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ABSTRACT 

 

 

The Palaeoproterozoic Johan Petersen Intrusive Centre (JPIC) formed as a continental arc 

at the North Atlantic Craton margin during the formation of the ca. 1.9 Ga 

Nagssugtoqidian Orogen (NO) in SE Greenland. Magmatic Ni-Cu deposits in the coeval 

Trans-Hudson and Svecofennian Orogens (THO and SFO) make the NO the primary 

target for Ni-Cu deposits in Greenland. Using mapping, petrography, geochemistry, and 

multiple sulphur isotope geochemistry, this thesis deals with the formation of the JPIC 

and related mineralisation, and compares it with previously discovered Ni-Cu 

mineralisation in the NO and Trans-Hudson and Svecofennian Orogens. 

 

The JPIC formed from an early series of dioritic to granitic magmas intruding into 

paragneiss under granulite facies conditions. A mafic series of gabbroic rocks intruded 

into both the paragneiss and the earlier felsic series rocks. Late mafic-ultramafic sheets 

and magmatic breccias intruded predominantly into the mafic series rocks. Two episodes 

of intrusion by mafic-ultramafic stringers happened when the felsic and mafic series rocks 

were semi-solid. Late granite likely formed from back-veining of residual melts. Uplift 

during orogenesis caused retrograde amphibolite facies metamorphism, and late 

hydrothermal alteration of both intrusive rocks and their mineralisation took place under 

temperature conditions corresponding to amphibolite- to mid greenschist facies.  

 

The mineralised rocks in the JPIC occur as contact mineralisation between the intrusive 

rocks and the adjacent paragneiss, as mineralisation in the stringers mingling with the 

mafic series rocks, and as accumulated sulphide liquids in the later sheets and breccias. 

In the contact style mineralisation, sulphides are disseminated, network-like or semi-

massive and show S isotopic compositions indicating a Palaeoproterozoic sedimentary 

sulphur source. Ni and Cu contents in the sulphide phase are low. Sulphides in the 

mineralised stringers and mafic-ultramafic sheets and breccias are disseminated to 

network-like, and have mantle-like isotopic compositions of sulphur. The ultramafic 

sheets and breccias have higher Ni-Cu contents and tenors and currently form the primary 

targets. The JPIC mineralisation is similar to that in the Kotalahti-Vammala belt of the 



SFO, and although sub-economic at the moment, possible existence of deeper-seated 

sulphides would give the area an upside potential for more discoveries.  

 

Keywords: Orthomagmatic Ni-Cu mineralisation, arc-magmatism, Nagssugtoqidian 

Orogen, sulphur isotopes, crustally-derived sulphur. 
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1. INTRODUCTION 

 
 
The geology and tectonic evolution of southeast Greenland has been studied since the 

early 20th century as part of the Geological Survey of Greenland’s (GGU) and later The 

National Geological Survey of Denmark and Greenland’s (GEUS) reconnaissance 

surveys. The aim of the surveys has been to map the bedrock of Greenland along with 

estimating its mineral potential (Kalsbeek, 1989; Kolb, 2014).  

 

The first investigations in the Tasiilaq region (Figure 1.1) with respect to geology and 

mapping were carried out by Lawrence Wager in 1930-31. However, more detailed work 

was first carried out by a team from the University of Birmingham, led by A. E. Wright, 

in the years of 1967, 1969 and 1970 (Wright et al., 1973). Reconnaissance studies 

continued in the late 1960s and into the 1970s by GGU directed by Bridgewater and 

Myers (1979). In 1986-1987, GGU performed a reconnaissance mapping programme and 

mineral potential investigations led by F. Kalsbeek. The mapping was part of a larger 

programme, which aimed to cover the whole ice-free area of Greenland in a scale of 1:500 

000 (Kalsbeek, 1989). Most of the previous work in the area is summarised in Kalsbeek 

(1989) and Kalsbeek et al (1993). More recently, the overall tectonic model was revised 

based on the older literature along with newly collected data. Two different models for 

the tectonic evolution of the Nagssugtoqidian Orogen in South-East Greenland was 

proposed by Nutman et al (2008) and by Kolb (2014).  

 

The Palaeoproterozoic Ammassalik Intrusive Complex (AIC) is situated on the Kulusuk 

Island, Tasiilaq Island and west-northwest of Sermilik Fjord in the Tasiilaq region (Figure 

1.1). It consists of the Kulusuk Intrusive Centre (KIC), the Tasiilaq Intrusive Centre (TIC) 

and the Johan Petersen Intrusive Centre (JPIC). As part of the Ujarassiorit Mineral Hunt 

programme, which was started in 1989 by NunaOil A/S and now administered by the 

Bureau of Minerals and Petroleum, Government of Greenland, samples with anomalous 

Ni-Cu-PGE-Au contents were discovered around the settlement of Kulusuk on Kulusuk 

Island. Follow-up investigations by NunaMinerals A/S in 1996 and 1998 led to the 

discovery of ca. 340 m2 mineralisation with an average Ni content of 1.0 wt.% on the 

southern part of the Tasiilaq Island. Until now, no mineralisation has been discovered in 

the Johan Petersen Intrusive Centre (JPIC). 
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Figure 1.1. Regional geological map of the Tasiilaq region showing the Ammassalik Intrusive Complex with the 
Schweizerland Terrane and Kuummiut Terrane to the north and the Isertoq Terrane to the south (modified from 
Kolb, 2014. Reproduced with permission from Elsevier). The study area is outlined in red. The red square in the 
inset marks the location of the whole map. 
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In 2014, GEUS arranged a larger field expedition to South-East Greenland under the 

South-East Greenland Mineral Endowment Task project (SEGMENT), in order to 

continue the geological mapping and mineral potential estimation. This Master’s project 

is based on six weeks of mapping and sampling conducted as part of the SEGMENT field 

expedition in 2014. The work was carried out in the JPIC and the aim was to map the 

intrusion in greater detail and locate possible mineralisation. Several mineralised areas 

were discovered in the JPIC during the 2014 expedition. By studying the relationships 

between the lithological units, rock petrography, geochemistry and sulphur isotopes, this 

project aims to evaluate the discovered mineralisation in the framework of the JPIC and 

understand how the JPIC and the discovered mineralisation formed.  Also the aim is to 

compare the mineralisation with that on the Tasiilaq Island and Ni-Cu deposits globally.  
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2. REGIONAL GEOLOGICAL SETTING 

 

 

The study area is part of the Ammassalik Intrusive Complex (AIC) situated in the Tasiilaq 

region, SE Greenland. The AIC is part of the ca. 250-km-wide, Palaeoproterozoic 

Nagssugtoqidian Orogen between the North Atlantic Craton to the south and the Rae 

Craton to the north (Figure 2.1; Kolb, 2014). The Nagssugtoqidian Orogen in Greenland 

evolved simultaneously with the Churchill Domain and the Trans Hudson Orogen in 

Canada (St-Onge et al., 2009), and with the Lewisian of Scotland (Kalsbeek et al., 1993). 

From north to south, it is divided into four terranes: the Schweizerland Terrane, the 

Kuummiut Terrane, the AIC, and the Isertoq Terrane. (Figure 1.1; Kolb, 2014). The AIC 

will be described in detail below. 

 

 
Figure 2.1. Simplified terrane map of Greenland and eastern Canada showing principal tectonostratigraphic 
domains and structures. The Tasiilaq region is shown on the eastern coast of Greenland (Kolb, 2014, modified 
after St-Onge et al., 2009. Reproduced with permission from Elsevier).  
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2.1. The Nagssugtoqidian Orogen in SE Greenland 

 

2.1.1. Schweizerland Terrane  

 

The Schweizerland Terrane consists mainly of Archaean tonalitic to granodioritic 

orthogneiss and thin bands of mafic rocks (Kalsbeek et al., 1993). The Niflheim Thrust 

(Figure 1.1) defines the southern boundary between the Schweizerland Terrane and the 

Kuummiut Terrane (Kolb, 2014). The Niflheim Thrust and related thrust systems have a 

NW-dipping S3 foliation with shear sense indicating reverse movement to the SE (Kolb, 

2014). The mineral assemblage suggests granulite facies metamorphic conditions 

(Dawes, 1989). A TIMS zircon U-Pb upper intercept age of 2835 +6/-8 Ma for 

orthogneiss samples is interpreted as an intrusion age (Kalsbeek et al., 1993). SHRIMP 

zircon U-Pb data from the same orthogneiss samples yielded ages of 2756 ± 6 Ma and 

2734 ± 34 Ma, interpreted as intrusion dates as well (Nutman et al., 2008). A weighted 

mean 207Pb/206Pb age of 2863 ± 11 Ma was found for one gneiss sample and interpreted 

as a minimum age of the protolith intrusion (Nutman et al., 2008). Low- Th/U zircon rims 

in one of the gneiss samples yielded a weighted mean 207Pb/206Pb age of 2720 ± 6 Ma, 

indicating that the terrane experienced granulite facies metamorphism in the Neoarchaean 

(Nutman et al., 2008).  

 

2.1.2. Kuummiut Terrane 

 

The Kuummiut Terrane consists of tonalitic, granodioritic and dioritic orthogneiss with 

polyphase leucosomes (Dawes, 1989). The earliest deformation, D1, is represented by 

imbrication of the rock units and corresponding nappe transport to the NE-ENE (Kolb, 

2014). The D2 deformation formed reverse, NE-vergent shear zones, near-vertical, 

sinistral oblique shear zones, and normal, W-vergent shear zones (Kolb, 2014). The D3 

deformation refolded the S2 fabrics and the F3 folds are open, upright structures with 

shallow, SE-plunging fold axes. The folds are tighter in the vicinity of the Niflheim Thrust 

(Kolb, 2014). The D4 deformation is characterised by a conjugate set of shear zones 

indicating NE-SW extension (Kolb, 2014). The Blokken Gneiss (at Blokken, Figure 1.1) 

has yielded upper-intercept TIMS U-Pb zircon dates of ca. 2920 and 2960 Ma interpreted 
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as protolith intrusion ages (Kalsbeek et al., 1993). A TDM Sm-Nd model age of ca. 3010 

Ma for the Blokken Gneiss is indicative of the crustal residence time (Kalsbeek et al., 

1993). A metamorphic zircon rim was dated at 2723 ± 49 Ma by the SHRIMP U-Pb 

method indicating the timing of Archaean metamorphism (Nutman et al., 2008).  

 

Discordant mafic dyke swarms cut the orthogneiss and amphibolite. They are strongly 

deformed and occur as lenses and boudins (Wright et al., 1973; Nutman and Friend, 

1989). The dykes frequently contain relict eclogite facies mineral assemblages and 

replacement textures suggesting subsequent decompression (Nutman and Friend, 1989; 

Müller et al., 2015). Using conventional geothermobarometry combined with 

pseudosection modelling, symplectites of quartz-hornblende-plagioclase after garnet, 

titanite-ilmenite after rutile and hornblende-plagioclase-diopside after omphacite yielded 

eclogite facies P-T-conditions of 740-830°C and 24-27 kbar with subsequent near-

isothermal decompression to amphibolite facies conditions of 700-800°C and 9-12 kbar 

(Müller et al., 2015). Dyke emplacement was estimated to have taken place after 2400-

2200 Ma from a Sm-Nd whole-rock errorchron (Kalsbeek et al., 1993). One dyke yielded 

a U-Pb zircon age of 2015 ± 15 Ma (Nutman et al., 2008). A weighted mean 207Pb/206Pb 

zircon age of ca. 1867 ± 28 Ma for an amphibolite dyke was interpreted as dating the 

eclogite facies metamorphism (Nutman et al., 2008). A Sm-Nd garnet-clinopyroxene-

whole rock isochron of 1817 ± 22 Ma possibly dates the decompression and retrogression 

to amphibolite facies (Kalsbeek et al., 1993; Nutman et al., 2008).  

 

Amphibolite, metasedimentary and ultramafic rocks form 10- to 100-m-thick lenses and 

bands with pinch-and-swell structures following the foliation in the orthogneiss (Dawes, 

1989). Based on lithology and detrital zircon ages, they are divided into two units, the 

Kuummiut unit and the Helheim unit (Kolb, 2014).  

