hanging wall 

S1600004870 66002 189.8 190.1   Andesite hanging wall 

S1600004871 66002 244.8 245.2 31 Rhyolite  Mineralized horizon 

S1600004872 66002 273.3 273.6 33 Rhyolite 3 Mineralized horizon 

S1600004874 41 6.5 7   Andesite hanging wall 

S1600004875 41 41.1 41.5 36 dacite hanging wall 

S1600004876 41 66.2 66.55   Rhyolite 3 hanging wall 

S1600004877 41 85.9 86.2 39 Rhyolite 2 hanging wall 

S1600004878 41 126.7 127   Rhyolite 3 footwall 

S1600004879 41 158.4 158.9 42 Rhyolite 2 footwall 

S1600004880 41 186.15 186.5   Rhyolite Mineralized horizon 

S1600004881 41 202 202.45   Rhyolite 3 footwall 

S1600004882 66001 25.85 26   mafic hanging wall 

S1600004883 66001 55.95 56.1 3 dacite hanging wall 

S1600004884 66001 112.8 113 5 Andesite hanging wall 

S1600004885 66001 140.45 140.7   dacite hanging wall 

S1600004886 66001 229.7 229.9 8 Rhyolite 1 footwall 

S1600004887 66001 260.5 260.6   Rhyolite 1 footwall 

S1600004888 66004 13.6 14   Rhyolite 3 hanging wall 

S1600004889 66004 47.9 48.35   Andesite hanging wall 
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S1600004890 66004 84.5 84.9   Andesite hanging wall 

S1600004891 66004 108.8 109.2   dacite hanging wall 

S1600004892 66004 116.35 116.7   Andesite hanging wall 

S1600004893 66004 137 137.4   Andesite hanging wall 

S1600004894 66004 153.4 153.75   Andesite hanging wall 

S1600004895 66004 191.05 191.4   dacite hanging wall 

S1600004896 66004 229.8 230.2   Rhyolite 3 footwall 

S1600004897 66004 245.35 245.8   Rhyolite 3 footwall 

S1600004898 66004 267.9 268.3   Rhyolite 1 footwall 

S1600004899 66004 305.9 306.4   Rhyolite 1 footwall 

S1600004900 66004 317 317.4   Rhyolite 1 footwall 

S1600004901 66004 342.1 342.5   Rhyolite 1 footwall 

S1600004902 66004 353.3 353.8   Rhyolite 1 footwall 

S1600004903 66004 371.3 371.7   Rhyolite 1 footwall 
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SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O 

