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Abstract 

The Nyborg deposit is a small mineralization found in the western Skellefte District 

approximately 8 km NE from the Kristineberg VMS deposit and is classified as a Zn-Ag 

volcanogenic massive sulfide deposit. The size of the deposit is estimated to be 396 000 tons 

grading 4.8% Zn, 0.5% Cu, 0.4% Pb, 10.5% S, 36 g/t Ag and 0.2 g/t Au. The deposit is hosted 

by the upper part of the Skellefte Volcanic Group, close to the contact with the overlying 

Vargfors Group sedimentary rocks.  

A study of the chemical and mineralogical differences between the hanging wall and footwall 

of the Nyborg Zn-Ag VMS deposit was carried out for this thesis. To further develop the 

study a regional comparison to the nearby Kristineberg deposit was made.   

The hanging wall consists of two units, one more intermediate to mafic and the second a 

felsic banded rock. Two ore minerals found are ilmenite and pyrrhotite. The footwall rock 

type is andalusite-sericite schist and the ore mineralogy is dominated by pyrite and minor 

rutile. The mineralization itself is hosted in a sericite schist. The mineralization consists of 

iron-poor sphalerite, chalcopyrite, pyrite, galena, pyrrhotite and ilmenite. The iron-poor 

sphalerite is most likely the result of a replacement process called the “chalcopyrite 

disease”. The chalcopyrite appears as inclusions in the sphalerite. This iron-poor sphalerite is 

also observed in some places in the Kristineberg deposit, possibly indicating a similar 

genesis. This relationship could also be strengthened by a possible fluid pathway presented 

by Hannington et al. (2003) and similar chemistry (TiO2 vs. Zr) between rock types derived 

from Nyborg and Kristineberg.  

Relationship studies between ilmenite/rutile, pyrrhotite/pyrite, sphalerite/chalcopyrite and 

distribution of barium was made and the result show that the Nyborg deposit most likely 

was formed by replacement processes, probably as a result of interaction between colder 

seawater-derived fluids and hot hydrothermal fluids.  
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Introduction  

Metal Mines Sweden AB is an exploration company based in Malå, northern Sweden. The 

focus of this thesis is on one of Metal Mines Sweden ABs exploration permits, named 

Storforsen nr 5. Storforsen nr 5 is also known as Nyborg and will in this thesis be referred to 

by that name (Fig. 1) 

Nyborg is a small VMS-type deposit located in the western part of the Skellefte District. It 

was found by SGU in the 1930s during a geophysical survey. The first drilling was initiated in 

the 1940s. It was then concluded that the mineralization was not economic, so the campaign 

was cancelled. The work was then re-activated in the 1970s and 1980s. In total 57 drillholes 

were drilled at a total of 9300 meters. Based on those drillholes the deposit is estimated to 

be 396 000 tons, grading 4.8% Zn, 0.5% Cu, 0.4% Pb, 10.5% S, 36 g/t Ag and 0.2 g/t Au 

(Theolin, 1985). Common with most of the VMS deposits found in the Skellefte District is 

that they are situated close to the contact between the overlying sedimentary rocks of the 

Vargfors Group and underlying felsic unit of the Skellefte Group volcanic rocks, Nyborg being 

no exception (Perdahl, 2003). 

During the period when SGU was active 57 drillholes were drilled into the deposit. Three of 

these drillholes were examined further in this study. Ten samples were taken throughout 

one drillhole which represented the mineralization the best. The drillhole chosen was 

BH77003. 

Volcanogenic massive sulfide deposits (VMS) are one of the most common deposit types, 

especially for polymetallic deposits (Galley et al., 2007). An estimated 800 VMS deposits with 

a tonnage of < 20 000 tons are known around the world. The main metals derived from VMS 

deposits are Zn, Cu, Pb, Ag and Au. The deposits are formed in extensional environment 
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which include oceanic spreading and arc environments (Allen et al., 1996; Franklin et al., 

1998). Two main different types of deposits that are formed are massive or semi-massive 

sulfides. The semi-massive type can be divided into disseminated sulfides or stockwork veins 

(Galley et al., 2007).  

 
Fig. 1 Location of the Nyborg exploration permit, which is highlighted in black lines. Data from lantmäteriet  

 

The aim of this study is to examine the chemical and mineralogical differences between the 

hanging wall and footwall. Understanding and defining the footwall and the hanging wall will 

enable a better understanding of the entire hydrothermal ore system, and also assist the 

active exploration of this area. For a more regional perspective a comparison will be made 

with the nearby Kristineberg VMS deposit that has been in production since 1941. 

The Nyborg mineralization is suggested to be of replacement type, and was likely formed in 

an area where hot hydrothermal and cold seawater-derived fluids interacted. The 

hydrothermal alteration in the hanging wall indicates involvement of cold fluids, probably 

derived from seawater, whereas the footwall exhibit indications of interaction with hot 

hydrothermal fluids.  
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Geological settings 

The Skellefte District is located in the Västerbotten County in northern Sweden (Fig. 2). It 

comprises 1.9 Ga Palaeoproterozoic rocks and is a well-known VMS district, in a global sense. 

The Skellefte District also hosts orogenic gold and porphyry Cu-Au style deposits. More than 

85 VMS deposits are hosted by the district. Twenty-five of those have been mined and 5 are 

currently in production by Boliden Mineral AB (Årebäck, 2005). Most VMS deposits are 

situated in the upper part of the Skellefte Group volcanic sequence, or in the lower parts of 

the Vargfors Group (Billström and Weihed, 1996). The deposits can be divided into different 

groups depending on their metal association and host rock chemistry. Essential for this study 

are the deposits that are classified as Zn-dominated and formed in a felsic-dominated 

domain. The tectonic settings for felsic-dominated domains are more commonly arc-

continental margins and/or continental arc regimes (Billström and Weihed, 1996). The 

Skellefte District is believed to be an example of rifted continental margin arc (Billström and 

Weihed, 1996). In this type of  continental arc environment where extension occur in a 

thicker crust (20-30 km) the magma can remain as a hot source in the underlying basement 

rocks instead of intruding into their co-magmatic volcanic assemblage. The heat source is the 

main provider of the hydrothermal convection cells that are formed (Galley et al., 2007).  
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Fig. 2 Geological map over the Skellefte District, after Allen et al. (1996) 
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Regional geology  

Volcanic Arc related 

The Skellefte District constitutes three main rock units: 1) Skellefte Group volcanics, 2) 

Vargfors Group sedimentary rocks and Arvidsjaur rocks, and 3) Bothnian Group sedimentary 

rocks (Lundberg, 1980; Allen et al., 1996; Billström and Weihed, 1996; Årebäck, 2005; Kathol 

and Weihed, 2005). The district is by many (Hietanen, 1975; Lundberg, 1980; Rickard, 1986; 

Vivallo and Claesson, 1987) believed to be part of a volcanic arc, with a volcanotectonic cycle 

of approximately 10 to 15 m.y. (Allen et al., 1996), in which the three main units were 

formed: the Skellefte Group, formed in volcanic arc related to extension, Vargfors and 

Arvidsjaur Groups formed during renewed continental-arc volcanism, extension and 

differential uplift (Allen et al., 1996; Kathol and Weihed 2005)    

The stratigraphy within the Skellefte District indicates that the Skellefte Group is overlain by 

the Vargfors- and Arvidsjaur Groups, which is also supported by age determination (Billström 

and Weihed, 1996). 