 

The Kuummiut unit consists predominantly of Palaeoproterozoic paragneiss and schist 

north of Tasiilaq and east of Sermilik Fjord (Hall et al., 1989a; Kolb, 2014). Sillimanite 

is pseudomorphing kyanite indicating decompression. The mineral assemblage is 

characteristic of amphibolite facies metamorphic conditions and P-T conditions were 

estimated at 500-700°C and 4-8 kbar based on mineralogy (Kolb, 2014). Inconclusive 

Rb-Sr whole-rock data from metasedimentary samples range within the 
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Palaeoproterozoic (Kalsbeek et al., 1993) and indicate deposition after 2200-2100 Ma 

(Kolb, 2014). Neoarchaean U-Pb detrital zircon ages range between ca. 2800 and 2600 

Ma, suggesting Archaean provenance (Kalsbeek et al., 1993; Nutman et al., 2008). 

Complex zircon rims and U-Pb zircon ages suggest metamorphic overprinting between 

ca. 1870 and 1740 Ma (Nutman et al., 2008).  

 

The Helheim unit (at Helheim, Figure 1.1) to the north and west of Sermilik Fjord consists 

of amphibolite, marble, quartzite and biotite-garnet gneiss in multiple doubly folded belts 

(Hall et al., 1989a). The mineral assemblages are indicative of amphibolite facies 

conditions (Hall et al., 1989). The P-T conditions of the garnet-biotite gneiss were 

estimated at approximately 640°C and 5.3 kbar (garnet-biotite-plagioclase 

thermobarometry, Baden, 2013). The Helheim unit may represent a lateral facies 

variation of the Kuummiut unit (Kolb, 2014). 

 

The ultramafic Ivnartivaq Complex hundreds of metres in extent is located 50 km north 

of Tasiilaq (Figure 1.1), just at the eastern coast of Sermilik Fjord. The protolith was 

possibly emplaced at ca. 1955 ± 28 Ma (Ar-Ar hornblende age; Brooks and Stenstrop, 

1989). 

 

Diorite-tonalite intrusions occur east and west of Sermilik Fjord and south of 16. 

September Gletscher (Figure 1.1). A tonalite sample yielded a U-Pb zircon age of 1901 

± 9 Ma, consistent with a whole-rock errorchron date of 1906 ± 75 Ma, which was 

interpreted as the age of protolith emplacement (Kalsbeek et al., 1993; Nutman et al., 

2008). 

 

The ca. 1680 Ma Ammassalik Batholith (called Ikaasartivaq Intrusive Complex by 

Kokfelt et al., 2015) consists of unmetamorphosed granite, diorite, and gabbro with sharp 

contacts and narrow contact metamorphic halos (Kokfelt et al., 2015). It is located north 

of Tasiilaq, north of Johan Petersen Fjord, and to the south at Isertoq (Kolb, 2014; Nutman 

et al., 2008; Nutman and Friend, 1989). The P-T conditions of emplacement were 

estimated at ca. 2.5 kbar and 580-650°C (garnet-cordierite geobarometry, garnet-biotite 

geothermometry and plagioclase-sillimanite-garnet geobarometry, Nutman and Friend, 

1989). SE-trending aplite dykes crosscut all other intrusions in the area (Kolb 2014).   
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2.1.3. Isertoq Terrane 

 

The Isertoq Terrane consists of polyphase granodioritic orthogneiss, locally paragneiss 

and narrow bands of mafic and ultramafic rocks (Kalsbeek and Taylor, 1989). The D1 

deformation is characterised by NW-dipping shear zones with shear sense indicators 

suggesting reverse movement to the SE (Kolb, 2014). A penetrative S1 foliation was 

refolded into W-vergent, N-plunging F1 folds (Kolb, 2014). The D2 deformation is 

characterised by SW-vergent thrust zones and NE-dipping shear zones with reverse sense 

of shear localised in the limbs of F2 folds (Kolb, 2014). The mineralogy and migmatitic 

banding indicate granulite facies metamorphism. Locally, the orthogneiss is retrogressed 

in the amphibolite facies (Wright et al., 1973). A Sm-Nd whole-rock model age yielded 

3050 Ma for one orthogneiss sample interpreted as the mantle extraction age of the 

protolith (Kalsbeek et al., 1993). 

 

Eastward trending, weakly deformed and metamorphosed mafic dyke swarms cut the 

orthogneiss and have an ophitic fabric with preserved magmatic mineral assemblages 

(Escher et al., 1989). They contain a metamorphic mineral assemblage of plagioclase, 

garnet, clinopyroxene, and quartz that formed at 7.0-8.5 kbar (clinopyroxene-plagioclase 

barometry, Nutman and Friend, 1989). They are overprinted by an amphibolite facies 

retrograde mineral assemblage at around 650-660°C (garnet-hornblende thermometry, 

Nutman and Friend, 1989). Crosscutting relationships to the surrounding rocks suggest a 

Palaeoproterozoic age for the dyke swarms (Bridgwater et al., 1990)  

 

The Siportoq Supracrustal Association (SSA) consists of metasedimentary rocks, 

amphibolite and ultramafic rocks in doubly folded belts. The Kap Tycho Brahe unit is the 

type locality for the SSA lithostratigraphic succession (at Kap Tycho Brahe, Figure 1.1; 

Wright et al., 1973). It consists of three amphibolite units separated by ultramafic and 

calc-silicate rocks and possibly marble (Kolb, 2014; Wright et al., 1973). The meta-

sedimentary rocks are quartz-mica gneiss containing small feldspar augen and locally 

relict cross bedding, with garnet, kyanite, sillimanite and graphite in places (Hall et al., 

1989a). The mineral assemblage suggests amphibolite facies conditions at 500-700°C and 

4-8 kbar (Kolb, 2014).  
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2.1.4. Geological evolution of the Tasiilaq area 

 

The formation of the Nagssugtoqidian orogen in SE Greenland was interpreted based on 

the relative timing of metamorphism and deformation in the four terranes (Kolb, 2014). 

The area is characterised by orthogneisses, whose protoliths formed in the Archaean and 

experienced granulite facies metamorphism at ca. 2720 Ma. They probably form the 

basement for the metasedimentary rocks deposited before ca. 2200-2100 Ma but later 

than the mafic dyke swarms and the ultramafic Ivnartivaq Complex. Subsequently, the 

diorite-tonalite complex and the AIC were emplaced from ca. 1900 to 1880 Ma with 

coeval high-temperature, low-pressure metamorphism. The AIC supposedly formed 

during the subduction phase in relation to a regional magmatic arc, which was emplaced 

over the southern Isertoq terrane (Nutman et al., 2008). Based on the high-pressure 

metamorphism of the Kuummiut Terrane, Kolb (2014) interpreted this terrane to have 

subducted underneath the SE-trending AIC and the Isertoq Terrane during WSW-directed 

subduction during the D1 deformation (Kolb, 2014). The D2 deformation is interpreted to 

represent the collisional stage at ca. 1870-1820 Ma with high-pressure metamorphism 

and a change in the stress field towards N-S (Kolb, 2014). The D3 deformation is 

interpreted to represent juxtaposition of the Schweizerland Terrane onto the Kuummiut 

Terrane and further rotation of the stress field to a NW-SE orientation (Figure 11 in Kolb, 

2014). The D4 extension, decompression, and retrogression at amphibolite facies 

conditions after ca. 1820 Ma mark the subsequent orogenic collapse (Kolb, 2014). The 

timing of the different geological events is listed in Table 2.1.  
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Table 2.1. Timing of different geological events in the Tasiilaq region.  

Age Event 

ca. 3.05 Ga Protolith extraction from mantle of the Isertoq orthogneiss. 

3.01 - 2.73 Ga 
Formation of orthogneiss in the Schweizerland Terrane and Kuumiut Terrane 

(Kalsbeek et al., 1993; Nutman et al., 2008). 

ca. 2.7 Ga 
Granulite facies metamoprhism in the Schweizerland Terrane and Kuummiut 

Terrane (Nutman et al., 2008). 

2.4 - 2.0 Ga 
Intrusion of discordant mafic dyke swarms in the Kuummiut Terrane (Kalsbeek et 

al., 1993; Nutman et al., 2008) and likely coeval intrusion of similar dyke swarms in 
the Isertoq Terrane (Bridgwater et al., 1990). 

1955 ± 28 Ma  
Protolith emplacement of the ultramafic Ivnartivaq Complex (Brooks and Stenstop, 

1989). 

< 2.2 - 2.1 Ga 
Deposition of sediments of the Kuummiut and Helheim units onto the Kuummiut 

Terrane (Kalsbeek et al., 1993; Kolb, 2014). 

1901 ± 9 Ma 
Emplacement of tonalite-diorite intrusions (Kalsbeek et al., 1993; Nutman et al., 

2008). 

< 1.95-1.91 Ga 
Deposition of sediments of the Kap Tycho Brahe unit onto the Isertoq Terrane 

(Kalsbeek et al., 1993; Nutman et al., 2008; Kolb, 2014). 

1886 ± 2 Ma 
Emplacement of the AIC at the margin of the Isertoq Terrane (Hansen and Kalsbeek, 

1989). P-T conditions of 6-8 kbar and ca. 1100°C (Andersen et al., 1989) . 

1867 ± 28 Ma 
Eclogite facies peak metamorphic conditions at 740-830°C and 24-27 kbar (Müller 

et al., 2015). Transistion from obligue sinistral movement to pure shear (Kolb, 
2014). 

1817 ± 22 Ma 
Near isothermal retorgression to amphibolite facies metamorphic conditions of 645-

690°C and 10.5-12.5 kbar (Müller et al., 2015). 

ca. 1680 Ma 
Intrusion of the unmetamorphosed Ikaasartivaq Intrusive Comples / Ammassalik 

Batholith (Kokfelt et al., 2015). 

 

2.2. The Ammassalik Intrusive Complex 

 

The Ammassalik Intrusive Complex consists of three slightly ovoid, ca. 20-km-long and 

10- to 15-km-wide mafic to intermediate intrusive centres. Up to 200-m-thick, steeply 

dipping sheets of similar intrusive lithologies are observed in between them (Friend and 

Nutman, 1989). The intrusive rocks are surrounded by banded biotite-garnet gneiss, 

which previously was interpreted as representing a contact metamorphic aureole (Friend 

and Nutman, 1989). The JPIC was previously known as the Hobbs Centre (Friend and 

Nutman, 1989). 
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2.2.1. Lithology 

 

The country rocks into which the AIC was emplaced consist mainly of graphitic, semi-

pelitic and psammitic metasedimentary rocks, which were transformed into banded 

biotite-garnet gneiss and interlayered with Archaean/Palaeoproterozoic orthogneiss 

(Wright et al., 1973; Friend and Nutman, 1989). Friend and Nutman (1989) interpreted 

the biotite-garnet gneiss zone as a contact metamorphic aureole enveloping the AIC. 

Orthogneiss in the presumed contact metamorphic aureole shows very little degrees of 

partial melting, but may be orthopyroxene-bearing close to the intrusions (Friend and 

Nutman, 1989). The orthogneiss and biotite-garnet gneiss have a well-developed banding 

and weak foliation (Wright et al., 1973, Friend and Nutman, 1989). The millimetre- to 

metre-scale banding is produced by alternations of mafic (Cpx + Opx + Plg ± Bt ± Hbl ± 

Grt) and felsic (Plg + Qtz) layers, which are folded in places (Wright et al., 1973). Thin 

concordant layers and pods of coarse-grained, leucocratic norite (orthopyroxene-bearing 

anorthosite of Wright et al., 1973) occurs in both of the gneisses and increases in 

abundance towards the contact to the intrusion (Wright et al., 1973). In the contact the 

intrusion may contain aligned gneiss inclusions (Wright et al., 1973). Zones of back 

veining by biotite-garnet gneiss into the intrusive rocks are characterised by balls of 

biotitised orthopyroxene-bearing granulite facies rock in a matrix of quartzo-feldspatic 

garnet gneiss (Wright et al., 1973). In these zones, the intrusive rocks may experience 

quartz-enrichment, the plagioclase looses its dark colour and garnet may co-exist with 

orthopyroxene (Wright et al., 1973). Small intrusive breccia pipes are observed locally in 

the vicinity of the contact (Wright et al., 1973). 