% % % % % % % 

50.23 16.59 12.86 7.99 2.71 1.71 2.59 

72.17 12.23 5.64 1.75 0.39 0.08 4.14 

49.07 3.19 2.63 20.32 15.77 0.13 0.05 

68.32 11.39 6.13 7.54 0.26 0.06 1.64 

76.37 10.47 2.47 4.28 0.09 0.07 2.41 

62.59 18.45 2.6 6.38 0.14 0.17 4.36 

74.19 12.44 3.1 3.35 0.1 0.1 3.18 

73.72 12.74 3.45 3.56 0.07 0.1 2.98 

71.29 13.64 2.82 4.89 0.07 0.11 3.02 

69.41 11.84 2.52 8.9 0.46 0.15 1.68 

65.77 15.23 2.62 6.34 2.26 0.22 3.76 

60.54 14.62 9.21 5.18 2.96 1.07 2.97 

12.58 3.24 1.52 15.58 31.66 0.01 0.01 

76 11.68 2.5 3.56 0.12 0.1 2.74 

73.35 12.59 3.08 4.25 0.07 0.11 2.88 

67.89 14.09 2.25 7.01 0.53 0.18 2.99 

75.28 12.05 2.82 3.37 0.07 0.07 3.23 

56.45 14.13 4.43 2.17 9.04 0.59 4.56 

64.56 17.66 4.03 2.66 1.45 1.03 5.46 

52.35 15.43 11.67 9.87 1.03 0.27 4.29 

55.5 16.51 8.53 7.5 2.94 1.68 2.44 

25.66 8.1 4.61 2.89 31.96 1.78 0.66 

49.14 10.79 5.37 14.47 14.73 0.44 0.54 

60.16 19.78 2.8 6.25 0.19 0.15 5.3 

59.53 14.82 9.11 4.29 5.91 1.07 2.25 

65.54 15.71 4.83 2.51 2.41 5.34 1.64 

76.01 12.41 2.6 1.17 1.2 2.36 2.36 

72.91 12.66 3.11 3.95 0.71 0.12 3.32 

70.94 9.82 3.17 8.31 0.26 0.03 1.87 

66.72 12.71 2.65 8.67 1.87 0.5 1.96 

52.4 5.43 2.96 23.89 9.26 0.07 0.03 

74.1 12.52 2.3 4.36 0.07 0.11 2.94 

49.38 17.97 12.03 6.83 4.42 0.6 5.21 

56.71 18.3 5.83 7.56 2.26 1.67 2.91 

59 16.67 6.67 5.87 4.27 2.03 3.53 

62.86 16.76 4.76 4.2 4.89 1.86 2.94 

71.84 13.33 4.7 2.42 0.1 0.16 3.68 

72.49 11.78 3.79 4.82 0.35 0.43 2.41 

72.57 13.02 4.25 2.3 1.04 0.44 4.05 

57.06 17.39 7.94 6.02 0.6 0.48 6.38 

50.41 13.32 7.86 6.97 7.33 0.19 5.85 

58.36 16.04 8.23 6.77 2.19 0.69 3.67 

56.09 16.44 9.54 7 2.94 1.01 3.23 

49.27 13.2 8.81 6.99 15 0.53 0.89 
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54.91 14.76 9.89 6.76 6.98 0.36 2.55 

68.28 14.89 4.53 2.65 2.44 1.36 3.63 

71.82 13.12 2.88 5.08 0.08 0.07 3.18 

74.03 9.93 5.11 5.32 0.07 0.05 1.62 

74.47 11.75 4.14 2.63 0.07 0.13 2.96 

67.23 14.62 5.16 4.92 0.11 0.11 3.41 

65.33 14.49 5.31 6.62 0.12 0.18 2.81 

69.93 14.64 3.31 4.28 0.09 0.15 3.63 

69.91 14.43 3.63 4.35 0.09 0.23 3.39 

72.59 13.43 3.67 3.14 0.1 0.13 3.5 
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TiO2 P2O5 MnO Cr2O3 Ni Sc LOI 

% % % % PPM PPM % 

1.32 0.21 0.12 0.003 <20 40 3.3 

0.42 0.16 0.01 0.043 44 17 2.7 

0.11 0.03 0.27 <0.002 <20 4 8 

0.36 0.06 0.07 <0.002 <20 8 4 

0.27 0.04 0.16 <0.002 <20 6 3.2 

0.48 0.06 0.13 <0.002 <20 11 4.3 

0.35 0.05 0.17 <0.002 <20 7 2.7 

0.32 0.04 0.14 <0.002 <20 7 2.7 

0.35 0.04 0.19 <0.002 <20 8 3.4 

0.32 0.03 0.1 <0.002 <20 6 4.3 

0.42 0.04 0.04 <0.002 <20 8 3 

0.93 0.37 0.17 <0.002 <20 23 1.8 

0.1 0.02 0.38 <0.002 <20 2 34.6 

0.3 0.04 0.14 <0.002 <20 7 2.7 

0.33 0.04 0.11 <0.002 <20 7 3 

0.45 0.08 0.09 <0.002 <20 10 4.1 

0.34 0.03 0.02 <0.002 <20 6 2.5 

0.41 0.06 0.14 <0.002 <20 14 7.8 

0.42 0.05 0.07 <0.002 <20 15 2.4 

0.76 0.15 0.17 0.004 <20 21 3.7 

0.87 0.18 0.08 0.005 <20 24 3.5 

0.38 0.14 0.21 0.002 <20 12 23.5 

0.14 0.17 0.32 <0.002 <20 3 3.3 

0.53 0.06 0.1 <0.002 <20 12 4.4 

0.93 0.36 0.21 <0.002 <20 24 1.3 

0.53 0.16 0.07 0.005 <20 18 1.1 

0.32 0.03 0.03 <0.002 <20 7 1.3 

0.43 0.04 0.06 <0.002 <20 7 2.4 

0.27 0.02 0.1 <0.002 <20 5 3.4 

0.4 0.05 0.04 <0.002 <20 9 4.2 

0.1 0.01 0.48 <0.002 <20 3 4.4 

0.32 0.04 0.06 <0.002 <20 7 3 

1.48 0.26 0.14 0.002 <20 46 1.5 

0.72 0.2 0.06 0.004 <20 18 3.6 

0.5 0.18 0.11 0.012 <20 27 1 

0.53 0.16 0.08 0.007 <20 19 0.8 

0.37 0.06 0.09 <0.002 <20 9 3 

0.33 0.05 0.2 <0.002 <20 7 3.1 

0.35 0.06 0.07 <0.002 <20 12 1.7 

0.65 0.13 0.09 0.006 26 26 3 

0.72 0.14 0.27 0.004 <20 20 6.7 

0.69 0.13 0.13 0.003 <20 18 2.9 

0.86 0.18 0.12 0.005 <20 25 2.4 

0.75 0.34 0.17 <0.002 <20 20 3.9 
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1.01 0.42 0.15 <0.002 <20 26 2.1 