 

Vargfors Group 

The Vargfors Group rocks are believed to be one of the younger units in the district. Ages 

have been derived from volcanic rocks that occur within the Vargfors sediments (Kathol and 

Weihed, 2005), providing ages of 1875±4 Ma (Billström and Weihed, 1996) and 1871±5 Ma 

(Bergström et al., 2003).  

   The Vargfors Group mainly consists of marine sediments and volcanic rocks. The 

sedimentary rocks are mainly turbiditic and coarse clastic rocks. The rocks of the Vargfors 

Group are interpreted as the marine equivalence of the more continental Arvidsjaur Group, 
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as a stratigraphical sequence in Bure indicates a transition from the marine rocks of the 

Vargfors Group to the continental rocks of the Arvidsjaur Group (Kathol and Weihed, 2005) 

 

Arvidsjaur Group 

The Arvidsjaur Group is the stratigraphical unit overlying the Skellefte Group and underlying 

the Vargfors Group. The group is dominantly found in the northern parts of the Skellefte 

District, extending northwards to the Norrbotten County (Kathol and Weihed, 2005). The 

Arvidsjaur Group is dated at c. 1878 ± 2 Ma (Skiöld et al., 1993), 1879-12
+15 Ma (Kathol and 

Persson, 1997), and 1877±9 Ma (Kathol SGU, unpublished data). This indicates that the 

Arvidsjaur Group is younger than the Skellefte Group but slightly older than the Vargfors 

Group. The Arvidsjaur sedimentary and volcanic rocks differ from the Skellefte Group with 

respect to depositional environment. The Skellefte Group is mainly deposited subaerially, 

whereas the Arvidsjaur Group is mainly deposited in a terrestrial environment (Lundberg, 

1980; Allen et al., 1996, Kathol and Weihed, 2005). The volcanic rocks range from rhyolitic to 

basaltic in composition with the basaltic unit stratigraphically below the felsic unit (Kathol 

and Weihed, 2005). 

 

Skellefte Group 

The Skellefte Group is the lowest stratigraphical unit of the volcanic arc-related lithologies 

and consists of metavolcanic and metasedimentary rocks with ages between 1.88 and 1.84 

Ga (Lundberg, 1980). The original composition of the metavolcanic rocks are rhyolitic to 

basaltic and the rocks were deposited by submarine explosive volcanoes (Lundberg, 1980), 

and to some extent re-worked debris from these. The metavolcanic rocks are commonly 
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intercalated with metasediments in the upper parts of the internal stratigraphy. This is most 

commonly seen in the eastern and central parts of the Skellefte District (Kathol and Weihed 

2005). These metasediments range from mudstones to conglomerates, and also breccias. 

The sedimentary rocks of the Skellefte Group are believed to have been deposited in deep to 

shallow marine environments (Kathol and Weihed 2005).    

 

Bothnian Supergroup 

The Bothnian Supergroup comprises several different rock types, in greenschist to granulite 

facies (Hallberg, 1994; Allen et al., 1996;; Lundström, 1998). The Bothnian Supergroup rocks 

are older than the rocks associated with the volcanic arc event (Skellefte-, Arvidsjaur- and 

Vargfors Groups). The rocks of the Bothnian Group are mainly marine volcanoclastic rocks, 

consisting of turbiditic greywackes and argillites, debrites and other conglomerate rocks 

(Kathol and Weihed, 2005). It is rare to find volcanic rocks in the Bothnian Group but in some 

areas the sediments are interlayered by volcanic units of both mafic and felsic type (Kathol 

and Weihed, 2005). Age determination of volcanic rocks intercalated with the greywacke 

sequences indicates that the greywackes are older than 1.95 Ga (Wasström 1993, 1996; 

Eliasson and Sträng 1998). The Bothnian Supergroup is the older unit but appears sparsely in 

the Skellefte District and is more dominant south of the district (Kathol and Weihed, 2005).   
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Geology of the Nyborg-Kristineberg area 

The Nyborg Zn-Ag mineralization is situated in the western part of the Skellefte District (Fig. 

3), in the Kristineberg area. The geology in this area is mainly controlled by two anticlines 

and a syncline, named the Kristineberg and Vindelgransele anticlines. The anticlines are 

made up by rocks from the Skellefte Group, whereas the syncline dividing the anticlines is of 

rocks from the Vargfors Group. The Skellefte Group volcanic rocks are mainly rhyolitic 

subvolcanic intrusions or lava domes (Årebäck, 2005). The sedimentary Vargfors unit 

consists of turbiditic pelitic and arenitic rocks and in the lower part of the unit graphitic units 

are found (Perdahl, 2003). 

   The rocks in the Kristineberg area are metamorphosed in upper greenschist to lower 

amphibolite facies (Årebäck, 2005) and peak metamorphism occurred at approximately 1.84 

to 1.82 Ga (Weihed et al., 1992). Besides being metamorphosed the rocks are strongly 

hydrothermally altered, especially close to the Kristineberg deposit (Hannington et al., 

2003). The alteration mineralogy consists mainly of quartz, muscovite, chlorite, phlogopite, 

andalusite, corderite and pyrite (Årebäck, 2005).    

The Kristineberg and Kimheden deposits are situated in the lower parts of the Skellefte 

Group, compared to the Rävliden, Rävlidsmyran and Hornträskviken deposits (Du Rietz, 

1953; Edelman, 1963; Vivallo and Willdén, 1988; Årebäck, 2005, Kathol and Weihed, 2005). 
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Fig. 3 Bedrock map of the western part of the Skellefte District. From  Perdahl (2003). 
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Nyborg Zn-Ag mineralization 

The Nyborg deposit, as most other VMS deposits in the Skellefte District, is situated in the 

upper part of the Skellefte Group close to the contact to the Vargfors sediments (Fig. 4). It 

has been classified as a Zn-Ag VMS type mineralization (Perdahl, 2003). The mineralization is 

hosted by a sericitic quartzite and is in close contact with andalusite-altered rocks (Claesson, 

1979). The mineralization occurs as a disseminated lens which parallels the stratigraphy. The 

approximate size of the disc-shaped orebody is 200 x 150 x 2-5 meters. The general strike of 

the mineralization is N70E. The dip is between 70 to 80 degrees towards NW in the eastern 

central part and 60 degrees towards NW in the western parts (Lindberg, 1982). 

The ore mineralogy comprises sphalerite, pyrite, chalcopyrite and galena in varying amounts. 

One odd feature of the deposit is that the sphalerite is cream-colored in some of the zinc-

rich parts. This special type of sphalerite has also been observed in the nearby Kristineberg 

mine (Theolin, 1984; Årebäck, 2005). The sphalerite is iron-poor and therefore has a lighter 

color.  