  

The intrusive rocks consist predominantly of medium- to coarse-grained diorite, norite 

and melanogabbro along with minor lenses of pyroxenite and subordinate orthopyroxene-

bearing granite (Friend and Nutman, 1989). The rocks also occur as up to 200-m-thick, 

steeply dipping sheets in between the intrusive centres. Most of the rock types have a Plg 

+ Opx + Bt ± Hbl ± Qtz mineral assemblage including K-feldspar in the most felsic rocks. 

Clinopyroxene is confined to the more mafic lithologies and garnet occurs where back 

veining and country rock contamination have occurred (Wright et al., 1973; Kalsbeek et 

al., 1993; Friend and Nutman, 1989; Chadwick et al., 1989; Kolb, 2014). A patchy 

breakdown of orthopyroxene to hornblende ± biotite is found in the Johan Petersen 
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intrusion and locally in the Kulusuk and Tasiilaq intrusions (Friend and Nutman, 1989). 

The cores of the intrusions are usually homogeneous, medium- to coarse-grained diorite 

generally without inclusions of country rock. Towards the contact to the country rocks, 

the intrusions become progressively more heterogeneous with an increasing amount of 

autoliths and xenoliths (Friend and Nutman, 1989). Magma mixing between the intrusive 

rocks and partial melts from the anatectic country rocks has resulted in a variety of 

heterogeneous intermediate rocks (Friend and Nutman, 1989). Incomplete mixing 

resulted in breccia-, ball- and flame structures developed between the different melts 

suggesting that a more or less solid crystal mush was present at the same time as more 

liquid magmas (Friend and Nutman, 1989). In the more mafic magmas, nodular and 

orbicular textures formed by amphibole overgrown by both orthopyroxene and 

clinopyroxene are locally present (Friend and Nutman, 1989).  

 

Thin vertical mafic dykes with a Hbl-granulite-facies mineral assemblage are observed 

with foliation parallel to their margin. They cut both mafic and felsic intrusive rocks and 

are themselves cut by three generations of pegmatitic anorthosite dykes (Wright et al., 

1973). The two early sets of pegmatitic anorthosite dykes contain orthopyroxene, whereas 

the later set contains biotite. They are separated by thin orthopyroxenite dykes. The 

anorthosite dykes are locally abundant and cross cut the mafic-ultramafic rocks, 

producing a net-veined effect (Wright et al., 1973).  

 

Up to 1-km-thick sheets of well-foliated Kfs-phyric monzogranite with local 

orthopyroxene occurs on Kulusuk Island and at the southern margin of the Tasiilaq 

intrusion (Wright et al., 1973; Friend and Nutman, 1989). The Ksf-phyric monzogranite 

intrudes mafic and intermediate rocks, cuts biotite-garnet gneiss and is regarded as a 

product of in situ partial melting of metasedimentary rocks (Friend and Nutman, 1989). 

Zoned, pink Ksf-pegmatite is the youngest igneous rock and common near the margins, 

possibly originating from the surrounding biotite-garnet gneiss (Wright et al., 1973).  

 

2.2.2. Structure 

 

The intrusive centres are arranged en echelon about 35 km apart with a WNW-ESE 

trending axis. The centres are slightly ovoid in form, ca. 20 km long, and 10-15 km wide 
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(Friend and Nutman, 1989; Kolb, 2014). The conjugate sets of steeply dipping intrusive 

sheets between the intrusions trend predominantly NW-SE and N-S (Friend and Nutman, 

1989). The contact between the biotite-garnet gneiss and the intrusions are in places sharp 

and possibly tectonic with considerable shearing at the junction (Wright et al., 1973). The 

northern margins of all intrusions along with the southwestern margin of the Kulusuk 

intrusion are vertical. The southern margins of the Johan Petersen and Tasiilaq intrusions 

dip towards the northeast. The near vertical, SE-trending magmatic foliation is generally 

absent in cores, but becomes stronger towards contacts as seen in the orientation of mafic 

minerals and alignment of xenoliths (Friend and Nutman, 1989; Kolb, 2014). Based on 

these observations, Friend and Nutman (1989) interpreted the intrusions to be steeply 

dipping root zones of lobate or sheet-like bodies. 

 

2.2.3. Thermobarometry  

 

The P-T path for the AIC and surrounding biotite-garnet gneiss was estimated using fluid 

inclusion microthermometry combined with clinopyroxene-orthopyroxene, garnet-

orthopyroxene and garnet-biotite geothermometry (Andersen et al., 1989). The AIC 

crystallised at approximately 1100°C and under pressures of 6-8 kbar with retrograde 

overprint at 550°C and 2-3 kbar (Andersen et al., 1989). Thermobarometric data on 

diorite yielded temperatures of 830-850°C and pressures of ca. 7.5 kbar (Nutman and 

Friend, 1989). 

 

2.2.4. Geochronology and isotopic data 

 

A precise upper intercept U-Pb zircon age of 1886 ± 2 Ma was obtained for a diorite 

sample from the Tasiilaq intrusion (Hansen and Kalsbeek, 1989). A Sm-Nd TDM model 

age of 2.32 Ga was measured for another sample of diorite from the same sample area, 

suggesting that ancient crustal sources played a role in the petrogenesis of the AIC 

(Kalsbeek and Taylor, 1989). Uranium-Pb, Sm-Nd and Rb-Sr isotopic data indicate 

mixing between a juvenile magma and Archaean crustal material during the formation of 

the AIC (Kalsbeek et al., 1993).  
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2.2.5. Mineralisation in the AIC 

 

Several small sulphide showings have been found at the contact or in the near vicinity of 

the contact between the intrusive rocks and the surrounding biotite-garnet gneiss on 

Kulusuk and Tasiilaq islands (Figure 2.2). All the mineralised areas occur in ultramafic 

rocks (Heilman, 2002; Lie, 2004). At the northern contact of the Tasiilaq intrusion, a 40- 

to 50-m-thick sulphide mineralisation returned 0.13 wt.% Ni along with anomalous Cu, 

PGE and Au concentrations (Heilmann, 2002). At the southern coast of the Tasiilaq 

Island, a 90-m-long and variably 1- to 8-m-wide semi-massive sulphide mineralisation 

returned an average of 1 wt.% Ni associated with PGE, Au, Cu and Co (Lie, 1998). The 

lens-shaped mineralisation was found in a partly serpentinised ultramafic rock unit 

consisting of serpentine, olivine, orthopyroxene, clinopyroxene, and Zn-rich 

magnesiochromite (Lie, 1998). No spinifex textures have however been found (Lie, 2016, 

per. com.). The interstitial network of ore minerals consists of pyrrhotite, Co-bearing 

pentlandite, chalcopyrite, and minor magnetite. Locally, the sulphides are partially 

replaced by chalcopyrite and chalcosite (Lie, 1998). Sulphur isotopes from 3 samples 

from showings north-east of the JPIC have δ34S values of -3‰, -14.3‰ and -2.6‰. 

Sulphur isotopes from the larger mineralisation on the southern coast of Tasiilaq Island 

have δ34S values of +5.4‰ (Michelis, 2014). 

 

Lie (2004) interpreted the mineralisation to be a komatiite-hosted deposit. As they can be 

found further north of the AIC, Lie (2016, per. com.) finds them to be unrelated to the 

intrusive rocks of the AIC. During deformation and metamorphism, the mineralised 

komatiite was folded, boudinaged and possibly thickened by isoclinal folding or stacking 

of thrusts. Heilmann (2002) suggested that the minor Ni-sulphide showings either could 

have formed from filter-pressed, mineralised ultramafic rocks formed in a deeper magma 

chamber below the diorite complex or that the rocks were tectonically emplaced. A 

diamond drilling programme in 2005 was planned by exploration company INCO to 

follow the downward extension of the surface showings. They intersected several 

horizons of mineralised gabbroic rocks similar to those found inside the intrusion and 

with similar sulphide mineralogy but showing a lower grade than the mineralised 

ultramafic showings on the surface. The gabbroic rocks were all surrounded by Bt-Grt-

gneiss (Car, 2006). The gabbroic rocks were all surrounded by Bt-Grt-gneiss. Lie (2014), 
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who was hired as a consultant for INCO during the drilling programme, stated that due 

to misinterpretation of structural data INCO did not intersect the target and the 

mineralised gabbroic rocks are unlikely representatives of the downward extension of the 

surface ore showing. Boninitic to basaltic-komatiitic dykes have been reported from the 

Nagssugtoqidian Orogen in South-West Greenland (Hall and Hughes, 1987), and it is the 

opinion of Lie (2016, per. com.) that these mafic-ultramafic, mineralised rocks formed 

the equivalent in the eastern part of the Nagssugtoqidian Orogen in South-East Greenland. 

Komatiites have however not been reported from the Tasiilaq region. The exploration 

license for the Tasiilaq area was lastly held by Danish-based exploration company, 21st 

NORTH, until 2014.  

 

Figure 2.2. License areas of 21th NORTH in 2013 and locations of mineralised and non-mineralised samples. 
For the location of the map, see Figure 1.1. Modified and published with permission from Lie (2014). 
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3. THEORETICAL CONSIDERATIONS 

 

 

3.1. Nickel deposits 

 

Magmatic Ni-Cu-deposits form a very important commodity and is responsible for ca. 

60% of the world’s nickel production (Naldrett, 2004). They occur in several different 

geological settings throughout the geological history (Naldrett, 2004) and typically form 

as a result of sulphide immiscibility in a mafic-ultramafic silicate melt and partitioning 

of chalcophile elements into segregated sulphide liquid droplets (Naldrett, 2010). Naldrett 

(2004) summarised the characteristics of known Ni-Cu-PGE deposits and provided a 

classification scheme for sulphide-rich Ni-Cu deposits and sulphide-poor PGE deposits. 

The Ni-Cu deposits are described shortly below based on Naldrett (2004) unless 

otherwise cited.  

 

3.1.1. Classification 

 

The NC-1 group consists of Archaean and Palaeoproterozoic komatiitic deposits. 

Archaean komatiitic deposits were formed from MgO-rich magma at the base of lava 

tubes as massive, net-textured or disseminated sulphides within peridotite-dunite. 

Thermal erosion of the substrate by hot magma and incorporation of sedimentary sulphur 

has proven important factors in the formation of these deposits. The ore zone may also 

be part of shallow intrusive subvolcanic feeders for komatiitic lavas. In the 

Palaeoproterozoic komatiitic deposits, the magma had the maximum MgO content of ca. 

19 wt.%. The deposits form massive to disseminated sulphides in localised pools within 

conduits and sheets.  

 

The NC-2 group comprise the deposits related to flood basalt magmatism and occur as 

rich Ni-Cu-PGE zones of massive and disseminated sulphides within large flood basalt 

feeders. The feeders may be internally zoned from picrite to gabbro. Country rock sulphur 

may be important in the formation of these deposit types. The NC-3 group is associated 

with ferropicritic volcanic sequences with underlying feeders of differentiated gabbro-
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wehrlite intrusions. Also in this environment, country rock sulphur played an important 

part in the formation of sulphide deposits. The NC-4 group comprises deposits related to 

anorthosite-granite-troctolite complexes, such as the Voisey’s Bay. The ore-forming 

processes include magma emplacement in sulphur-rich country rock, assimilation and 

sulphide immiscibility, and ascension of magma and sulphides up a vertical dyke to form 

an upper intrusion. The ore is hosted in troctolite in thickened zones of the dyke and at 

the opening of the feeder to the upper intrusion. Magma replenishment may play a role 

in upgrading the ore.  

 

The NC-5 group of Naldrett (2010) consists of miscellaneous picrite/tholeiite mafic-

ultramafic intrusions. A subgroup of the NC-5 is characterised by deposits related to 

active continental margins and orogenesis, but emplacement may also be connected to 

mantle plume activity (Naldrett, 2004, 2010). The deposits occur in ultramafic roots of 

gabbroic, crustally contaminated intrusions. Sulphides are hosted in zoned lherzolitic to 

dunitic rocks and occur interstitially to olivine in dunite. The NC-6 group is connected to 

impact-related magmatism, with the only example being Sudbury. The impact formed a 

basal breccia and overlying magma, which differentiated and became strongly layered. 