0.53 0.12 0.05 0.007 <20 20 1.3 

0.35 0.05 0.11 <0.002 <20 8 3.1 

0.25 0.04 0.18 <0.002 <20 6 3.2 

0.32 0.05 0.2 <0.002 <20 7 3.1 

0.39 0.07 0.18 <0.002 <20 9 3.6 

0.4 0.07 0.29 <0.002 <20 9 4.2 

0.42 0.07 0.16 <0.002 <20 9 3.1 

0.4 0.06 0.14 <0.002 <20 9 3.2 

0.41 0.08 0.09 <0.002 <20 9 2.7 
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Sum Ba Be Co Cs Ga Hf 

% PPM PPM PPM PPM PPM PPM 

99.73 438 <1 25.7 2 18.7 2.1 

99.86 776 3 15 0.5 12.4 2.9 

99.57 2 1 1.2 <0.1 3.8 1.7 

99.82 420 <1 7.5 0.4 10.2 4.6 

99.89 427 <1 1.3 0.3 9.3 4.9 

99.79 751 2 2.8 0.5 16.7 7.8 

99.85 1481 1 1.2 0.9 10.4 5.3 

99.9 475 3 2 0.4 11.5 5.4 

99.86 488 2 1.4 0.5 12.1 5.9 

99.75 308 <1 1.8 0.6 10.9 6.3 

99.81 894 <1 1.9 1.8 15.2 8.3 

99.85 497 1 11.5 1.2 17.1 3.2 

99.7 <1 <1 0.4 <0.1 2.4 1.6 

99.9 466 <1 1.4 0.3 10.7 5 

99.89 583 1 1.4 0.6 11.7 5.9 

99.8 1010 2 1.8 1.5 15.8 5.6 

99.88 727 <1 2 0.3 11.7 7.3 

99.89 627 2 2.4 0.8 17.5 7.7 

99.86 1002 <1 1.5 0.8 21.5 9.7 

99.76 590 <1 21.1 1.9 16.3 2.9 

99.79 319 <1 15.3 0.8 16.4 3.5 

99.87 109 <1 7.4 0.9 8.7 1.7 

99.38 96 <1 2.7 0.8 21.9 2.7 

99.8 1088 2 1.8 1.1 19.4 9.3 

99.84 558 <1 11.3 1.3 17.1 3.3 

99.87 155 2 11.2 1.9 13 3.5 

99.86 842 1 1.5 0.6 11.6 7 

99.87 1694 2 2.3 0.6 12.8 6.8 

98.27 621 <1 1.3 0.8 9 5.3 

99.79 270 <1 2.1 0.8 11.5 5.4 

99.07 <1 <1 1.2 0.1 6.1 1.9 

99.88 542 2 1.4 0.3 12.3 5.8 

99.84 441 <1 25.8 1.9 16.7 2.2 

99.88 565 <1 10.1 0.9 17 4.2 

99.85 537 <1 23.3 1.7 14.9 2.5 

99.87 550 <1 12 1.2 15 4.2 

99.88 815 2 4.9 0.5 11.5 5.3 

99.88 1397 2 1.8 0.4 8.9 4.8 

99.88 491 1 3 0.8 14.1 6.4 

99.88 1004 1 17.2 1.7 16.4 3.3 

99.89 803 <1 14 2.5 13.2 2.4 

99.86 431 <1 12.5 1.4 15.8 5.6 

99.88 308 <1 16.5 1.4 16.3 2.7 

99.89 137 2 9.4 0.6 15.6 2.3 
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99.89 291 <1 12.5 1.9 16 2.8 

99.88 708 <1 14.1 0.8 14.6 3.9 

99.89 382 2 1.5 0.6 11.8 5.8 

99.88 330 2 3 0.2 7.1 4.3 

99.88 494 <1 3 0.2 10.8 4.9 

99.89 1169 2 3.3 0.4 15.8 5.6 

99.87 912 1 2.5 0.4 13 5.6 

99.86 843 <1 1.8 0.2 14.2 6 

99.9 857 2 1.8 0.3 14.4 5.9 

99.9 1008 <1 3 0.5 11.7 4.9 
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Nb Rb Sn Sr Ta Th U 