A resource estimation made by Theolin (1985) gave 396 000 tones grading 4.8% Zn, 0.5% Cu, 

0.4% Pb, 36 g/t Ag and 0.2 g/t Au. 
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Fig. 4 Geological map of the Nyborg area, showing the different rock units and the location of the mineralization 
(indicated in red). From Perdahl (2003). 
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Methods 

Drill core from 57 diamond drillholes is available from SGUs drilling campaign in the 1970s 

and 80s at the SGU storage facility in Malå. Three drillholes were selected, drillholes 77003, 

83004 and 83008, and were logged. Drillhole 77003 was chosen as the most representative 

for a profile through the mineralized zone, a total of ten samples were collected. The ten 

samples were taken throughout the core to best represent the different rock types and 

alteration styles. Three were taken from the hanging wall, three from the mineralization and 

four samples from the footwall (Table 1). The different colors used in the figures represent 

the different units. HW (hanging wall, green color), mineralization (yellow color) and FW 

(Footwall, red color)); will be used in several diagrams in this thesis in order to highlight 

relative stratigraphic position of the different units.   

 

Table 1. Sample name of the ten samples taken, organized into groups of hanging wall (green), mineralization (yellow) 
and footwall (red). 

 

 

Whole rock geochemistry was analyzed from core samples with an approximate length of 

40-60 cm. The samples were sent to ALS Minerals in Piteå, Sweden where they were 

processed and then sent to ALS Chemex, Canada, for whole rock analysis. The analytical 

package chosen was multi-element characterization (Table 2).  
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Table 2. Analytical package chosen for whole rock analysis.  

ME-MS81 (ppm) ME-ICP06 (%) ME-4ACD81 (ppm) ME-MS42 (ppm) C-IR07 

S-

IR08 

Zn-

OG62 

Ba Ho Ta SiO2 K2O Ag Mo As Sb C (%) S (%) Zn (%) 

Ce La Tb Al2O3 Cr2O3 Cd Ni Bi Se       

Cr Lu Th Fe2O3 TiO2 Co Pb Hg Te       

Cs Nb Tl CaO MnO Cu Zn           

Dy Nd Tm MgO P2O5               

Er Pr U Na2O SrO               

Eu Rb V   BaO               

Ga Sm W                   

Gd Sn Y                   

Hf Sr Yb                   

    Zr                   

 

 

The samples were made into polished thin sections with a size of 26 x 46 mm and a thickness 

of 30 µm at Vancouver Petrographics Ltd., Vancouver, Canada. The thin sections were 

investigated with polarizing microscope under transmitted and reflected light to determine 

the mineralogy. A Nikon Eclipse E600 POL microscope, at Luleå University of Technology was 

used for petrographic studies.  

In order to confirm the mineralogy further studies were carried out using the Philips XL-30- 

ESEM with Oxford EDX detector at Stockholm University.  

   The ESEM provides semi-quantitive analysis of the chemical composition of each mineral in 

the sample by firing an electron beam onto the surface of the sample. Preparation of the 

samples required carbon coating. The results are presented in the form of a spectrum of 
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elements identified and as a data table in which the concentration of the elements present 

are reported in weight percent (wt. %). These results were used mainly to identify the main 

mineral groups.  

Results 

Three drillholes were logged and drill core from one drillhole was sampled to obtain 

representative samples across stratigraphy from the hanging wall, the mineralized zone and 

the footwall. Ten samples were taken and the sample sites are shown in Figure 5. Whole 

rock geochemical data is presented in Table 3.  

Table 3. Whole rock geochemical data of the major elements. In sample K576188-89 the total values are lower due to 
high percentage of metals Zn, Cu and Pb, which are not calculated in the total. 

SAMPLE K576184 K576185 K576186 K576187 K576188 K576189 K576190 K576191 K576192 K576193 

SiO2 (%) 51.8 67.1 48.4 82.5 48.1 39.9 41.3 59.4 71.5 68.2 

Al2O3 14.65 17.5 14.35 8.02 19.15 20.2 30.3 1.56 12.2 13.9 

Fe2O3 16.55 3.15 17.2 2.74 6.24 5.69 7.46 24.4 8.05 4.2 

CaO 5.37 5.89 5.1 0.22 1.54 1.11 0.96 0.3 0.23 0.56 

MgO 5.77 1.71 7 0.06 0.45 0.42 0.3 0.01 0.01 2.79 

Na2O 0.54 2.93 1.05 0.66 0.82 0.95 1.92 0.17 0.48 1.03 

K2O 0.63 1.25 0.93 1.25 2.56 3.09 4.62 0.09 0.28 1.82 

Cr2O3 0.01 0.02 0.01 0.01 0.01 0.01 <0.01 0.02 0.01 0.01 

TiO2 1.78 0.19 1.65 0.35 0.67 0.75 0.94 0.49 0.39 0.55 

MnO 0.24 0.09 0.21 <0.01 0.01 0.01 <0.01 <0.01 <0.01 0.04 

P2O5 0.32 0.05 0.25 0.11 0.04 <0.01 0.06 0.21 0.1 0.2 

SrO 0.01 0.02 0.01 0.05 0.06 0.06 0.13 0.02 0.04 0.05 

BaO 0.03 0.06 0.04 0.31 1.81 2.18 2.69 0.05 0.09 0.26 

LOI 3.53 1.34 3.31 2.67 7.21 8.14 7.87 12.75 5.03 4.57 

Tot 101.23 101.3 99.51 98.95 88.67 82.51 98.55 99.47 98.41 98.18 
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Fig. 5  Stratigraphy of the Nyborg deposit. Core from diamond drill hole BH77003 was chosen for analysis and black boxes 
represent sample sites 
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Hanging wall  

Mineralogy 

The hanging wall consists mainly of two different rock types. The first unit is an 

intermediate/mafic volcanic rock with a mineral assemblage of amphibole, biotite, pyroxene, 

chlorite, quartz, and plagioclase, Fig. 6 A-B. The unit contains medium-sized (commonly >200 

µm) phenocrysts of amphibole and minor amounts of pyroxene. The amphibole has a dark 

green color whereas the pyroxene has a more green-bluish color. The amphibole and 

pyroxene are clearly being altered to chlorite and biotite, Fig. 7A. In many of the amphibole 

grains inclusions of biotite and chlorite are found. The chlorite appears as larger grains or as 

fine-grained clusters, but also as small single grains. The chlorite occurs in close contact with 

the amphibole and pyroxene (Fig. 7A). The biotite and chlorite are commonly intergrown. 

The biotite and chlorite seem to be secondary minerals and the biotite could be the result of 

chloritization.  

 
Fig. 6 drillcore sample of the mafic-intermediate unit in the hanging wall, B) is a photomicrograph of the same unit. Bt= 
Biotite, Am= Amphibole, Chl= Chlorite and Qtz= Quartz 

 

The two main opaque minerals in the hanging wall are pyrrhotite and ilmenite with 

accessory pyrite and chalcopyrite. Both pyrrhotite and ilmenite are anhedral and appears to 

be deteriorated. The ilmenite appears to be deteriorating to rutile (Fig. 7B). Minor euhedral 
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pyrite ranging in size between 50-150 µm is found in close contact with both pyrrhotite and 

small clusters of chalcopyrite. 