The ore settled from Qtz-gabbro to norite and permeated into the impact breccia.  

 

The NC-7 group is associated with the Ural-Alaskan type intrusions, which typically 

occur in linear belts at continental margins and some of them may represent feeders for 

arc volcanoes. They are known for their chromite segregations with associated Pt in 

dunite cores, which are zoned outward into pyroxenite and/or hornblendite. Magmatic 

sulphides are rare in these deposit types, but larger zones of low Ni-tenor sulphide 

mineralisation may be found where country rock sulphur has been assimilated. The Giant 

Mascot Ni-Cu-PGE deposit located in the Canadian Cordillera (Manor et al., 2014) and 

the Kotalahti-type Ni-Cu deposits located in Palaeoproterozoic intrusions in the 

Svecofennian orogen in Finland (Gaál, 1990) are other examples of possibly arc-related 

magmatic sulphide deposits.  
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3.1.2. Geological and tectonic setting  

 

The majority of Ni-Cu-PGE deposits worldwide show a spatial association with Archaean 

cratons, occurring within or near the craton margins (e.g. Yilgarn, Zimbabwe, Karelia, 

Kola and Superior). Several, mostly smaller, deposits occur in orogenic belts outside of 

the cratons (Maier and Groves, 2011). Most Ni-Cu-PGE deposits show a strong temporal 

correlation with supercontinent amalgamation and break-up (Figure 3.1). The orogenic 

Ni-Cu-(PGE) deposits are found in e.g. Norway, eastern Canada-USA, Finland, and New 

Zealand and are associated with post-Archaean continental blocks (Maier and Groves, 

2011). Their magmas are derived from oxidised mantle above subduction zones, and they 

have a high sulphur solubility and sulphur content (Tomkins et al., 2012). Interaction with 

less-oxidised, especially graphite-bearing arc-crust reduces the magma and readily cause 

sulphur saturation and segregation of sulphide liquid (Tomkins et al., 2012). The magma 

volumes in arc-settings are less significant compared to other settings and the deposits 

are mostly relatively small (Maier and Groves, 2011).  

 

 
Figure 3.1. Temporal correlation between Ni-Cu-(PGE) deposits with supercontinent amalgamation and break-
up (Modified from Maier and Groves, 2011, with permission from Springer).  
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The majority of magmatic Ni-Cu-(PGE) sulphide deposits occur in mafic-ultramafic 

rocks, such as komatiites, dunites, harzburgites, pyroxenites, olivine-gabbros, gabbro-

norites, and troctolites (Naldrett, 2004, 2010). They vary in their texture, grain size, grain 

morphology and colour indexes, and typically contain a great number of xenoliths from 

the country rocks or autoliths from other related intrusive phases (Maier and Groves, 

2011). Differentiated host rocks with low MgO/FeO ratios are rare (Maier, 2000). The 

igneous host bodies are usually relatively small, ranging from tens to hundreds of metres 

and up to few kilometres in diameter (Naldrett, 1999). They are typically irregular in 

shape, comprising lava channels, dykes, sills, and chonoliths, which all are interpreted as 

magma feeder conduits (Naldrett, 1999). The sulphides may occur at the bottom, at the 

top or within the igneous host body depending on the complexity of the latter. They may 

also be dislocated from their original host rocks in settings of high tectonic activity and 

deformation (Maier and Groves, 2011). The sulphide content of the ore bodies varies 

from ca. 5% up to 100%, and many deposits are characterised by extensive haloes of 

disseminated sulphides (Maier and Groves, 2011). The sulphide minerals are typically 

dominated by pyrrhotite and pentlandite in the ultramafic host bodies. Chalcopyrite 

becomes more dominant in gabbro-noritic hosts and where the sulphide minerals 

crystallised from fractionated sulphide liquids (Maier and Groves, 2011). The tenors 

range from <1 wt.% to >20 wt.% for both Ni and Cu, with the PGE concentrations being 

typically <1-50 ppm in these deposits (Maier and Groves, 2011).  

 

3.1.3. Processes of formation 

 

The processes that lead to the formation of economic magmatic sulphide Ni-Cu-PGE 

deposits start from the mantle and end in magma chambers or lava flow channels after 

the final emplacement of the magma and in some cases also include later post-magmatic 

up-grading of the deposits. Naldrett (2010) has discussed the whole chain of potential 

events relevant to ore formation, which is shortly presented below. 

 

(1) Partial melting of the mantle. The concentrations of Ni, Cu and PGE in the melt 

fraction are dependent on the degree of partial melting (Figure 3.2). In the mantle, Cu and 

PGE are contained in sulphides, whereas Ni is contained both in sulphides and in olivine. 

The concentration of these elements will rise in the melt as its ability to dissolve sulphur 
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increases, i.e. when the fraction of partial melt increases. Nickel will, however, mostly be 

released to the melt from breakdown of olivine. This means that if the degree of partial 

melting is low, it will create a melt which is fertile for Ni predominantly. The higher 

degree of partial melting will increase the fertility for Cu and PGE. If the degree of partial 

melting is very high, there is a risk of eventually diluting these elements in the melt, 

making them less fertile. 

 

 
Figure 3.2. Ni, Cu and PGE contents in the melt fraction during partial mantle melting at 20 kbar (modified 
from Naldrett, 2010). The Ni content increases continuously due to its extraction from both sulphides and 
olivine, whereas the Cu and PGE contents increase much more radically, reaching their maximum values  at 
ca. 18 % of partial melting when the melt has dissolved all the sulphides in the source. Thereafter Cu and PGE 
decrease with continued partial melting but Ni continues to increase.  

 

(2) After partial melting and extraction of chalcophile elements from the mantle source, 

the melt ascends into the crust. During its ascent, the sulphur solubility increases, because 

the solubility is inversely proportional to pressure (Mavrogenes & O’Neil, 1999). Thus, 

the melt will become sulphur under-saturated. 

 

(3) Sulphur immiscibility can be reached by cooling and fractional crystallisation of the 

ascending magma (Figure 3.3). Sulphur immiscibility as a result of fractional 

crystallisation does not take place until nearly half of the magma has crystallised. At this 

stage, most of the Ni is fractionated in the early-forming silicates, mostly olivine. If, 
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however, the magma interacts with the crust and assimilates crustal material or crustal 

sulphur, saturation can be reached at an earlier stage when there is still a high Ni content 

in the magma. Sulphur saturation can also be reached by mixing with a replenishing 

magma. 

 

 
Figure 3.3. Variations of Ni, Cu and PGE contents through fractional crystallization in a 18-% partial mantle 
melt formed under conditions shown in Figure 3.2 (modified from Naldrett, 2010). It is assumed that the 
melt leaves the mantle at the maximum Cu and PGE contents and undergoes fractional crystallisation in the 
crust at 3 kbar (Naldrett, 2010). The Ni content of the melt will decrease with progressive crystallisation of 
olivine and lesser pyroxene. The Cu and PGE contents will increase until sulphur saturation is reached when 
approximately half of the magma has crystallised. After sulphur saturation, Cu and PGE decrease radically 
as they partition into the sulphide liquid phase due to their chalcophile nature.  

 

(4) As the magma partially crystallises and sulphide immiscibility is reached, the residual 

magma containing the immiscible sulphide liquid can rise further into the crust. The 

sulphide melt easily scavenges chalcophile elements from the silicate magma during its 

ascent. The amount of chalcophile elements partitioned into the immiscible sulphide melt 

depends on the amount of the silicate melt with which the sulphide liquid is able to 

equilibrate, i.e. the silicate melt/sulphide melt mass ratio, which is called the R factor 

(Campbell and Naldrett, 1979). The effect of the R factor is pronounced for elements with 

high sulphide liquid/silicate liquid partition coefficients, such as PGE. 
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(5) Sulphide liquid droplets in the silicate melt can coalesce during the transportation and 

emplacement of the magma in the crust. They can settle in the opening of the feeder as a 

result of hydrodynamic processes because of its higher density compared to the silicate 

magma. These processes involve, for example, slowing the ascent rate due to widening 

of the space in which the same mass is being transported (Bernoulli’s principle). 

 

Figure 3.4. Transportation and emplacement of a sulphide liquid-bearing magma into tectonically active, 
deformed terranes with abundant sulphur-bearing sedimentary rocks. Sulphide deposition may happen in 
various places such as in chonoliths, sills, dykes and openings to magma chambers. The line above the figure 
shows the typical size ranges of known Ni-Cu deposits (Modified from Maier and Groves, 2011, with 
permission from Springer).  

 

(6) Upon cooling, the sulphide liquid starts to crystallise and forms an early monosulphide 

solid solution (mss), which concentrates Ru, Ir and Os. The residual liquid will become 

enriched in Cu, Pt, Pd and Au. The partitioning of Rh and Ni depends on the fs2. Thus, 

the early-formed sulphides tend to have low Ni and especially Cu and PGE tenors (i.e. 

sulphide metal content). The residual liquid will crystallise sulphides, which are enriched 

with respect to Cu, Pt, Pd, Au and lesser elements. The residual Cu- and PGE-enriched 
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liquid may crystallise interstitially to the early-formed sulphides or migrate away, giving 

rise to zoned ore bodies (e.g., Sakatti Cu-Ni-PGE deposit; Brownscombe et al., 2015) or 

mineralised footwall veins. Metal-enriched sulphides can also form from the interaction 

of the early-formed, low-tenor sulphides with fresh, sulphide-undersaturated magma. The 

fresh sulphur-undersaturated magma stirres up the earlier formed sulphides, dissolves 

some of them and adds additional chalcophile elements to them (Naldrett, 1999). 

Cannibalisation of proto-ores has also been suggested as an explanation for anomalously 

high tenors in some deposits (e.g. the Kevitsa intrusion; Maier and Groves, 2011).  

 

 
Figure 3.5. Upgrading of ore by replenishing magma. A. The first magma surge becomes saturated in sulphur 
due to contamination with country rock material. The deposited sulphides are of low tenors. B. Sulphur-
undersaturated, replenishing magma surge is shielded from contamination by the earlier surge, stirs up low 
tenor sulphides, dissolves some of the sulphur and enriches the residual sulphides in metals. The dissolved 
sulphur may form metal-poor sulphides later in the crystallisation sequence (Modified from Maier and Groves, 
2011).  

 

(7) Post-magmatic upgrading of low-grade, sub-economic ores may happen through 

supergene enrichment processes, such as laterite formation and oxidation, dissolution and 

re-precipitation from through-flow of low-T hydrothermal fluids, surface- and ground 

waters (Guilbert and Park, 1986; Robb, 2005). Metal-Fe-sulphides may be oxidised to 

Fe-oxides and precipitate sulphides, which are enriched in the metal. For example, in the 

low-grade Ni-Cu ore of the komatiitic Vaara deposit consisting of primary pyrrhotite, 

pentlandite and chalcopyrite, the primary sulphides were replaced by pyrite, millerite, 

violarite, and Ni-rich pentlandite and lost more than 40 % sulphur to form magnetite. The 
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oxidation was caused by serpentinisation and resulted in a much higher molar Ni/S ratio 

than in the primary assemblage (Konnunaho et al., 2013). 