PPM PPM PPM PPM PPM PPM PPM 

3.2 35.8 <1 147.5 0.2 1.2 0.8 

5.9 37 2 23.1 0.4 4.1 3.2 

2.9 0.7 <1 64.1 0.2 1.7 1 

7.9 19.1 1 7.7 0.5 4.8 2.9 

8.2 30.1 1 12.7 0.5 4.9 2.7 

13.4 64.2 2 23.8 0.9 7.7 4.5 

9 45.7 1 7.9 0.7 5.7 3.2 

8.7 45.6 1 11.4 0.7 5.9 3 

9.7 46.7 2 13.3 0.7 6.1 3.7 

9.6 30.4 2 21.9 0.6 6.5 3.9 

12.8 65.8 3 55.6 0.8 8.7 5.2 

4 40.4 1 83.7 0.2 2.5 1.2 

2.2 0.2 <1 231.8 0.2 1.5 1.1 

8.9 42 2 13.8 0.6 6 3.1 

8.8 44.9 2 14.7 0.7 6.2 3.3 

9.5 54.5 3 28.3 0.6 6 3.7 

10.4 44.8 2 18.4 0.5 7.6 4.7 

8.6 67.1 2 105.1 0.6 6.5 3.1 

11.1 68.9 2 58.5 0.7 8.2 4.2 

4.5 71.3 1 52.3 0.3 2.7 1.7 

5.6 26.6 1 67 0.3 2.8 2 

2.2 10.8 <1 347.7 0.1 1.6 0.9 

5.2 18.9 4 309.7 0.3 2.5 13.1 

14.9 67.2 3 36.4 1.1 9.8 5.2 

4.5 44.5 1 274.6 0.4 2.7 1.4 

5.7 35.9 <1 208.4 0.4 3.7 2.6 

11 46.5 2 56.7 0.6 7.5 4 

10.4 52.3 2 34.7 0.6 6.5 4.1 

8.9 31.3 2 8.1 0.5 6 3.5 

8.8 70.9 2 95.1 0.7 5.8 3.6 

2.6 0.4 3 3.6 0.1 2.2 3.6 

9.5 42.7 1 18.5 0.8 5.9 3.5 

3.4 51.3 1 103.6 0.2 1.4 1.2 

8.6 25 1 62.7 0.5 5.2 3.1 

4.7 55.4 <1 97.5 0.2 2.7 1.7 

7.5 59.3 1 96.9 0.4 4.8 3 

9.3 56 1 15.7 0.6 5.9 3.1 

9 40.3 1 24.1 0.6 5.4 3.2 

7.5 55.5 2 59.1 0.4 5.4 2.5 

5.4 61.8 2 24.6 0.3 3.6 3.3 

4 75.9 <1 80.3 0.3 2 1.2 

8.1 61 1 70.5 0.6 5.6 2.8 

4.7 48 <1 77 0.3 2.7 1.6 

3 29.2 1 154.5 0.2 2.1 1.1 
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3.5 36.7 <1 86.4 0.2 2.1 1.2 

6 49.3 1 65.6 0.4 4.4 2.8 

10.5 43.8 1 15.3 0.6 6.1 3.4 

7.3 23.4 1 6.9 0.5 4.7 2.6 

8.6 43 1 13.7 0.6 5.7 3 

9 54.5 1 12.1 0.6 5.6 3.1 

10 42.8 1 13.7 0.6 5.9 3.1 

10.9 52.7 2 16.9 0.6 6.4 3.6 

10.5 50 2 19.7 0.7 6.7 3.6 

9.3 49.2 1 17 0.6 5.4 3.1 
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V W Zr Y La Ce Pr 