 
Fig. 7 A) Broken down amphibole and pyroxene Px= Pyroxene, Am= Amphibole, Chl= Chlorite and Qtz= Quartz, B) Broken 
down ilmenite (Ilm) with a rim of rutile (Ru) 

 

The second unit found in the hanging wall is a fine-grained banded felsic volcanic rock (Fig. 

8A-B). The unit consists mainly of quartz, plagioclase, biotite, chlorite and muscovite with 

minor amphibole. The unit has a fine-grained matrix consisting of quartz, plagioclase and 

muscovite. The amphibole and biotite mainly occur as larger (around 0.5 mm) phenocrysts. 

The unit is banded, with light-colored layers consisting of quartz, muscovite and plagioclase 

and minor biotite and amphibole as mafic minerals. The darker colored bands mainly consist 

of amphiboles altered into biotite and chlorite, together with minor quartz and plagioclase. 

This unit has undergone minor chlorite and sericite alteration, and is poor in ore minerals 

(only accessory pyrrhotite and pyrite).  

 
Fig. 8 A) and B) are the core and a picture of the more banded felsic unit from the hanging wall. 
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Chemistry 

The samples taken from the hanging wall (Fig. 9, green field) display similar chemistry in 

sample one and three (K576184 and K576186). This can be explained by the fact that the 

samples are taken from the same intermediate/mafic unit that repeats itself with a felsic 

unit in between (second sample, K576185) (Fig. 5). The increase of major elements (Si, K, Na 

and Al) from the first unit to the second gives a clear indication that the second sample is 

more felsic. The first sample contains more mafic minerals such as amphibole, pyroxene and 

biotite, whereas the second sample mainly comprises quartz, muscovite and feldspars.  

 

 
Fig. 9 Major elements plotted against depth. The % value for K2O and Na2O are much lower than the rest of the minerals 
and have therefor been multiplied by 10 in order to better see trends and relationships. The hanging wall is highlighted 
in green, the mineralization in yellow and the footwall in red. 
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Mineralized horizon 

Mineralogy 

The mineralized horizon consists of two different sections. One represents the transition into 

the mineralization and the second is a unit in which the mineralization is hosted. The Nyborg 

mineralization is dominated by zinc, but also contains copper with minor lead, silver and 

gold.  

The boundary between the hanging wall and mineralization is a transitional zone from the 

intermediate/mafic rocks into a unit mainly consisting of fine- to medium-grained quartz 

(approximate eye estimation of >80 %), with traces of pyrite and pyrrhotite (Fig. 10 A-A´). 

The rest of the mineralogy consists of muscovite, and minor plagioclase. Muscovite is 

present as small single grains and the plagioclase is altered into sericite that occurs as small 

clusters scattered throughout the unit. 
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Fig. 10 A+A´) Drillcore and photomicrographs of the transitional zone from the hanging wall to the mineralization. B) Core 
sample over the mineralization in which the waxy yellowish colored iron-poor sphalerite can be seen. In B´) a 
photomicrograph clearly shows that the matrix is dominated by muscovite. Qtz= Quartz, Mus= Muscovite and Ser= 
Sericite 

 

The mineralization occurs in a unit mainly consisting of muscovite, quartz, feldspars and 

sericite.  Muscovite is the most dominant mineral followed by quartz (Fig. 10B-B´). The 

muscovite displays a fibrous texture with distinct coloring and is medium in grain size and 

can be seen in Figure 10B´. The quartz and sericite occur in small patches together with 

minor feldspars. The rock unit is a very soft rock due to the high abundance of muscovite.  

The most dominant ore mineral is sphalerite. Other sulfide minerals present are in 

decreasing amounts chalcopyrite, pyrite, pyrrhotite, galena and minor amounts of the oxide 

ilmenite (Fig. 11). All of the sulfides are associated with sphalerite. A relationship between 

chalcopyrite and sphalerite can be observed, in the form of chalcopyrite disease, where 

chalcopyrite appears as small inclusions within or at the rim of the sphalerite (Fig. 12).  
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Fig. 11 Photomicrographs from the mineralized samples. A) Sulphides in the mineralized part, Py= Pyrite, Cpy= 
Chalcopyrite, PbS= Galena, Sph= Sphalerite. B) Chalcopyrite disease. C) Sphalerite and pyrite in transmitted light where it 
can be seen that sphalerite is not completely opaque. D) Chalcopyrite disease in sphalerite. 

 

 
Fig. 12 Photomicrographs of chalcopyrite disease, either as inclusions or at grain boundaries. 
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Sphalerite 

The sphalerite is very hard to distinguish in hand specimen. This is due to the lack of metallic 

luster and color. It has a waxy yellowish color and looks almost fibrous. Sphalerite is 

anhedral, appearing as large single grains (>2.5 mm) and smaller grains in clusters. The 

chemical compositions of the sphalerite in the investigated samples are quite uniform (Table 

4). The sphalerite is pure in its composition (ZnS), and only one sample holds Fe.  

Table 4. ESEM data from seven different sphalerite grains. The data is presented in weight %. 

Sample 88:5A 88:4A 88:3D 88:1A 88:1C 89:3C 89:2A 

S 33.38 33.06 33.31 32.92 33.26 33.77 34.59 

Zn 66.58 66.94 66.69 67.08 66.62 66.12 64.54 

Fe 0 0 0 0 0 0 0.83 

Tot 99.96 100.00 100.00 100.00 99.88 99.89 99.96 

 

 

Chemistry 

The first of the three drill core samples from the mineralized zone (Fig. 9, yellow field), 

K576187, is taken from the transitional zone between the hanging wall and mineralization. 

The other two samples (K576188-89) are from within the mineralized zone, (Fig. 5).  

   The first notable trend from sample K576186 (hanging wall) to sample K576187 (transition 

to mineralization) is that the major elements Al2O3 and Na2O, (Fig. 9), decrease in 

concentration, whereas SiO2 and K2O increases. The base metals (Fig. 13) also decrease in 

this transition. Sample K576187 approximately holds 80-90% quartz based on eye 

observations, the rest of the sample consist of muscovite and minor biotite, which leads to a 

quite barren chemistry.  
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   The following trend for sample K576188-89 is different. In this section silica decreases and 

the other major elements together with base metals increase. This change in chemistry is 

most likely due to the fact that the mineralization is hosted in a sericite schist, which contain 

less amount of silica but higher amounts of the other major elements.   

   

 
Fig. 13 Zinc, copper and lead plotted against depth. The hanging wall is highlighted in green color, the mineralization in 
yellow and the footwall in red. 
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Footwall 

Mineralogy 

The footwall mineral assemblage comprises quartz, muscovite, sericite and andalusite. The 

andalusite appears as ≤ 2 mm large grains in a finer-grained matrix of quartz, muscovite and 

sericite (Fig. 14B-B´). Various amounts (approximate eye estimation of approx. 10-20%) of 

pyrite occur disseminated throughout the footwall. The pyrite is large in grain-size (from 1 to 

>2.5 mm) and euhedral. Bands of massive pyrite sections are also seen in the footwall (Fig. 