 

3.2. 3.2 Multiple sulphur isotope geochemistry 

 

3.2.1. Mass-dependent fraction 

 

Stable sulphur isotopes work as a useful tool in ore geology as sulphur is an important 

complexing ligand in many ore-forming processes and sulphide minerals are the main 

constituents of many ore deposits (White, 2013). Sulphur occurs naturally as four stable 

isotopes, 32S, 33S, 34S and 36S, with respective abundances of 94.93%, 0.76%, 4.29%, and 

0.02% (Coplen et al., 2002). Sulphur has several valence states (+6, +4, 0, -1 and -2) and 

fractionation occurs both between these states and between compounds incorporating 

sulphur of different valence (White, 2013). Mass-dependent fractionation, MDF, of 

isotopes is divided into two types: 1) Equilibrium fractionation, which is controlled 

mostly by the vibration of the atoms in a molecule. The heavier isotopes vibrate less than 

the lighter and thus molecules consisting of heavier isotopes will demand more energy to 

dissociate compared to a molecule of lighter isotopic composition. Thus the bonds in 

molecules of heavier isotopic composition will inherently be stronger than isotopically 

lighter molecules (Young et al., 2002; White, 2013; Johnston, 2011). 2) Kinetic 

fractionation, as opposed to equilibrium fractionation, is characterised by unidirectional, 

incomplete reactions (White, 2013). Processes producing unidirectional reactions are 

evaporation, diffusion, dissociation, bacterial reduction, etc. (White, 2013; Johnston, 

2011). Due to the stronger bonds in molecules of heavier isotopic compositions, 

unidirectional reactions favour lighter isotopes and they are concentrated in the reaction 

products (Young et al., 2002; White, 2013; Johnston, 2011). MDF uses the delta notation, 

δ, as the ratio of minor to major isotope abundance standardised to the Vienna-Cañon 

Diablo Troilite, V-CDT, for sulphur isotopes (Equation 3.1; White, 2013).  
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Equation 3.1: δ
x
SV −CDT =

x
S

32
S measured

x
S

32
S V −CDT

−1

 

 

 
 
 
 

 

 

 
 
 
 

×1000 

 

where x is 33, 34 or 36. Due to the mass dependence, the 33S and 36S is related to 34S by 

following Equations 3.2 and 3.3 (White 2013): 

 

Equation 3.2: δ
33

S =0.515×δ
34

S 

  

Equation 3.3: δ
36

S =1.90 ×δ
34

S 

     

The substitution coefficients relating 33S and 36S to 34S, i.e. 0.515 and 1.90, are often 

represented by 3xλ, where x is 3 or 6 (Johnston, 2011). As can be seen from the equations 

above, δ33S plotted against δ34S and δ36S against δ34S will form a linear relationship with 

a slope of either 33λ or 36λ.  

 

3.2.2. Mass-independent fractionation 

 

A profound change in the behaviour of sulphur isotopes was recorded for sedimentary 

rocks deposited at 2090–2450 Ma, as sulphur isotopic compositions of rocks older than 

2450 Ma deviated more than ± 1‰ from the mass-dependent relationship, as shown above 

(Farquhar and Wing, 2003). Between 2090 Ma and 2450 Ma, the deviations were smaller 

(-0.1 to + 0.5‰), yet still outside of the uncertainty of MDF (Farquhar and Wing, 2003). 

After 2090 Ma, no significant deviations (-0.1 to + 0.2‰) from MDF have been observed 

(Farquhar et al., 2000). The deviation from the MDF is termed Mass-Independent 

Fractionation of sulphur isotopes, MIF-S, and is denoted ∆xS, where x is 33 or 36 

(Equation 3.4; Farquhar and Wing, 2003):  
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There is general consensus that MIF is caused by photolysis of gaseous sulphur species 

by ultraviolet light (Farquhar et al., 2000; Farquhar and Wing, 2003). Sulphur dioxide, 

SO2, and sulphur monoxide, SO, are two of several sulphur species producing mass-

independent fractionation. They are, however, the only species deemed likely to play a 

significant role in the early Earth’s atmosphere and at the same time having experimental 

data fitting the data from the geological record (Farquhar and Wing, 2003). For the 

ultraviolet light to travel freely without getting absorbed and photolysis of SO2 and SO to 

take place, an ozone-free atmosphere and low CO2-levels are required (Farquhar and 

Wing, 2003). The effective transfer of both reduced and oxidised sulphur species with the 

photolysis signature from the atmosphere to the surface of the Earth arguably only 

occurred when oxygen levels were <<10-5 times the present atmospheric level (PAL; 

Pavlov and Kasting, 2002). Sulphur with the isotopic signature from photolysis was 

transferred to the surface of the Earth either as sulphate with negative ∆33S or as elemental 

sulphur or other reduced sulphur species with positive ∆33S (Farquhar and Wing, 2003). 

The oxidised sulphur with negative values resided in the oceanic sulphate reservoir and 

the reduced sulphur with positive values was incorporated into sediments as sulphide 

(Farquhar and Wing, 2003). 

 

The reason for the transitional period between 2450 Ma and 2090 Ma has preliminarily 

been assigned to either of two hypotheses. The first hypothesis suggests the onset of 

oxidative weathering of continental sulphide with anomalous positive ∆33S, which 

formed before 2450 Ma, due to a dramatic increase in atmospheric oxygen content 

(Farquhar and Wing, 2003). It suggests a complete shut down of the photolysis and the 

transfer of the sulphur with a MIF-signature to the surface. By estimating the Archaean 

sedimentary reduced sulphur to have a ∆33S average of 0.5 ± 0.2‰ and juvenile sulphur 

ca. 0‰, the sulphate produced by the weathering of Archaean rocks would retain a MIF-

S signature between 0‰ and 0.5 ± 0.2‰ in the Palaeoproterozoic (Farquhar and Wing, 

2003). The second hypothesis suggests intermediate levels of atmospheric oxygen 

between the Archaean and present day. It suggests that oxygen levels were low enough 

to allow photolysis to take place in the atmosphere, yet too high for the transfer of sulphur 

to the surface to work efficiently. Incomplete isotopic homogenisation during transfer to 

the surface would possibly result in the mass-independent signatures observed in the 

Palaeoproterozoic (Farquhar and Wing, 2003). After 2090 Ma, the ∆33S values are close 
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to 0‰ with variations being generally smaller than ±0.2‰ due to oxygen levels high 

enough to shut down the photolysis (Farquhar and Wing, 2003). The ∆33S values correlate 

inversely with ∆36S in the period before 2450 Ma, which is explained by MIF processes 

originating in gas-phase reactions and not significantly affected by MDF processes 

(Farquhar et al., 2000). Thus, this inverse relationship between ∆33S and ∆36S is 

characteristic of MIF reactions preserved in the geological record (Farquhar et al., 2000).  

 

3.2.3. Isotopic signatures of different reservoirs, rocks and ore deposits.   

 

There are three main reservoirs of sulphur on Earth, which are isotopically distinct. These 

are the mantle, the ocean and sediments. MORB data, representing depleted mantle, show 

δ34S values of ≈ -1.4 ‰ (Labidi et al., 2012, 2014), whereas the upper part of the mantle 

may range in δ34S from -11 to +14 ‰ (Hoefs, 2015). Eclogitic parts vary more in isotopic 

composition than peridotitic parts of the upper mantle, implying an Archaean sedimentary 

component for the former (Hoefs, 2015, reference within). Ripley and Li (2003) reported 

mantle values varying between ±2‰. Modern oceanic sulphate has δ34S values of +21.24 

± 0.88 ‰ (Tostevin et al., 2014). The sedimentary reservoir is characterised by strongly 

reduced sulphur with large negative δ34S values. Modern marine sediments range between 

+21 and -56‰ (Rollinson, 1993). Figure 3.6 summarises δ34S values from the mantle, 

oceanic and sedimentary sulphide and sulphate along with common igneous rocks, 

volcanic gasses and values from various types, including the different classes of Naldrett 

(2004).  
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Figure 3.6. Summary of δ34S values in important sulphur reservoirs, common igneous rocks and various ore 
deposit types, including the classes of Naldrett (2004). The figure is modified from figure 1.3 of Thode (1991), 
figure 7.21 of Rollinson (1993), figure 1 of Ripley and Li (2003) and figure 2.21 of Hoefs (2015). Mantle values 
are from Ripley and Li (2003), modern seawater value is from Tostevin et al. (2014) and data for Ural-Alaskan 
NC-7 class from Ripley et al. (2005).  
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4. METHODS 

 

 

4.1. Field techniques 

 

4.1.1. Mapping 

 

The mapping strategy was traversing the intrusion from core to rim and into the 

surrounding country rocks. However, due to the highly varying topography, this was 

rarely possible and the routes deviate highly from straight lines. The map grid used the 

geographical coordinate system WGS84 in the scale of 1:100000. The coordinates of the 

data points were collected using handheld Garmin etrex 10 GPS with an accuracy usually 

of 5 m or higher. Data was reported in the field book by creating a station with the code 

“year-initials-number” (e.g., 2014JAB001). Stations were described based on lithology, 

mineralogy, texture, and structures. Structures were measured with a Breithaupt GEKOM 

stratum compass that records the azimuth and angle of dip. Photos of the rock types and 

specific features were taken and the picture numbers from the camera were noted. A map 

with locations for all observations is given in Appendix 1.   

 

4.1.2. Sampling 

 

Depending on the grain size, 1-2 kg samples representative of the rock units were 

collected for geochemistry, thin/polished sections and for reference. A short description, 

the coordinates and the station number of the sampling locality were recorded in a sample 

docket book. From the intrusion and its adjacent country rocks, 41 samples were collected 

with the sample numbers GGU563001-GGU563022, GGU563031-GGU563048 and 

GGU564816. A research profile was channel-sampled at the station 2014JAB026, which 

is the main locality of the largest mineralisation discovered during the 2014 field 

campaign. The profile samples were divided into 34 samples based on lithology; 

GGU564517-GGU564520 and GGU564571-GGU564587. After the sawing of the 

profile in the field the samples were marked and photographed in order to reconstruct the 

sequence at GEUS. At GEUS the samples were cut in half lengthwise; one half was sent 
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for geochemistry and the other one was used for thin sections, polished thin sections and 

for reference. A map with locations for all samples is given in Appendix 1.   

 

4.1.3. Logging 

 

The logging was performed partially in the field and partially at GEUS in Copenhagen. 

In the field, the trench that was left after taking out the samples was washed free of 

sulphide- and rock dust and then divided into different units based on lithology. The 

division into different samples follows the division into different units. The log was 

produced by measuring of the length of the units, estimating the degree of deformation 

and sulphide content, making a schematic sketch of the research profile and describing 

shortly the rock types along with measurements of structural elements.  

 

4.2. Geochemical analyses 

 

All samples were analysed at Activation Laboratories Ltd, Canada. They were analysed 

for major elements with fusion x-ray fluorescence (fusion-XRF), which includes heating 

of the samples, mixing with a mixture of lithium-metaborate, lithium-tetraborate and 

lithium bromide, fusion of the samples in a Pt-crucible and casting of the sample in a Pt-

mould for analysis. The samples were analysed using a Panalytical Axios Advanced 

wavelength dispersive XRF. Trace elements were analysed by fusion inductively coupled 

plasma mass spectrometry (ICP-MS).  

 

The mineralised samples were analysed predominantly for Au (and As, Br, Cr, Fe, Ir, Na, 

Sc, Se and Sb) using instrumental neutron activation analysis (INAA). For INAA, 30 g 

aliquots encapsulated in polyethylene vials were irradiated with thermal neutron flux 

wires and subsequently counted on a high purity Ge detector. After decay-correction of 

the measured activities, the data were compared to multiple certified international 

reference materials.  

 

Furthermore, the samples from the research profile mentioned above were also analysed 

for carbon and sulphur content by the infrared (IR) absorption method. This method 
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includes combustion of the sample material in a pure oxygen environment so that the 

released carbon and sulphur combines with oxygen to form CO2 and SO2. The gasses pass 

through an IR cell, where they absorb IR energy at precise wavelengths. The IR energy 

passing through to the detector is filtered by a narrow band pass filter, ensuring that the 

only detected energies are the energies absorbed by CO2 and SO2.  

 

Units and detection limits for the analyses are given in Appendix 2. The analyses for the 

samples from the intrusion and country rocks (except sample GGU564816) are listed in 

Appendix 3. Analyses for the profile samples are listed in Appendix 4. 

 

4.3. Petrographic microscopy 

 

Petrographic microscopy was carried out using a Zeiss Axioscope 40 at GEUS and a Zeiss 

Axioplan 2 at the University of Oulu. The microscope at GEUS is equipped with an MRc5 

Axiovision digital camera, which uses corresponding AxioVision 4.6 software. The 

microscope at the University of Oulu is fitted with a (insert name of camera and the 

software name). Rock classification follows that of Gillespie and Styles (1999). Mineral 

abbreviations follow those of Siivola and Schmid (2007) except for magnetite, which will 

be abbreviated Mgt. 