PPM PPM PPM PPM PPM PPM PPM 

339 <0.5 68.3 17.5 11 26.1 3.61 

151 2.9 107.3 9.6 10.6 17.9 2.17 

<8 0.7 57.9 28.6 7.4 16.3 1.97 

11 3.5 164.2 20.7 30.4 65.8 8.05 

<8 1.9 172.6 16.9 26.8 56.5 6.91 

<8 2.4 291.1 43.2 77.6 169.9 21.71 

<8 2.5 192.9 18 24.9 57.6 6.48 

<8 2.9 201.8 17.5 33.9 67.8 8.13 

<8 1.9 217.2 21.3 42.8 60.4 10.7 

<8 1.1 237 22 35.8 75 9.13 

<8 2.4 300.5 28.6 49.4 107.4 12.74 

80 0.8 113.4 36.3 18.5 40.6 5.56 

<8 0.8 51.6 7.2 11 20.5 2.45 

<8 1.4 192.3 16.7 26.1 49.8 6.85 

<8 2.6 205.9 17.3 28.4 62.7 7.1 

14 2.6 206.6 29.4 32.7 72.5 8.87 

<8 1.5 247.6 22.2 39 83.3 10 

<8 1.1 270.6 49.7 32.1 66.7 7.86 

<8 1.4 360 64.5 37.9 83.6 10.07 

155 1.1 108.1 24.2 17.1 37.8 4.74 

167 0.5 123 27.8 23 49 6.21 

59 <0.5 61.5 17 11.5 25 3.11 

12 4.8 94.2 26.9 22.2 45.5 5.49 

9 5.9 333.8 31.4 55.5 117.9 13.74 

81 <0.5 121.9 38.6 21.1 46.9 6.1 

100 <0.5 126.8 13.9 21.9 45.1 5.55 

<8 0.9 253.9 23.9 38.8 80.7 9.68 

10 2.5 235.8 20.3 38.6 83.3 9.75 

<8 1.7 201.8 19.2 30.5 66.6 7.91 

12 <0.5 196.6 25.7 38.1 82.4 10.08 

<8 <0.5 73.3 12.5 8.7 20.8 2.78 

<8 1.4 223.3 21.7 34.6 74.8 8.76 

370 <0.5 72.4 21.8 14.3 30.4 4.09 

102 1.1 157.1 16 29.8 61.6 7.48 

151 <0.5 92.2 13.6 18.5 38.9 4.82 

104 0.8 150.3 13.9 28.4 60 6.97 

11 2.8 187.7 18.7 36.5 73.6 9 

12 1.4 182.4 16.7 24.7 52.2 6.32 

<8 1 223.5 36.3 23.7 52 6.35 

161 1.4 119 19.1 18 37.3 4.59 

149 <0.5 87.5 21.6 14.6 31.1 4.12 

123 0.6 185.9 39.5 30.9 64.3 8.06 

183 1 104.6 22.8 17.9 38.4 4.79 

89 2.3 79.8 24.8 14.7 32.1 4.17 
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97 <0.5 98 32 17 38.2 5.1 

137 0.8 134.4 14.4 23.4 46.9 5.32 

<8 1.8 209.2 19.6 36 76 9 

9 1.7 158.5 13.9 22.9 51.7 6.45 

<8 1.8 184 17.2 30.5 65 7.91 

10 2.1 194.5 18.6 33.8 74.1 8.9 

9 2.3 205.8 19.7 30.5 65 7.77 

9 3.2 220.3 21.6 32.1 69.1 8.28 

14 2.8 220.7 19.9 36.5 75.8 8.96 

13 9 185.6 17.3 30.6 66.5 7.77 
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Nd Sm Eu Gd Tb Dy Ho 

PPM PPM PPM PPM PPM PPM PPM 

15.3 3.52 1.21 3.71 0.58 3.6 0.73 

8 1.96 0.38 1.82 0.26 1.46 0.27 

7.5 1.94 0.56 2.68 0.58 4.06 0.93 

31 5.41 0.98 4.63 0.61 3.66 0.72 

26.6 4.59 0.6 3.76 0.45 2.79 0.59 

92.1 17.23 1.63 12.79 1.37 7.3 1.22 

24.7 4.55 1.06 3.67 0.51 3.07 0.65 

31.6 5.12 0.81 4.24 0.52 3.19 0.59 

42.5 7.04 1.02 5.05 0.63 3.61 0.72 

34.7 6.18 0.94 4.68 0.6 3.66 0.7 

48.3 8.41 1.26 6.43 0.83 5.07 0.91 

24.3 5.92 1.78 6.08 0.91 6.43 1.22 

9.3 1.55 0.52 1.38 0.16 1.11 0.18 

26.5 4.67 0.74 3.44 0.44 2.77 0.57 

27.4 4.8 0.66 3.62 0.49 3 0.55 

35.2 5.97 0.91 5.07 0.71 4.6 0.98 

38.1 6.56 0.89 5.24 0.67 3.85 0.77 

31.4 6.78 1.36 7.19 1.21 8.03 1.65 

40.8 8.7 1.45 9.79 1.53 10.3 2.16 

20.4 4.16 1.13 4.3 0.65 4.51 0.84 

25.8 5.41 1.41 5.63 0.79 4.92 1.02 

13.3 2.74 0.78 2.87 0.4 2.76 0.54 

23.2 4.81 3.31 5.36 0.74 4.35 0.79 

53.5 9.11 2.19 7.47 0.96 5.62 1.09 

28.5 6.05 1.93 6.9 1.02 6.69 1.34 

21.7 3.88 1.09 3.33 0.44 2.58 0.48 

36.9 6.47 1.05 4.95 0.67 4.07 0.77 

37.6 6.4 0.75 4.57 0.63 3.75 0.71 

29.2 4.71 0.91 3.69 0.49 3.04 0.65 

40.2 7.19 1.37 5.78 0.77 4.87 0.9 

11.3 2.45 0.53 2.34 0.34 2.04 0.39 

33.1 5.84 0.91 4.65 0.62 3.71 0.7 

18.7 4.23 0.94 4.4 0.62 4.08 0.8 

28.1 4.84 1.5 4.15 0.53 2.98 0.53 

19 3.58 1 3.34 0.42 2.56 0.49 

26.3 4.7 1.16 3.8 0.49 2.88 0.48 

35.1 6.07 1.24 4.82 0.59 3.4 0.66 

25.2 4.27 1.07 3.69 0.49 2.99 0.57 

25.2 5.79 1.15 6.55 1.01 6.64 1.41 

19.1 3.61 0.78 3.53 0.51 3.36 0.71 

17.1 3.61 0.97 3.97 0.58 3.81 0.73 

32.5 6.66 1.44 6.92 1.03 7.04 1.34 

21.3 4.35 1.2 4.53 0.64 4.17 0.86 

18.3 4.27 1.47 4.63 0.68 4.44 0.95 
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21 5.11 1.63 5.63 0.86 5.72 1.13 