14A- A´). The footwall has been subjected to intense hydrothermal alteration, so that no 

primary structures or mineralogy can be determined, and can best be described as a sericite 

schist (Theolin, 1985). 

 
Fig. 14 A) and A´) are drillcore and photomicrographs in which the massive zones of pyrite are displayed. B) and B´) 
represent the general background mineralogy of the footwall. In B´) a large grain of andalusite is seen. 
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Chemistry 

Sample K576190 (Fig. 5) is the sample that represents the transition to the footwall (Fig. 9, 

red field). The mineralogy in this sample is almost the same as where the mineralization is 

hosted, with the exception that slightly more quartz is present and the dominant opaque 

minerals present are pyrite and minor rutile. From sample K576191 and deeper, the 

chemistry drastically changes again. The silica content increases and then flattens out and 

remains constant at that level. The same trend but slightly reversed can be observed with 

the remaining major element, but instead of increasing they decrease and then remains 

constant (Fig. 9). As reflected by the chemistry the mineralogy changes from sericite-

dominated schist to an andalusite/quartz-rich rock with some muscovite and sericite.  

 

Whole rock geochemistry 

Whole rock geochemistry indicates that the area has undergone strong alteration. This is 

evident in Figure 15 in which K2O + Na2O is plotted against (K2O/(K2O+Na2O))x100. This 

diagram was presented by Hughes (1973) and is used to indicate if a sample is altered or not. 

If the sample plots within the spectrum, it is generally considered unaltered. If the sample 

however plots outside of the spectrum, then the sample is with high probability altered. 

Potassium and Na are good indicators of alteration seeing as they are quite mobile. It should 

be noted that samples that plot within the spectra can still be altered. 

As seen in Figure 15, all but one of the samples from Nyborg plots outside of Hughes 

spectrum. This gives a clear indication that all of the units sampled are strongly altered and 

can therefore not be classified using diagrams with mobile elements. The samples have been 

plotted in several different immobile element classification schemes, but with inconsistent 
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result. Even the most immobile elements can under certain conditions become mobile 

(Middelburg et al., 1988). Therefore no classification of the rock units with respect to 

precursor lithology will be presented in this thesis using either mobile or immobile elements. 

A comparison with the immobile elements in Kristineberg and Nyborg will however be made 

later in the thesis.   

 

 

 
Fig. 15 Nyborg samples plotted in the igneous spectrum of Hughes (1973). 
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TiO2 + Fe2O3 vs. S 

Figure 16 shows titanium, which mostly occurs in oxides such as ilmenite and rutile, and 

sulfur, which is a main constituent in sulfide minerals. The trend lines indicate that there 

could be a change in environment, from a more oxidized environment in the hanging wall to 

a more reduced environment in the footwall. In the hanging wall the main ore mineralogy 

consists of ilmenite and some pyrrhotite. The mineralogy changes through the 

mineralization and the ilmenite is altered into rutile. The amount of sulfide minerals also 

increases towards depth. With the exception of the mineralization, the sulfides present are 

pyrrhotite in the hanging wall and pyrite in the footwall. The relationship between the iron 

and sulfur can be seen in Figure 17, where it is evident that the amount of iron increases 

with the amount of sulfur. One exception is highlighted circles in Figure 17, which represent 

the hanging wall. The hanging wall contains less sulfide minerals and the iron is hosted 

mainly by ilmenite and in the mafic minerals.  

 
Fig. 16 Sulfur and TiO2 plotted against depth, to illustrate possible more oxidized to more reduced environment. The 
relationship is further demonstrated with black trend lines. The hanging wall is highlighted in green color, the 
mineralization in yellow and th 
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Fig. 17 The relationship between Fe and S. The amount of iron increases with the amount of sulphur, except for three 
exceptions, which are highlighted by circles and represent the hanging wall. 

 

Mineral chemistry 

Muscovite- Barium content 

In the mineral chemical data from muscovite grains presented in Table 3, high 

concentrations of barium are seen. The ESEM analysis showed that the barium most likely is 

situated in the muscovite, as substitution for potassium. The chemistry of the muscovite 

does not differ much throughout the mineralization and footwall (Table 5). Almost all of the 

analyses show that the muscovite contains barium. No ESEM analysis was done on 

muscovite in the hanging wall, due to the absence of the mineral. Whole rock data from the 

hanging wall confirms the absence of barium-rich minerals, showing very low concentrations 

of barium. Table 5 also shows that potassium is present in various amounts in every analysis. 

The largest difference between the analyses is the amount or presence of Mg, Fe, Na, Ca and 

S.   
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Table 5. Mineral chemistry of muscovite, from ESEM analysis. 

Wt. % 87:1C 88:1E 89:2E 89:2C 89:2D 90:1C 90:1D 90:1A 90:3A 91:1C 

O 51.49 47.63 46.82 47.33 48.58 48.38 49.73 48.72 49.24 51.52 

Na 2.66 1.03 0 1.61 1.83 1.5 1.76 1.54 1.46 3.28 

Mg 0 0.65 0.71 0.55 0 0 0 0 0.47 0 

Al 18.17 17.82 18.65 18.99 19.15 18.04 18.95 19.41 19.43 20.67 

Si 24.09 21.58 20.15 20.94 20.94 19.03 20.31 20.43 20.08 20.25 

K 3.59 5.76 5.72 5.67 5.66 5.09 5.44 5.17 5.48 0.37 

Ba 0 5.53 4.81 4.91 3.84 3.98 3.31 4.29 3.83 0 

Fe 0 0 0 0 0 2.01 0 0 0 0 

S 0 0 1.43 0 0 1.96 0.5 0.44 0 0 

Zn 0 0 1.69 0 0 0 0 0 0 0 

Ca 0 0 0 0 0 0 0 0 0 2.62 

Tot 100 100 99.98 100 100 99.99 100 100 99.99 98.71 
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Discussion 

The Nyborg mineralization has been classified as a disseminated Zn-Ag VMS type 

mineralization (Perdahl, 2003). The differences (chemically and mineralogically) between the 

hanging wall and footwall, together with the relationship between the Kristineberg and the 

Nyborg deposits will be discussed here. 

Ilmenite vs. rutile 

The main oxide mineral in the hanging wall is ilmenite, whereas rutile is dominant in the 

footwall. The ilmenite in the hanging wall shows replacement textures (Fig. 7B) and appears 

to be broken down and in general appears to be in disequilibrium. The rutile in the footwall 

exhibits the same features. A possible connection between these two minerals can be made, 

ilmenite can be altered into rutile through equation 1 (Temple, 1966; Babu et al., 1994): 

Ilmenite Pseudorutile  Rutile/Anatase Hematite 

(1)             Fe2+TiO3     Fe3+Ti3O9          TiO2       + Fe2O3 

 

The conditions required for this reaction are oxidation at elevated temperatures. It is 

believed that the ilmenite is hydrated during the alteration process (Gevorkyan and 

Tananayev, 1964). 