 

4.4. Multiple sulphur isotope geochemistry 

 

The multiple sulphur isotope analyses were conducted at Centre for Microscopy, 

Characterization and Analysis (CMCA) at the University of Western Australia (UWA). 

The used sample preparation and analytical procedures are described in greater detail by 

LaFlamme et al. (submitted), and thus the following sections are based this paper unless 

otherwise cited. 

 

4.4.1. Sample Selection 

 

The samples for sulphur isotope geochemistry were selected to be representative of all 

the identified types of mineralisation located in the JPIC. Fourteen samples were collected 
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from mineralised parts along the research profile of the main mineralisation in order to 

identify zoning. Two samples were selected from along strike from the research profile 

to identify lateral variations in isotopic compositions. From 1 to 4 samples were selected 

from all other identified mineralised and sulphide-bearing rocks (see Table 4.1) in order 

to compare their isotopic signatures with the profile mineralisation and determine 

potential sulphur source(s). Samples were selected firstly based on primary sulphide 

mineral assemblages and secondly based on secondary/hydrothermal sulphide mineral 

assemblages. When the samples had been selected, a small, fresh piece of the reference 

sample was freed from any weathered parts with a saw and areas with cracks filled with 

supergene material were avoided.  

   

4.4.2. Mount preparation 

 

Twenty-seven samples were selected for stable sulphur isotope analyses. The samples, 

their lithologies and occurrence are listed in Table 4.1. Pucks three to four mm in diameter 

were drilled out of the samples using a drill press fitted with mm-scale diamond drill bits. 

One sample (GGU564575, see Table 4.1) had coarse-grained sulphides and both a drilled-

out puck and a loose sulphide grain were used. The pucks were placed and cast in the 

central part of an epoxy mount 25 mm in diameter with 5–6 cores per mount for a total 

of 5 mounts. The pucks were placed in the centre of the mount within a radius of 15 mm 

(Fig. 4.1) in order to eliminate analytical artefacts caused by deformation in the 

electrostatic field near the edge of the mount. Prior to casting the mounts, the epoxy was 

heated to 40–45°C and treated with an ultrasonic bath to eliminate trapping of air bubbles. 

After the mounts had set, they were detached from the moulds, ground and polished 

(successively with 9, 3 and 1 µm diamond suspension). Lastly, the bottom of the mounts 

was trimmed with a precision saw to fit the required height of 5 mm. The mount was 

trimmed to 13 mm on one side in order to be fit with a standard block. Sample 

GGU563032 was subsequently rejected due to too small grain sizes of sulphides left after 

polishing.  
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Figure 4.1. Mount dimensions and fitting of standard blocks used for multiple sulphur isotope analyses at 
CMCA. 
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Table 4.1. Selected samples for multiple sulphur isotope analyses.   

Occur-
rence 

Sample 
No. Northing Easting Lithology Mount Puck 

Primary 
sulphide  

Secondary 
sulphide  

Channel-
sampled 
profile 

GGU564517 65,76030 -38,49788 Qtz-diorite 1 15 Po  

GGU564519 65,76030 -38,49788 Microgabbro 1 10 Po  

GGU564520 65,76030 -38,49788 Tonalite 1 9  Py 

GGU564571 65,76030 -38,49788 Qtz-monzonite 1 1 Po Py 

GGU564572 65,76030 -38,49788 Monzodiorite 1 2 Po + Cpy Py 

GGU564573 65,76030 -38,49788 Monzodiorite 2 3 Po  

GGU564574 65,76030 -38,49788 Qtz-monzonite 2 4 Po  

GGU564575 65,76030 -38,49788 
Coarse 

sulphides 
(puck + grain) 

2 + 3 5 Po Py 

GGU564576 65,76030 -38,49788 Qtz-monzonite 2 6 Po Py 

GGU564577 65,76030 -38,49788 Monzogranite 2 7 Po Py 

GGU564578 65,76030 -38,49788 Monzogranite 3 8 Po Py 

GGU564580 65,76030 -38,49788 
Dioritic 
granulite 

3 16 Po  

GGU564582 65,76030 -38,49788 Microgabbro 3 11 Po Py 

GGU564584 65,76030 -38,49788 
Dioritic 
granulite 

3 12 Po  

         

Along 
strike 
from 

profile 

GGU563009 65,76177 -38,50268 
Semi-massive 

sulphides 
5 13 Cpy  

GGU563017 65,75818 -38,49379 
Aplitic 

monzodiorite 
5 14 Po Py 

         
Contact 

minerali-
sation 

GGU563022 65,81826 -38,25745 
Hbl-

melanogabbro 
4 27 Po  

         

Minerali
-sed and 
sulphide
-bearing 
stringers 

GGU563010 65,76080 -38,49543 
Biotite-

melanogabbro
-norite 

4 23 Po Py 

GGU563036 65,80421 -38,28794 Pyroxenite 5 17 Po  

GGU563037 65,80145 -38,29047 
Melanogabbro

norite 
5 18 Po  

         

Minerali
sed and 
sulphide
-bearing 
cumulate 

rocks 

GGU563032 65,80852 -38,28779 Hbl-websterite 4 24 
Rejected due to too small 

grain size. 

GGU563033 65,80852 -38,28779 
Hbl-bearing 

melanogabbro
-norite 

4 25 Cpy + Pnt Py 

GGU563041 65,80563 -38,27663 
Melanogabbro

norite 
5 20 Po + Cpy Py 

         

Minerali
-sed 
shear 
zones 

GGU563013 65,75743 -38,50342 
Sulphide-
bearing 

sheared rock 
3 21  Py 

GGU563031 65,81239 -38,27456 
Sulphide-
bearing 

sheared rock 
2 22  Py 

GGU563038 65,81408 -38,29030 
Sulphide-
bearing 

sheared rock 
5 19  Py 

         

Sulphide
-bearing 
country 
rocks 

GGU564816 65,71937 -38,38197 Bt-Grt-gneiss 4 26 Po   
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4.4.3. Scanning Electron Microscope and Energy Dispersive Spectrometry, SEM-EDS 

 

The samples were coated with a 10-µm gold film for Scanning Electron Microscope 

(SEM) imaging and Energy Dispersive Spectrometry (EDS). Back-scattered electron 

(BSE) images along with EDS measurements were acquired using a Tescan Vega-3 SEM 

at CMCA, UWA. The images were acquired at 15 kV and with a beam current of 1.5 nA. 

The BSE images were used to study sulphide textures and to aid navigation in the SIMS. 

EDS was used to confirm the microscopic identification of mineral phases. All analyses 

and calculated formulae are available in Appendix 5. 

 

4.4.4. Secondary Ion Mass Spectrometry, SIMS 

 

Multiple sulphur isotopes were measured in situ using a CAMECA IMS1280 large-

geometry ion microprobe at CMCA, UWA. The mounts were coated with an additional 

20 µm gold for a total coating of 30 µm. The ion microprobe was working in multi-

collection mode with a 10-keV Ce+ primary beam, a current of 1.9–2.3 nA and fitted with 

a normal incidence electron flood gun for charge compensation. A 30-s pre-sputter 

removed the gold coating and the secondary sulphur isotopes were subsequently extracted 

at -10 kV. The secondary ions were admitted into the mass spectrometer with a field 

magnification of 133x and automatic centring of the secondary beam in the field aperture 

and entrance slit. It operated at mass resolution (M/∆M) of ca. 2500.  

 

Mounts M1, M3 and M4 were analysed with a pre-sputter raster size of 20 µm and 

analysing beam size of 15 µm. Mounts M2 and M5 were analysed with a pre-sputter raster 

size of 25 µm and analysing beam size of 20 µm. The smaller raster and beam size in M1, 

M3 and M4 was chosen in order to analyse smaller inclusions within larger grains of 

sulphides. Mounts M3 and M4 were analysed for triple sulphur isotopes (32S, 33S and 34S) 

and M1, M2 and M5 were analysed for quadruple sulphur isotopes (32S, 33S, 34S and 36S). 

 

The triple sulphur isotopes were collected with two Faraday cups and one axial Faraday 

cup with background noise levels of 104-5 and an acquisition time of 123 s in 20 

integration cycles. For the quadruple sulphur isotopes, the 36S isotope was collected with 

a low noise ion counting electron multiplier and an acquisition time of 279 s in 45 
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integration cycles. Gain drift for the electron multiplier was corrected for by optimizing 

the electron multiplier high voltage using a Pulse Height Amplitude distribution curve at 

the beginning of each session. Gain drift was measured at the beginning, middle and end 

of each session and corrected in the CAMECA CIPS software. 

 

Measurements of unknowns were interspersed with matrix-matched reference materials 

(Sierra pyrite [δ33S = 1.09 ± 0.02‰; δ34S = 2.17 ± 0.04‰; δ36S = 3.96 ± 0.09‰], Alexo 

pyrrhotite [δ33S = 1.73 ± 0.03‰; δ34S = 5.23 ± 0.05‰; δ36S = 10.98 ± 0.10‰], VMSO 

pentlandite [δ33S = 1.66 ± 0.02‰; δ34S = 3.22 ± 0.05‰; δ36S = 6.37 ± 0.09‰], and Nifty-

b chalcopyrite [δ33S = -1.78± 0.03‰; δ34S = -3.58 ± 0.07 ‰; δ36S = -7.15± 0.13‰]; see 

LaFlamme et al., submitted) to calibrate isotope ratios, correct for drift, and monitor 

internal precision. Uncertainties on each δxS value were calculated by propagating the 

errors on instrumental mass fractionation determination, reference value of the matrix-

matched standard and internal error on each sample raw data point. Values of ∆33S and 

∆36S were calculated using the calibrated δ33S, δ34S and δ36S values and theoretical 

equations of mass-dependent fractionation of sulphur isotopes (e.g., Farquhar and Wing, 

2003). The calculation of the uncertainty in ∆33S and ∆36S is described in LaFlamme et 

al. (submitted). Lastly, the corrected results were normalized to V-CDT and δxS and ∆xS 

were calculated as described in Farquhar and Wing (2003). The results are listed in 

Appendix 6. 
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5. GEOLOGY OF THE JOHAN PETERSEN INTRUSIVE CENTRE 

 

 

The Johan Petersen Intrusive Centre, JPIC (Figure 5.1), consists of a mafic series of 

gabbronorite, leucogabbronorite to Qtz-gabbro, which cuts and locally brecciates a felsic 

series of diorite, tonalite, granodiorite to granite in the southwest. Both series contain 

magmatic breccias with angular to sub-rounded clasts of melanogabbronorite and 

pyroxenite with cumulus textures. The JPIC is surrounded by orthogneiss, 

metasedimentary rocks and mafic-ultramafic layers and lenses. A large mingling zone 

divides the mafic and felsic series, and minor mingling zones occur within the mafic 

series in the northeast. The mingling zones are typically parallel to the penetrative 

regional trend. The intrusive rocks are cross cut by finer-grained gabbro dykes and 

anastomosing stringers of pyroxenite to melanogabbro and -norite. Kfs-phyric 

monzogranite cross-cuts all other intrusive rocks and mingles with the mafic-ultramafic 

stringers in the centre of the intrusion. The map units described below are compiled from 

field observations, hand specimen- and thin section descriptions.  

 

5.1. Field relations and petrography 

 

5.1.1. Country rocks 

 

The wall rocks surrounding the JPIC consist predominantly of trondhjemitic orthogneiss 

(Figure 5.2A), Bt-Grt-gneiss (Figure 5.2C, 5.2D and 5.2G) and amphibolite and dioritic 

granulite layers and pods (Figures 5.2C and 5.2G). An up to 50 m thick amphibolite layer 

(Figure 5.2E) forms the immediate wall rock to the JPIC at the north-northeast contact. 

The amphibolite is exfoliated by gabbronorite in places (Figure 5.2F). The foliation at the 

contact cross-cuts both gabbro-norite and amphibolite. Further away from the contact, the 

country rocks are trondhjemitic orthogneiss consisting predominantly of plagioclase, 

biotite, and quartz, and Bt-Grt-garnet gneiss consisting of biotite, garnet, quartz, 

plagioclase, and minor K-feldspar. The gneisses are banded and contain isoclinally folded 

layers of amphibolite with fine-grained, bleached granulite reaction rims. Towards the 

Johan Petersen Fjord to the north and northeast, the gneisses are steeply dipping and 
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protomylonites are observed with porphyroblasts of plagioclase. Layers of amphibolite 

and pyroxenite tens of metres in length with dunite boudins are observed in the steeply 

dipping trondhjemitic gneiss. 