21.8 3.92 0.87 3.19 0.42 2.3 0.5 

34.7 5.94 0.81 4.86 0.65 3.58 0.68 

25.7 4.37 0.56 3.43 0.41 2.39 0.46 

32.2 5.62 1.16 4.28 0.52 3.05 0.58 

33.3 5.83 1.35 4.63 0.6 3.47 0.64 

29.8 5.38 0.95 4.31 0.57 3.34 0.69 

31.8 5.53 1.04 4.11 0.55 3.41 0.7 

34.4 6.03 1.56 4.74 0.6 3.7 0.68 

30.1 5.48 1.02 4.29 0.56 3.28 0.58 
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Er Tm Yb Lu TOT/C TOT/S Mo 

PPM PPM PPM PPM % % PPM 

2.16 0.3 2.11 0.31 0.03 0.19 0.1 

0.91 0.12 0.84 0.13 <0.02 2.12 6 

2.49 0.36 1.97 0.28 1.56 0.03 <0.1 

2.13 0.32 2.15 0.35 0.02 0.45 7.3 

1.59 0.25 1.54 0.28 0.02 0.96 3.2 

3.69 0.54 3.8 0.56 0.03 0.06 0.9 

1.95 0.29 1.98 0.3 <0.02 0.03 1.9 

1.8 0.31 2.07 0.32 <0.02 <0.02 1.7 

2.15 0.33 2.08 0.36 <0.02 <0.02 0.9 

2.24 0.34 2.2 0.37 <0.02 0.14 0.3 

2.69 0.44 2.99 0.48 <0.02 0.38 9.9 

3.72 0.53 3.56 0.58 <0.02 0.1 0.8 

0.67 0.11 0.72 0.12 9.46 0.19 0.6 

1.72 0.27 2.07 0.31 0.04 <0.02 3.8 

1.89 0.32 2.09 0.33 <0.02 <0.02 1.4 

2.84 0.45 2.87 0.46 0.05 0.02 2.1 

2.27 0.36 2.5 0.39 <0.02 0.21 2.5 

5.43 0.79 5.39 0.82 1.91 <0.02 1.8 

6.72 1.02 6.6 1.1 0.14 <0.02 2 

2.4 0.37 2.54 0.37 0.03 0.16 0.2 

3.05 0.47 3.08 0.45 0.19 0.19 0.5 

1.51 0.26 1.64 0.27 6.74 0.15 0.2 

2.2 0.34 2.16 0.31 0.21 0.84 86 

3.35 0.5 3.4 0.56 <0.02 0.57 4.1 

3.94 0.63 3.88 0.65 0.04 0.05 0.7 

1.54 0.2 1.46 0.23 0.11 0.69 0.7 

2.31 0.34 2.75 0.38 0.02 0.49 1.7 

2.17 0.31 2.38 0.35 <0.02 0.19 1.4 

1.88 0.32 1.98 0.3 <0.02 0.84 1.9 

2.51 0.4 2.62 0.43 0.13 0.2 2.6 

1.14 0.15 1.08 0.17 0.03 0.42 1.5 

2.24 0.35 2.33 0.35 <0.02 0.24 2.9 

2.35 0.33 2.18 0.36 0.02 0.21 0.4 

1.73 0.26 1.63 0.26 0.04 <0.02 1 

1.45 0.21 1.4 0.24 0.03 0.15 0.6 

1.48 0.24 1.51 0.21 0.03 0.07 0.8 

1.88 0.28 1.95 0.31 0.02 0.94 1.8 

1.76 0.26 1.83 0.3 0.05 0.26 12.3 

4.37 0.67 4.67 0.75 0.06 <0.02 1.2 

2.15 0.32 2.14 0.35 0.45 0.61 0.9 

2.35 0.35 2.14 0.36 1.54 <0.02 0.7 

4.29 0.67 4.57 0.72 0.03 0.46 2.3 

2.5 0.4 2.47 0.4 <0.02 0.26 0.3 

2.73 0.41 2.67 0.4 0.88 0.43 0.2 
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3.31 0.52 3.17 0.48 0.07 0.14 0.5 