   Cold seawater penetrates the rocks via pores and cracks, and these cold fluids are then 

slowly heated as they percolate deeper. As the fluids increase in temperature towards 

depth, the interaction with the host rock changes from cold fluid alteration to higher 

temperature alteration. Not only does the temperature change, but the chemistry of the 

fluid changes. The colder newly derived fluids are more oxidized than the deeper hotter 

fluids (Spooner and Fyfe, 1973; Munha and Kerrich, 1980; Lagerblad and Gorbatchev, 1985; 
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Gibson and Watkinson, 1990; Galley, 1993; Brauhart et al., 1998; Bailes and Galley, 1999). 

This could explain why there is ilmenite in the hanging wall and rutile in the footwall. As the 

fluids descend they increase in temperature leading to the breakdown of ilmenite, leaving 

rutile as its product. The amount of rutile decreases towards depth in the footwall, 

suggesting that the fluids no longer are oxidized at those depths. This is also supported by 

the amount of sulfides, which increases towards depth in the footwall. However, hematite is 

a bi-product from the ilmenite-rutile alteration process. No hematite has been observed in 

the Nyborg deposit. This could be due to the fact that hematite is generally not stable in a 

VMS system, as it is slowly replaced by sulfides (Ohmoto, 1996). 

   

 

Pyrrhotite vs. pyrite 

The chemical differences between pyrrhotite (Fe1-xS (x=0 to 0.2)) and pyrite (FeS2) are not 

large. In general their chemical formula can be written as FeS and FeS2. 

 Pyrite is commonly the main sulfide found in a VMS system hosted by a felsic unit, whereas 

pyrrhotite is more common in a mafic system (Ohmoto, 1996). The Nyborg hanging wall 

comprises two different rock units, one unit being more intermediate-mafic in character and 

the other one more felsic. Pyrrhotite occurs as expected in the intermediate-mafic hanging 

wall unit and pyrite in the more felsic footwall.  

Equation 2 illustrates the reaction in which pyrrhotite is formed from fluids derived in mafic 

units (Ohmoto, 1996) 

 

(2) Fe2+ + H2S(aq)  FeS(s) + 2H+ 
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Pyrite however can be formed from two different reactions, equations 3 and 4 (Ohmoto, 

1996). The first is a transformation of pyrrhotite into pyrite, which can take place in two 

different ways. Hydrogen is consumed in reaction 3 and hydrogen sulfide in reaction 4. 

 

(3) 2FeS(s) + 2H+  FeS2 + Fe2+ + H2(aq) 

(4) FeS(s) + H2S(aq)  FeS2 + Fe2+ + H2(aq)    

 

The second way to produce pyrite in the system is simply by the direct precipitation from 

solution according to reaction 5. 

(5) Fe2+ + H2S2(aq)  FeS2 + 2H+ 

 

Sphalerite vs. chalcopyrite 

The sphalerite in the Nyborg mineralization exhibits a somewhat unusual feature. The 

sphalerite is extremely low in Fe and therefore light-colored and hard to identify in hand 

specimen. Du Rietz (1953) observed the same iron-poor type of sphalerite in the nearby 

Kristineberg VMS deposit. The most common type of sphalerite contains at least some Fe. 

This is due to the fact that Zn is easily replaced by Fe in its crystal lattice. The removal of Fe 

could possibly be explained by the “chalcopyrite disease” (Fig. 12). The “chalcopyrite 

disease” is described by Barton (1978) as a selective replacement process where sphalerite is 

replaced by chalcopyrite. In a VMS system, chalcopyrite is primarily formed at a later stage 

than sphalerite and galena (Ohmoto, 1996). The chalcopyrite disease is a feature commonly 

occurring in Fe-rich sphalerite. It is a replacement reaction from which the iron in the 

sphalerite is transferred into chalcopyrite. The replacement usually starts along grain 
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boundaries and cracks and is initiated by Cu in solution (Barton, 1978). The replacement is 

restricted to temperatures between 200 and 400°C (Barton and Bethke, 1987). 

   The sphalerite and galena are likely produced as a result of hot hydrothermal and cold 

seawater-derived fluid interaction. The minerals will only precipitate if the fluid is saturated 

in H2S and heavy metals leached from the wall rock (Ohmoto et al., 1983; Ohmoto, 1986). 

   Sphalerite, galena and barite are some of the minerals that get dissolved by later hot fluids. 

This is most likely caused by the fact that the later fluids are under-saturated in elements 

such as Zn, Pb and Ba (Ohmoto, 1996). This depletion is the main cause of the dissolution of 

sphalerite seen in reaction 6. 

 

(6) ZnS(s) + 2 H+  H2S(aq) + Zn2+ 

 

The H2S produced is then consumed to produce chalcopyrite, reaction 7. 

 

(7) Cu+ + Fe2+ + 2H2S(aq)  CuFeS2(s) + 3H+ + ½ H2(aq)            (Ohmoto, 1996) 

 

These two reactions combined explain the replacement of sphalerite by chalcopyrite, 

reaction 8. 

 

(8) 2 ZnS(s) + H+  +Cu+ + Fe2+  CuFeS2(s) + 2 Zn2+ + ½H2(aq)   (Ohmoto, 1996) 

 

Replacement of sphalerite by chalcopyrite is most efficient when pyrite also is present in the 

system, reaction 9. 
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(9) 2 ZnS(s) + FeS2(s) + 2 Cu+ + Fe2+  2 CuFeS2(s) + 2 Zn2+  (Ohmoto, 1996) 

 

Some of the Zn, Ba, Pb, Cu and Fe can re-precipitate in locations where the new metal-rich 

fluids interact with cold seawater (Ohmoto, 1996). This argument could possibly be applied 

to the Nyborg mineralization. The hanging wall is indicated to have interacted with colder 

fluids derived from seawater. Between the hanging wall and the mineralization a transitional 

zone occurs, which could possibly be explained as a chilled margin where hot and cold fluids 

interacted. In this zone all of the elements except Si are depleted (Fig. 8 and 9). The higher 

temperature fluids decrease in temperature and as they ascend and the metals that they 

carry precipitate, leaving only silica which later forms quartz. The temperature range in 

which chalcopyrite disease can occur is 200 to 400°C, suggesting that the footwall has 

experienced higher temperatures and the hanging wall lower temperatures.    

   The iron-poor variety of sphalerite seen at Nyborg is also seen in Rheinsches 

Schiefergebirge, Germany. This includes the Stahlberg (Müsen) and the Schöne Freundshaft 

(Oberdorf), deposits in the Sigerland-Wied district. Also included are the Silbersand (Mayen) 

and Saarsegen (Altenahr) deposits, from the Estern Eifel district. Common for all these 

deposits is that sphalerite is the main ore mineral and that secondary iron-poor sphalerite is 

present (Wagner and Cook, 1998). The second generation sphalerite found has lost most of 

its iron by diffusion. This could be the result from sphalerite coming in contact with fluids 

low in Fe/Zn (Wagner and Cook, 1998).  
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Barium 

Barium is known to replace potassium (Eckert and Tillotson, 1981), which appears to be the 

case in this mineralization as well. Barite (BaSO4) is a common mineral in a typical Kuroko 

type VMS deposit (Ohmoto, 1996). At Nyborg barite has not been found, but high levels of 

Ba are found in muscovite (Table 5). The barium was probably mobilized as the solubility of 

barium increases with increasing temperature (Holland and Malinin, 1979).  The original 

barite, from which the Ba originally was contained, was likely dissolved at the same stage as 

the sphalerite (Ohmoto, 1996) when the fluids undersaturated with metal were introduced. 