  

 
Figure 5.1. Geological map of the Johan Petersen Intrusive Centre produced during the 2014 field expedition. 
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In the southern part, the immediate country rocks are fine- to medium-grained Bt-Grt-

gneiss with cm-scale garnet porphyroblasts. An up to 1-km-thick and several-km-long 

country rock wedge divides the southwestern felsic series from the central and northern 

mafic series. It is widest to the SSE and thins towards the WNW, following the 

penetrative regional trend. The wedge consists of amphibolite-granulite layers, Bt-Grt-

gneiss, trondhjemitic gneiss, graphite schist (Figure 5.2D), sheets of Kfs-phyric 

monzogranite, granodiorite to gabbro, leucocratic veinlets, and pegmatites. The rocks in 

the wedge are more plastically deformed than the northern country rocks (Figure 5.2G).  
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Figure 5.2. Outcrop photos from country rock gneisses and amphibolite. A. Banded, well-foliated and in 
places protomylonitic trondhjemitic orthogneiss to the north of the contact to the JPIC. B. Banded 
amphibolite and pyroxenite with dunite boudins and leucocratic, possibly partial melt material from north 
of contact. C. Leucocratic banded Bt-Grt-gneiss with isoclinally folded amphibolite layers from north of 
contact. D. Rusty-appearing, banded Bt-Grt-gneiss (top), crumbly graphitic schist (middle), and a more 
homogeneous garnet bearing, possibly granodiorite (bottom), from the country rock wedge at camp T1C4. 
E. Dark grey, banded amphibolite with few leucocratic layers from the northern contact (reco stop). F. Peeled 
and exfoliated amphibolite by gabbro-norite melt at contact north of camp T1C3. G. South-western country 
rock wedge with more plastically deformed orthogneiss (grey), Bt-Grt-gneiss (rusty appearance), amphibolite 
(boudin at the centre of the picture). Field view is approximately 50 m. 
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The different country rock lithologies are often found as xenoliths in the intrusive rocks. 

Amphibolite and dioritic granulite lenses and schlieren are abundant, especially towards 

the rim in the southern part. They are typically 10-20 cm thick and up to several metres 

long, but also form trains of lenses up to 100 m long. Some are dismembered and some 

show fish mouth structures. Some of the xenolith show ghost structures in places, where 

they have been partially assimilated. They are fine- to medium-grained and consist 

predominantly of hornblende/pyroxene and plagioclase with local biotite and garnet. The 

xenoliths locally contain ptygmatic folds and often display a closely-spaced internal 

foliation, which is obligue to the outer foliation in the intrusive rocks. The xenoliths are 

less abundant and randomly oriented at the centre and become more abundant and aligned 

along the overall orientation at the margin. 

 

Three samples from the country rocks comprise dioritic granulite (sample GGU563045) 

and Bt-Grt-gneiss (samples GGU563046 and GGU563047). The diorite granulite is fine- 

to medium-grained, light grey-brown and contains darker bands, leucocratic veins and 

has a closely-spaced and in places wavy foliation (Figure 5.3A). It has a granoblastic 

interlobate texture (Figure 5.3B) and consists of ca. 50 vol.% Plg, 20 vol.% Bt, 15 vol.% 

Opx, 10 vol.% Cpx, 2 vol.% Hbl, 2 vol.% oxides and 1 vol.% sulphides. The darker band 

contains more pyroxenes than the surrounding rock. The leucocratic veins consist of Qtz, 

Plg and Kfs (Figure 5.3C), with the latter two having relict lath shapes in places.  

 

The Bt-Grt-gneiss is medium- to coarse-grained, light grey, has a granoblastic to seriate 

interlobate texture and a wavy foliation created by biotite (Figure 5.3D). They vary in 

composition and consist roughly of 10–50 vol.% of Kfs, 15–20 vol.% Plg, 15–40 vol.% 

Qtz, 5–8 vol.% Grt, 5–7 vol.% Bt, 5–9 vol.% Mus + Ser ± Chl, 2–5 vol.% Hbl, up to 2 

vol.% oxides and traces of Cpx, Ap, Mnz, Zrn and sulphides. Garnet occurs as anhedral, 

subequant porphyroblasts up to 1 cm in diameter and locally shows a rim of plagioclase 

(Figure 5.3D and 5.3E). The grains may also be slightly elongated along the foliation and 

occur as symplectites with quartz and magnetite (Figure 5.3F). Quartz and feldspar grains 

are lens shaped and elongated along foliation (Figure 5.3D). The feldspars show pressure 

shadows in places. Sillimanite, sulphides and graphite have been observed locally in the 

Bt-Grt-gneiss. 
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Figure 5.3. Photomicrographs of country rock samples. A. fine- to medium-grained dioritic granulite with a 
closely spaced foliation, which is slightly wavy in the top of the picture. Biotite forms a selvage around a 
leucocratic vein. B. Granoblastic interlobate texture in dioritic granulite. C. Biotite selvage adjacent to a 
leucocratic vein consisting of Qtz, Plg and Kfs. D. Medium- to coarse-grained Bt-Grt-gneiss with lens shaped 
Qtz and feldspars and anhedral, subequant Grt. E. Anhedral, subequant porphyroblastic aggregate of Grt 
and Qtz. F. Lens-shaped Grt-Qtz-Mgt symplectite. Photomicrographs A to D taken in cross-polarised, 
transmitted light and E and F are taken in plane-polarised, transmitted light. Widths of photomicrographs: 
A = 33 mm, B = 4.4 mm, C = 4.4 mm, D = 30 mm, E = 15.5 mm and F = 4.4 mm. Photomicrographs A, B and 
C are taken from sample GGU563045, D, E and F from sample GGU563047. 

 

5.1.2. The south-western felsic series 

 

The dominant lithologies of the southern and southwestern part of the JPIC consist of a 

felsic series of coarse-grained diorite grading into tonalite, granodiorite, and granite 

towards the contact. A small lens or plug of diorite grading into granite is also found 

within the country rocks north of the northern contact. Diorite and granodiorite are dark 

greenish on weathered surfaces and light grey-green on fresh surfaces due to plagioclase 

(Figures 5.4A and 5.4B). The dioritic rocks vary between orthopyroxene-bearing diorite 
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to monzodiorite and Qtz-diorite. As they become more tonalitic, granodioritic and 

ultimately granitic, the colour becomes lighter greyish-white (Figure 5.4C) to slightly 

pinkish. The dioritic rocks have little to no K-feldspar and the mafic minerals are 

predominantly orthopyroxene ± clinopyroxene with rims of hornblende and biotite 

(Figure 5.4A). Biotite also occurs throughout the rock and is not confined to the rims of 

pyroxene. As the rocks grade into more felsic varities, the K-feldspar and quartz content 

increases, and little, if any, orthopyroxene, clinopyroxene, and magnetite are left. The 

pyroxenes have partially to completely broken down to hornblende ± biotite. Biotite 

becomes the dominant mafic mineral in the more evolved rocks. Up to 20 cm in diameter, 

scattered, spheroidal Grt + Qtz ± Mgt aggregates are abundant in the felsic series rocks 

(Figure 5.4B). They are commonly smaller than a few cm and often connected by mm-

thin quartz veinlets. Their abundance increase towards the country rocks and they 

overprint close to all other fabrics and textures. The dioritic to granitic rocks also contain 

mafic-ultramafic fragments described below (Figures 5.4C-D and 5.8C). Towards the 

centre, the felsic series displays a weak foliation, which is predominantly oriented parallel 

to the regional NW-SE orientation. The foliation becomes stronger towards the contact. 

The foliation is steep and dips between ca. 60° to vertical, mostly towards the NE and 

lesser to the SW. Locally, shear zones cut the rocks of the felsic series. 

 

 
Figure 5.4. Outcrop photos of felsic series rocks. A. Brown orthopyroxene with rims of hornblende along with 
plagioclase from mesocratic diorite. B. Greenish-grey appearing diorite-tonalite with slightly ovoid Grt-Qtz-
aggregate and with little or no orthopyroxene. C. Greenish-grey outcrop appearance of tonalite to 
granodiorite. D. Light grey to pinkish appearance of monzogranite with dark grey to black and bleached 
xenoliths. The spots that overprint both monzogranite and xenoliths are Grt-Qtz-aggregates. 
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Seven samples from the dioritic to granitic rocks comprise predominantly Qtz-diorite 

(samples GGU563002 and GGU563048), tonalite (sample GGU564006), granodiorite 

(samples GGU563004 and GGU563020), and monzogranite (samples GGU563001 and 

GGU563018). The rocks are weakly foliated with S-C fabric developed locally by quartz 

ribbons (s) and biotite (c). They vary in composition with 30-50 vol.% Plg, 5-30 vol.% 

Qtz, up to 30 vol.% Hbl, 5-20 vol.% Bt, up to 10 vol.% Opx, ca. 5 vol.% Kfs but up to 30 

vol.% in the granitic rocks, up to 2 vol.% Cpx, up to 3 vol.% Mus, 2-5 vol.% Ser, up to 2 

vol.% Ttn, up to 3 vol.% Ap and 1-5 vol.% Ilm and Mgt (and Hem). They contain trace 

amounts of Grt, Chl, Cal, Zrn, possibly Tlc, and sulphides (Py ± Po). The rocks have 

partially developed granoblastic textures with relict euhedral grains preserved in places. 

The rocks commonly have quartz and feldspar phenocrysts/porphyroblasts. It is unclear 

whether they are magmatic and/or metamorphic. The Qtz phenocrysts/porphyroblasts are 

commonly elongated along the foliation, but the feldspar grains are more commonly sub-

equant (Figure 5.5A). Deformation twins, irregular microcline twinning and kinks in 

feldspars, and blocky extinction in quartz are common (Figure 5.5A). The feldpars have 

experienced sericitisation, minor replacements by Mus and Cal, and myrmekite occurs in 

the more granitic samples along grain boundaries (Figure 5.5B). Relict, sub- to euhedral, 

broken Opx and lesser Cpx are typically rimmed by Hbl and replaced by Bt and very fine-

grained masses of Tlc and Chl (Figure 5.5C and 5.5D). In the samples lacking pyroxenes, 

Hbl forms larger relict euhedral crystals rimmed by biotite and replaced by Ser, Bt and 

Chl. In places, Hbl and Qtz form symplectites surrounding broken grains of Opx (Figure 

5.5E). The mafic minerals typically occur in clusters. Biotite is found both in the clusters 

as replacement of Opx (and Cpx) and minor Hbl and intergrown with the surrounding 

feldspars and Qtz. Very small, euhedral grains of Grt have been found as inclusions in 

Bt. In the broken pyroxenes, smaller grains and needles of Ilm and Hem occur. Single 

grains and aggregates of Ilm and Mgt intergrow with Plg, Hbl, Bt and Qtz and these grains 

often display exsolution lamellae of Hem (flames in Ilm, parallel to crystallographic 

planes in Mgt, Figure 5.5F) Mgt may show symplectitic growth at edges of relict euhedral 

grains (Figure 5.5F). Titanite occurs as rims on Ilm in places, but is mostly associated 

with and occurring in Hbl and Bt (Figure 5.5G). Titanite is more abundant in samples 

lacking Opx. Sulphides are commonly intergrown with Ilm and Mgt and have rims of 

Hem (Figure 5.5H). 
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Figure 5.5. Photomicrographs of samples of the felsic series rocks. A. Partially granoblastic-textured tonalite 
(GGU563006) with lens-shaped Qtz, kinked Plg (centre of the picture), fractured Hbl and fresh Bt. B. 
Sericitisation of Kfs with myrmekite at edges from monzogranite (GGU563018). C. Fractured and altered 
Cpx and lesser Opx overgrown by Hbl in a granular interlobate matrix of mainly Plg and Hbl from diorite 
(GGU563002). D. Tlc and Chl alteration of Opx and Cpx, respectively, from monzogranite (GGU563001). E. 
Relict altered Opx surrounded by Hbl-Qtz+oxide symplectite from diorite (GGU563048). F. Relict euhedral 
Mgt-grain with crystallographically oriented Hem exsolutions and symplectites at edges from granodiorite 
(GGU563020). G. Ilm with Hem exsolutions overgrown by Ttn associated with Bt from granodiorite 
(GGU563020). H. Ilm intergrown with Mgt and Py with a rim of Gt from granodiorite (GGU563004). 
Photomicrographs A to C taken in cross-polarised, transmitted light, D, E and G in plane-polarised 
transmitted light and F and H in plane-polarised reflected light. Widths of photomicrographs: A = 16.2 mm, 
B = 2.0 mm, C = 10.6 mm, D = 3.0 mm, E = 4.5 mm, F = 0.23 mm, G = 1.6 mm and H = 0.8 mm.   
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5.1.3. The central and north-eastern mafic series 

 

The dominant rock types in the centre and to the north to the contact of the intrusion are 

coarse-grained, meso- to leucocratic, grey Hbl-gabbro, gabbro, gabbronorite, minor dark 

grey to black melanogabbronorite and pyroxenite, and local light grey Qtz-microgabbro1. 