1.43 0.22 1.46 0.23 0.04 0.1 0.6 

2.11 0.32 2.09 0.35 <0.02 0.13 2.2 

1.46 0.25 1.76 0.27 <0.02 0.54 16.5 

1.72 0.27 1.93 0.31 <0.02 1.18 1.8 

2.11 0.32 2.14 0.32 <0.02 0.32 6.1 

1.92 0.31 2.09 0.35 <0.02 0.48 3.9 

2.09 0.34 2.21 0.38 <0.02 <0.02 3.8 

2.2 0.34 2.26 0.37 <0.02 <0.02 1.1 

1.91 0.28 1.94 0.3 <0.02 <0.02 0.3 
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Cu Pb Zn Ni As Cd Sb 

PPM PPM PPM PPM PPM PPM PPM 

72.7 3.1 329 5.8 5.9 0.1 0.4 

93.9 9.5 395 46 523.6 0.4 0.7 

8.1 227.6 210 <0.1 1.5 0.5 1.1 

57.6 2.9 63 0.5 <0.5 <0.1 <0.1 

29.7 22.7 58 0.5 0.7 <0.1 0.3 

81 2.4 67 0.5 11 0.3 0.2 

398.8 1.4 75 0.5 0.7 0.1 0.1 

11.6 0.7 37 0.4 1.5 <0.1 <0.1 

2.1 1.8 92 0.4 0.8 <0.1 <0.1 

49.2 55.6 289 0.3 1.1 0.7 0.2 

6.1 11 47 0.7 2.8 0.1 0.2 

5.3 2.5 112 1.2 0.5 <0.1 0.1 

3.1 9.2 6 0.2 1.7 <0.1 0.2 

16.9 32.6 61 0.7 3.9 <0.1 <0.1 

8.2 1.7 50 1.6 1.8 <0.1 <0.1 

97.7 39.8 181 0.7 0.9 0.9 0.2 

17 2.1 33 0.9 <0.5 <0.1 <0.1 

3.8 3.9 72 0.8 2.9 0.2 <0.1 

3.7 1.9 77 0.6 <0.5 0.1 <0.1 

27 13.9 158 8 5.5 <0.1 <0.1 

32.5 9.6 98 7.6 6.8 <0.1 0.1 

14.8 7.7 49 2.9 151.1 0.3 0.1 

60.6 2201.8 246 0.4 1.8 1.8 3.6 

1 3.7 49 0.4 3.7 <0.1 0.2 

5.6 2.6 95 1.1 1.5 <0.1 <0.1 

38.2 10 133 10.4 26.1 0.3 0.1 

15.6 170.6 308 0.6 146.1 1 0.4 

14.1 5.2 41 0.7 <0.5 <0.1 0.1 

211.2 4395.4 8001 1.3 2.7 17.8 10.1 

5.6 12.4 33 0.5 2.5 <0.1 0.1 

3445.1 7.3 647 0.2 1.7 1.7 0.2 

14.2 1.8 21 0.5 1.2 <0.1 <0.1 

63.8 5.7 155 6.3 9.4 0.2 <0.1 

5.6 1.9 87 6.8 2.2 <0.1 <0.1 

31.4 30.8 261 20.3 10.1 <0.1 0.1 

24.9 19.4 121 11.7 14.4 <0.1 0.1 

87.3 2.7 33 1.1 7.5 <0.1 0.2 

13 1.3 133 1.1 1.9 <0.1 <0.1 

2 3.3 76 1.6 1.8 <0.1 <0.1 

55.4 5.9 121 25.1 1.9 0.1 0.1 

2.6 3.6 79 6.7 1.1 0.1 <0.1 

36.8 16.9 108 6 78.1 0.1 0.2 

29.3 4.4 84 8.1 23.6 <0.1 0.1 

12.5 6 21 1 8.3 <0.1 0.3 
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7.2 3.9 89 1.4 1.3 <0.1 <0.1 

18 7 70 16.4 37.5 <0.1 <0.1 

1.4 1.1 43 0.5 2.7 <0.1 <0.1 

5.2 19.7 124 0.6 6.1 0.1 0.2 

20.1 38.8 218 0.8 17.5 0.6 0.1 

22.3 2.6 78 0.6 3.2 <0.1 0.1 

12.3 12.9 159 0.7 2.3 0.2 0.1 

161.2 0.9 70 0.7 <0.5 <0.1 0.1 

3.9 0.8 59 0.4 <0.5 <0.1 <0.1 

2.2 3.1 50 1.1 <0.5 <0.1 0.1 
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Bi Ag Au Hg Tl Se AI CCPI 