The Ba probably re-precipitated as the temperature of the fluids decreased. It appears that 

the Ba has been concentrated in the muscovite substituting potassium. In Table 6 the 

distribution of barium in the drillcore can be seen. The high content of barium is correlated 

with high amounts of muscovite. Sample K576187-90 show a clear decrease in barium 

towards the hanging wall.  As mentioned before, the solubility of barium increases with 

increasing temperature. This suggests that a clear temperature drop can be seen towards 

the hanging wall, indicated by the amount of barium.     

Table 6. Barium content throughout the drill core. Green field is hanging wall, yellow is mineralization and red is 
footwall. 

SAMPLE BaO (%) 

K576184 0.03 

K576185 0.06 

K576186 0.04 

K576187 0.31 

K576188 1.81 

K576189 2.18 

K576190 2.69 

K576191 0.05 

K576192 0.09 

K576193 0.26 
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Comparison with the Kristineberg domain and deposit 

The Kristineberg domain consists of the Rävliden, Rävlidsmyran, Kimheden, Hornträskviken 

and Kristineberg deposits (Fig. 1). Production at Kristineberg started in 1941 and until the 

end of 2003 approximately 31.9 Mt have been mined from this area (Årebäck et al., 2005). 

The distance between the Kristineberg and Nyborg deposits is approximately 7 km.  

In 2003 Hannington et al. presented a possible linkage between the stratigraphically lower 

Kristineberg deposit with the stratigraphically higher Rävliden Rävlidsmyran, Hornträskviken 

and Kimheden deposits with a possible fluid flow pathway based on fluorine content in 

chlorite. Fluorine behavior has previously been examined in other altered felsic dominated 

VMS systems (Lavery 1985; Koopman et al., 1999) (Fig. 18). It is thought that the high 

content of fluorine in these systems highlight hydrothermal up-flow zones (Yoshida, 1990). 

This behavior can also be seen in modern seafloor hydrothermal systems and in subaerial 

geothermal systems associated with felsic volcanic activity. The fluid pathways are suggested 

to extend from the Kristineberg deposit to the rest of the deposits in the domain, towards 

the contact between the underlying Skellefte Group volcanics and overlying Vargfors Group 

sedimentary rocks. A fluid pathway can also be seen to extend towards Nyborg. The study 

did however not include the Nyborg area and therefore no samples were taken to see if this 

trend continues all the way to the Nyborg mineralization. However, in Figure 4 a 

hydrothermal alteration zone can be seen, manifested by sericite-andalusite alteration in the 

felsic metavolcanic rock unit extending from Kristineberg to Nyborg. This suggests that hot 

hydrothermal fluids have interacted both at Kristineberg and Nyborg and that there is a 

possible genetic relationship between the two deposits.  

A comparison of the different rock types at Kristineberg and Nyborg have been made in 

Figure 19. Barrett et al. (2005) identified four different precursor rock types; Rhyolite (X, A, B 
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and C), Dacite, Andesite and a Mafic unit from the Kristineberg area (Appendix 1 and 2). 

From that study 43 analyses have been used to compare the Kristineberg and Nyborg 

deposits.  

 
Fig. 18 Possible fluid pathway (shaded areas) between the Kristineberg and Nyborg deposits. After Hannington et al. 
(2003) 

 

   As seen in Figure 19 most of the samples plots within trend lines represented by samples 

from Kristineberg, with the exception of K576184-86. Samples K576184-86 plot within the 

mafic trend lines and basically represent the intermediate-mafic unit of the hanging wall. 

Sample K576185 plot below rest of the samples, outside the trend lines representing the 

felsic unit of the hanging wall, whereas the other samples either represent the 

mineralization or the footwall. The other samples clearly plot in the range between Dacite 

and Rhyolite B. It should however also be mentioned that even the most immobile elements 

can under certain conditions become mobile and affect the result (Middelburg et al., 1988).  
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One question concerns the alteration of the hanging wall. None of the three samples from 

the hanging wall plot within the Kristineberg trend lines. It appears from the geological map 

(Fig. 18) that Nyborg lays at the same stratigraphical level as the Rävliden, Rävlidsmyran and 

Hornträskviken deposits, i.e. close to the contact to the Vargfors sedimentary rocks. All these 

deposits are situated higher up in the stratigraphy than Kristineberg (Årebäck, 2005). This 

could explain why the samples from the Nyborg hanging wall are not represented in the 

Kristineberg trend lines. The more mafic/intermediate unit found at Nyborg is possibly not 

present at Kristineberg.   

 
Fig. 19 Kristineberg and Nyborg lithogeochemical data, TiO2 vs. Zr. 
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Conclusion 

The mineralization at Nyborg is a Zn-Ag VMS deposit, with indications of a replacement style 

deposition, as indicated by the ilmenite/rutile, pyrrhotite/pyrite distribution, the presence of 

chalcopyrite inclusions within sphalerite (“chalcopyrite disease”) and the barium content.  

As the fluids gradually become hotter they become enriched in metals from leaching the 

host rock and the VMS deposits are dependent on where the metals precipitate. The 

precipitations of metals are mainly controlled by synvolcanic faults. These faults act as a 

plumbing system from which the metal rich hydrothermal fluids can move upwards and 

precipitate the metals. The minerals are probably exhausted in a zone where cold seawater 

derived and hot hydrothermal fluids interact. This plumbing system can be active for a 

longer period of time during different volcanic cycles and hydrothermal activities, which can 

lead to VMS deposits at different stratigraphical levels (Eastoe et al., 1987; Gibson and 

Watkinson, 1990; Brauhart et al., 1998; Galley, 2003  

It is also suggested that there could be a possible genetic relationship between the 

Kristineberg and Nyborg VMS deposits. This suggestion is supported by different lines of 

evidence: 

 Fluid pathways presented by Hannington et al. (2003). 

 Nyborg samples from the mineralization and footwall have similar chemistry to the 

samples from Kristineberg. 