PPM PPM PPB PPM PPM PPM     

<0.1 0.2 2.9 <0.01 1 <0.5 70.5333333 82.9025845 

0.1 0.6 4.2 0.05 0.8 3 92.6100629 63.6520241 

5.7 2.6 7.1 0.14 <0.1 2.1 56.1621175 99.2217899 

0.3 0.1 <0.5 <0.01 0.2 1.7 96.6315789 88.9394925 

0.3 0.2 <0.5 0.01 <0.1 17.4 97.6642336 73.1310943 

0.5 0.1 <0.5 0.01 <0.1 <0.5 97.1945701 66.469282 

0.3 0.2 3.4 0.02 <0.1 0.7 97.0282318 66.2898253 

0.3 <0.1 <0.5 <0.01 <0.1 <0.5 97.466468 69.4747275 

<0.1 <0.1 0.8 <0.01 <0.1 <0.5 97.7750309 71.1254613 

0.3 0.3 1.5 0.19 0.1 <0.5 94.5487042 86.1886792 

<0.1 0.1 2.4 0.01 0.8 <0.5 80.2861685 69.2426584 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 66.9129721 78.0792187 

<0.1 <0.1 <0.5 0.04 <0.1 <0.5 32.9877275 99.8831776 

<0.1 <0.1 <0.5 0.02 <0.1 <0.5 96.6257669 68.0898876 

<0.1 <0.1 <0.5 <0.01 <0.1 <0.5 97.5376197 71.0271318 

<0.1 0.1 2.1 <0.01 0.1 <0.5 93.3706816 74.4971842 

<0.1 0.1 8.4 <0.01 0.2 <0.5 97.9228487 65.2265543 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 41.1369193 56.1702128 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 76.6037736 50.7587253 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 91.5912031 82.5287356 

<0.1 0.2 <0.5 <0.01 0.2 <0.5 68.2692308 79.5533499 

<0.1 <0.1 2.8 <0.01 <0.1 <0.5 9.51997855 75.4527163 

141.2 62.2 34.6 1.4 0.3 3.4 49.7349238 95.2929875 

0.3 0.1 <0.5 0.01 0.3 <0.5 97.1404542 62.4137931 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 48.3727811 80.1435407 

<0.1 0.2 2 0.03 1 0.5 34.8739496 51.2569832 

<0.1 0.3 <0.5 <0.01 0.7 <0.5 49.7884344 44.4051826 

<0.1 0.5 1 <0.01 0.8 <0.5 89.7530864 67.2380952 

0.2 21.8 29.8 4.44 0.5 0.7 97.2301815 85.799701 

<0.1 <0.1 <0.5 <0.01 0.4 <0.5 81.7692308 82.1480406 

0.2 0.9 23.4 0.53 <0.1 1.3 71.9398496 99.6289425 

0.8 0.1 <0.5 0.01 <0.1 <0.5 97.5935829 68.5890834 

<0.1 <0.1 1.7 <0.01 0.5 <0.5 70.5744431 76.4491285 

<0.1 <0.1 <0.5 <0.01 0.2 <0.5 72.7083333 74.5130774 

0.3 0.2 <0.5 0.04 1 <0.5 59.8726115 69.281768 

0.1 0.2 1.4 <0.01 2.4 0.7 51.4038877 65.1162791 

0.4 <0.1 2.2 <0.01 <0.1 0.8 95.9119497 64.9635036 

0.2 <0.1 <0.5 <0.01 <0.1 <0.5 90.2621723 75.1965066 

<0.1 <0.1 0.5 <0.01 0.2 <0.5 81.0983397 59.3297101 

0.2 0.1 <0.5 <0.01 0.4 <0.5 91.9881306 67.0509126 

<0.1 <0.1 <0.5 <0.01 0.3 <0.5 63.0285152 71.0589363 

0.2 0.2 2 <0.01 0.4 <0.5 78.3783784 77.4793388 

<0.1 <0.1 <0.5 <0.01 0.4 <0.5 72.1438646 79.5957652 

0.4 0.2 6.4 <0.01 <0.1 <0.5 33.6608287 91.7537747 
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<0.1 <0.1 <0.5 <0.01 0.4 <0.5 55.9159159 85.1226994 

0.2 0.2 3.3 <0.01 1 <0.5 62.3015873 58.9975349 

0.3 <0.1 <0.5 <0.01 0.3 <0.5 98.216409 71.0080285 

0.7 <0.1 1.6 <0.01 <0.1 <0.5 98.3002833 86.1983471 

0.3 0.2 <0.5 <0.01 <0.1 <0.5 96.5457686 68.6612576 

0.4 <0.1 <0.5 <0.01 <0.1 <0.5 97.4269006 74.1176471 

0.2 0.1 <0.5 <0.01 <0.1 <0.5 96.9167523 79.9597855 

0.3 0.2 5.3 <0.01 <0.1 <0.5 97.0552147 66.7546174 

0.4 <0.1 <0.5 <0.01 <0.1 <0.5 96.0297767 68.7931034 

0.4 <0.1 <0.5 <0.01 <0.1 <0.5 96.6521106 65.2298851 

 