 The occurrence of an unusual form of iron-poor sphalerite at both deposits 
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Appendix 

Type RhyX RhyA RhyA RhyB RhyC Dacite Andesite Andesite 

Drillhole 1994 1476 2015 1769 1994 1994 1563 1563 

Depth(m) 540.8 40 415.1 195.2 700.1 687.3 169.9 200.2 

SiO2(%) 74.86 74.7 73.45 72.18 71.18 65.03 62.83 61.48 

TiO2 0.279 0.313 0.331 0.377 0.426 0.476 0.555 0.587 

Al2O3 12.65 12.35 12.8 13.95 13.88 15.56 15.69 16.14 

Fe2O3 3.06 2.54 2.58 2.94 4.59 4.43 6.37 9.38 

MnO 0.01 0.08 0.14 0.06 0.03 0.02 0.03 0.08 

MgO 2.94 2.71 3.13 3.13 1.78 3.2 4.11 3.87 

CaO 0.76 0.47 0.89 0.2 2.48 2.43 1.48 2.05 

Na2O 2.35 1.68 2.47 2.16 4.45 5.55 3.31 4.12 

K2O 1.38 3.73 2.86 2.65 0.65 0.72 1.4 0.47 

P2O5 0.03 0.05 0.05 0.06 0.14 0.24 0.21 0.23 

LOI 1.78 1.23 1.12 2.15 0.55 2.7 4.39 1.99 

Total 100.2 100.01 99.95 99.92 100.2 100.38 100.51 100.45 

S(%) 0.37 0.02 0.06 0.03 0 0.93 1.03 0.04 

Ba(ppm) 921 1399 1154 572 328 239 976 423 

Cu 11 21 12 6 17 25 52 30 

Zn 9 96 117 70 27 4 145 37 

Pb <1 10.4 29 4.5 <1 <1 63.3 1.6 

Cr <15 <15 19 <15 <15 <15 <15 <15 

Ni 5 2 16 2 3 4 2 5 

V 5 10 13 14 39 53 75 111 

Co 5 13 16 16 35 22 5 11 

Rb 17.2 57.3 39.9 44.5 9.9 12.5 20.9 6.7 

Sr 68.5 43.4 89.2 34.4 350.4 245.8 134.9 225.9 

Nb 9.9 11 11.4 11.6 8.2 7.1 6.3 6 

Y 29.7 20.1 20.8 22.1 18.3 18.7 19.8 18.9 

Zr 206 226.7 238.4 224.4 176.2 154.6 112 93.5 

Appendix 1. Altered rocks from the Kristineberg mine. From Barrett et al. (2005)  
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Type RhyX RhyA RhyA RhyB RhyC Dacite Andesite Andesite Mine 

drillhole 1994 1476 2015 1769 1994 1994 1563 1563 1563 

Depth(m) 540.8 40 415.1 195.2 700.1 687.3 169.9 200.2 213.1 

SiO2(%) 74.86 74.7 73.45 72.18 71.18 65.03 62.83 61.48 71.56 

TiO2 0.279 0.313 0.331 0.377 0.426 0.476 0.555 0.587 0.369 

Al2O3 12.65 12.35 12.8 13.95 13.88 15.56 15.69 16.14 13.95 

Fe2O3 3.06 2.54 2.58 2.94 4.59 4.43 6.37 9.38 3.94 

MnO 0.01 0.08 0.14 0.06 0.03 0.02 0.03 0.08 0.03 

MgO 2.94 2.71 3.13 3.13 1.78 3.2 4.11 3.87 1.64 

CaO 0.76 0.47 0.89 0.2 2.48 2.43 1.48 2.05 2.33 

Na2O 2.35 1.68 2.47 2.16 4.45 5.55 3.31 4.12 4.43 

K2O 1.38 3.73 2.86 2.65 0.65 0.72 1.4 0.47 1.06 

P2O5 0.03 0.05 0.05 0.06 0.14 0.24 0.21 0.23 0.09 

LOI 1.78 1.23 1.12 2.15 0.55 2.7 4.39 1.99 0.79 

Total 100.2 100.01 99.95 99.92 100.2 100.38 100.51 100.45 100.25 

S(%) 0.37 0.02 0.06 0.03 0 0.93 1.03 0.04 0 

Ba(ppm) 921 1399 1154 572 328 239 976 423 498 

Cu 11 21 12 6 17 25 52 30 14 

Zn 9 96 117 70 27 4 145 37 24 

Pb <1 10.4 29 4.5 <1 <1 63.3 1.6 <1 

Cr <15 <15 19 <15 <15 <15 <15 <15 26 

Ni 5 2 16 2 3 4 2 5 10 

V 5 10 13 14 39 53 75 111 69 

Co 5 13 16 16 35 22 5 11 37 

Rb 17.2 57.3 39.9 44.5 9.9 12.5 20.9 6.7 18.2 

Sr 68.5 43.4 89.2 34.4 350.4 245.8 134.9 225.9 297.7 

Nb 9.9 11 11.4 11.6 8.2 7.1 6.3 6 9.3 

Y 29.7 20.1 20.8 22.1 18.3 18.7 19.8 18.9 17.5 

Zr 206 226.7 238.4 224.4 176.2 154.6 112 93.5 177 

Appendix 2. Least altered rocks from the Kristineberg mine. From Barrett et al. (2005) 
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SAMPLE K576184 K576185 K576186 K576187 K576188 K576189 K576190 K576191 K576192 K576193 

SiO2 (%) 51.8 67.1 48.4 82.5 48.1 39.9 41.3 59.4 71.5 68.2 

Al2O3 14.65 17.5 14.35 8.02 19.15 20.2 30.3 1.56 12.2 13.9 

Fe2O3 16.55 3.15 17.2 2.74 6.24 5.69 7.46 24.4 8.05 4.2 

CaO 5.37 5.89 5.1 0.22 1.54 1.11 0.96 0.3 0.23 0.56 

MgO 5.77 1.71 7 0.06 0.45 0.42 0.3 0.01 0.01 2.79 

Na2O 0.54 2.93 1.05 0.66 0.82 0.95 1.92 0.17 0.48 1.03 

K2O 0.63 1.25 0.93 1.25 2.56 3.09 4.62 0.09 0.28 1.82 

Cr2O3 0.01 0.02 0.01 0.01 0.01 0.01 <0.01 0.02 0.01 0.01 

TiO2 1.78 0.19 1.65 0.35 0.67 0.75 0.94 0.49 0.39 0.55 

MnO 0.24 0.09 0.21 <0.01 0.01 0.01 <0.01 <0.01 <0.01 0.04 

P2O5 0.32 0.05 0.25 0.11 0.04 <0.01 0.06 0.21 0.1 0.2 

SrO 0.01 0.02 0.01 0.05 0.06 0.06 0.13 0.02 0.04 0.05 

BaO 0.03 0.06 0.04 0.31 1.81 2.18 2.69 0.05 0.09 0.26 

S (%) 0.75 0.08 0.46 1.77 7.85 10.2 6.35 19.65 6.7 3.13 

Ba (ppm) 227 572 367 2640 >10000 >10000 >10000 363 804 2390 

Zr 120 250 90 120 330 320 410 170 150 160 

Cu 353 17 374 6 2130 4710 45 177 139 13 

Pb 12 31 6 8 201 637 136 16 25 16 

Zn 205 161 187 4 >10000 >10000 680 124 127 339 

Zn (%) 
    

6.31 11.65 
   

  

LOI 3.53 1.34 3.31 2.67 7.21 8.14 7.87 12.75 5.03 4.57 

Tot 101.23 101.3 99.51 98.95 94.98 94.16 98.55 99.47 98.41 98.18 

Appendix 3. Sampling results from BH 77003 from Nyborg by Metal Mines Sweden AB 