Gabbronorite (Figures 5.6B and 5.6D) dominates the outer, northern parts, whereas the 

central part of the intrusion is dominated by gabbro (Figure 5.6A) and Hbl-gabbro. Long 

sheets of gabbronorite are also found in the sourthern part between the gabbroic rocks 

and the felsic series. Mingling zones typically separate gabbro and gabbronorite and clear 

contacts have not been found. Distinction was thus made based on the pyroxene content, 

with gabbronorite containing clino- and minor orthopyroxene, gabbro having 

predominantly clinopyroxene and hornblende, and hornblende being the dominant mafic 

mineral Hbl-gabbro. Close to the contact and in mingling zones, gabbro and gabbronorite 

may become enriched in Qtz and contain circular Grt-Qtz aggregates. Adjacent to larger 

shear zones the rocks may have experienced epidotisation and potassic alteration. 

 

A long, metre-scale thick layer of melanogabbronorite is found along the northern margin 

of the intrusion and as sheets or plugs within the gabbronorite-gabbro-Hbl-gabbro. Larger 

sheets of melanogabbronorite to pyroxenite have been found at the north-eastern melt 

water lake (Figure 5.6G, sample GGU563041), on the eastern side of the northern inlet 

from Johan Petersen Fjord, and in the gabbro in the southern part of the intrusion (Figure 

5.6H, sample GGU563011). The sheets may be up to a few hundreds of metres long and 

up to 50 m wide. Some mafic-ultramafic sheets or irregular, larger fragments occur in a 

mingling zone east of the north-eastern melt water lake. The sheets consist of green and 

possibly black clinopyroxene, brown orthopyroxene, and hornblende ± biotite along with 

minor amounts of plagioclase, apatite, and sulphides ± quartz. Some of the larger sheets 

have a very rusty appearance due to weathering of sulphides. Contact relations between 

the larger sheets and the surrounding gabbro and gabbronorite have not been well 

established. 

 

                                                 
1 Micro refers to the prefix used by Gillespie and Styles (1999) together with the root 
names for coarse-grained crystalline rocks to denote a medium-grained rock. 
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The Qtz-microgabbro dykelets cross-cut gabbro and gabbronorite in the central and 

northern part of the intrusion (Figure 5.6D). They are up to 20 cm thick, anastomosing, 

near vertical and have rather sharp contacts to gabbro and gabbronorite. A single metre-

scale body of microgabbro is observed east of the north-eastern melt water lake.  

 

The gabbronorite, gabbro and Hbl-gabbro contain both country rock xenoliths and 

brecciated mafic-ultramafic fragments. Furthermore, brecciated Opx-diorite clasts in 

gabbronorite occur at the N-S-elongated melt water lake in the south-western part of the 

intrusion, where the felsic- and mafic series are separated by a large mingling zone. The 

clasts are sub-angular, randomly oriented and have an inner foliation obligue to adjacent 

clasts and the gabbronorite. 

 

In the large mingling zone, the gabbro and gabbronorite are locally enriched in quartz 

adjacent to the country rock wedge, resulting in tonalitic compositions. The gabbro-

tonalite mingles and mixes with pyroxenite to Hbl-melanogabbro stringers, which in 

places resulted in the formation of hybrid rocks (Figure 5.6E). Incomplete mixing resulted 

in flame textures and lenses of gabbro-tonalite in the stringers and vice versa (Figure 

5.6F). 

 

The melanogabbronorite at the contact and gabbro-norite is intermediately foliated, 

whereas the gabbro to Hbl-gabbro is intermediately to non-foliated. The sheets of mafic-

ultramafic cumulate rocks are generally non-foliated. In places, the gabbro seems to have 

an igneous foliation, which may be folded (Figure 5.6C). Locally, shear zones cut the 

gabbroic rocks, which may become slightly greenish to pinkish due to epidotisation and 

possibly potassic alteration.  
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Figure 5.6. Outcrop photos of the mafic series rocks. A. Leucocratic gabbro consisting predominantly of white 
plagioclase, dull green clinopyroxene, black hornblende ± biotite and rusty appearing magnetite. B. 
Mesocratic gabbronorite with Plg-phenocrysts in a medium-grained groundmass of Cpx-Opx-Hbl-Bt. C. 
Meso- to melanocratic gabbronorite with igneous foliation, which has been folded. The black line emphasises 
the orientation. D. Thin, light-grey Qtz-microgabbro dykelets cross-cutting gabbronorite. The Qtz-
microgabbro dykelets cross-cut and are cut by pyroxenite-melanogabbronorite stringers. E. Mingling of 
gabbroic, pyroxenitic-melanogabbronoritic and hybrid magmas at the large mingling zone between the mafic 
and the felsic series. F. Flame textures in gabbro-tonalite in the large mingling zone. G. A ca. 15-m-wide sheet 
of melanogabbronorite cumulate rock with rusty appearance from weathering of sulphides. H. Close-up view 
of a melanogabbronorite mesocumulate from the southern part of the intrusion. The cumulus minerals are 
predominantly Cpx with minor Opx overgrown by Hbl and interstitial Plg and minor Qtz and Bt. 

 

Nine samples were collected from the mafic series and comprise Hbl-melanogabbronorite 

(samples GGU563003, GGU563011, GGU563041 and GGU563042), gabbronorite 

(sample GGU563034), Hbl-gabbro (samples GGU563014, GGU563015 and 
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GGU563039), and Qtz-microgabbro (sample GGU563040). The melanogabbronorites 

are dark grey and green to black, whereas the gabbronorite and Qtz-microgabbro are 

leucocratic, light greenish grey to grey. The rocks are generally coarse-grained but may 

contain finer-grained layers than the surrounding. The rocks vary from foliated to non-

foliated with a partially preserved orthocumulate texture (eg. GGU563011) and may 

locally contain zoned Plg-phenocrysts with cores of Bt. The composition range between 

15–70 vol.% Plg, up to 47 vol.% Cpx, up to 8 vol.% Opx, 2–35 vol.% Hbl, 5–25 vol.% 

Bt, up to 10 vol.% Qtz, up to 5 vol.% Kfs, up to 5 vol.% Ser, up to 5 vol.% Chl, up to 3 

vol.% Tlc, up to 3 vol.% Ap, up to 3 vol.% oxides, up to 2 vol.% Ttn, up to 1 vol.% Mus, 

up to 1 vol.% sulphides and traces of Grt, Zrn and Gt. They commonly have a partial 

granoblastic texture with relict euhedral Hbl, Cpx and lesser Opx intergrown with Plg and 

lesser Bt and Qtz (Figure 5.7A). The granoblastic texture is predominantly developed in 

the interstitial feldspars and Qtz. In places, grain boundary migration is found in Plg and 

Qtz (Figure 5.7B) and blocky sub-grains form in Qtz locally. The feldspars have 

experienced varying degrees of sericitisation, especially in places of grain boundary 

migration. Myrmekite is observed with feldspars as well. The pyroxenes vary from rather 

fresh to being almost completely replaced by Tlc, Chl, Bt and maybe Hbl in places (Figure 

5.7C). The pyroxene grains are typically part of the clusters of mafic minerals, but are 

also found in places as single grains intergrown with Plg. The clusters are typically up to 

1 cm long/in diameter, but up to 5-cm-long crystals have been observed. The pyroxene 

grains are rimmed by relict euhedral Hbl, which is then overgrown and/or replaced by Bt. 

The euhedral cumulus Cpx ± Opx in samples GGU563011 and GGU563041 contain cores 

of Bt and are overgrown by sub- to anhedral Cpx and Hbl (Figure 5.7D). In the Hbl-

gabbros, larger euhedral Hbl forms the dominant mafic mineral with minor Bt (Figure 

5.7E). In places, Hbl + Qtz ± Mgt symplectites are present with small broken grains of 

Opx or Cpx (Figure 5.7C). The symplectites are typically rimmed by either relict euhedral 

Hbl or Bt. Locally, the symplectites are observed with Bt + Qtz instead of Hbl + Qtz. 

Traces of small, round aggregates of Grt were observed in melanogabbronorite (sample 

563042). The opague minerals are predominantly sub- to anhedral Ilm with Hem 

exsolution lamellae, lesser an- to euhedral Mgt (Figure 5.7F), and Po or Py rimmed with 

Hem (Figure 5.7G). Ilmenite and Ttn are typically associated with Hbl and Bt, but Ilm 

also often occurs as needles in relict pyroxenes (Figure 5.7H). 
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Figure 5.7. Photomicrographs of mafic series rocks. A. Euhedral Hbl, anhedral pyroxenes and oriented Bt 
and Plg from Hbl-melanogabbronorite (GGU563042). The rock has a predominant seriate granular to 
slightly interlobate fabric with patches of granoblastic texture (upper left). B. Grain boundary migration in 
Plg-phenocryst from Hbl-melanogabbronorite (GGU563042). Pyroxenes are rounded and fractured, Bt 
waves around the Plg grain, however Hbl (lower left) is euhedral and unaffected. C. Tlc and Chl alteration 
of relict Cpx grain with Hbl-Qtz-oxide symplectite at edge from Hbl-gabbro (GGU563015). D. Large Cpx 
grain from cumulate textured Hbl-melanogabbronorite ((GGU563011). The Cpx has a centre of Bt, an inner 
grain of euhedral Cpx (outlined with black line) and an outer grain of sub- to anhedral Cpx. The outer grain 
is more replaced by Hbl ± Bt than the inner. The inner grain has crystallographically oriented needles of Ilm 
and Hem. E. Large, sub- to euhedral Hbl and lesser Bt with finer-grained Plg from Hbl-gabbro (GGU563014). 
F. Euhedral, fractured Mgt grain from Hbl-gabbro (GGU563014). G. Sub- to anhedral Mgt intergrown with 
Py, which has been partially replaced by Gt from gabbronorite (GGU563034). H. Crystallographically 
oriented Ilm-Hem needles in Cpx from picture D. Photomicrographs A to C and E taken in cross-polarised, 
transmitted light, D in plane-polarised transmitted light and F to H in plane-polarised, reflected light. Widths 
of photomicrographs: A = 10.6 mm, B = 10.6 mm, C = 4.4 mm, D = 9.0 mm, E = 10.6 mm, F = 0.1 mm, G = 
0.6 mm and H = 0.5 mm.  
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5.1.4. Mafic-ultramafic breccias and fragments 

 

Mafic-ultramafic fragments occur both in the mafic and felsic series and consist of 

medium- to coarse-grained, greenish-black to brownish-black pyroxenite and 

melanogabbronorite. They are up to 2m-sized, sub-angular clasts in breccia zones and to 

some extent in mingling zones in most parts of the intrusion. The fragments occur in 

places as jigsaw pieces with minor amounts of matrix material, and the original shape of 

a relict, larger clast/sheet is still outlined (Figures 5.8A and 5.8B). They also occur 

dismembered with irregular contacts and thin reaction rims (Figure 5.8C). The reaction 

rims are characterised by replacement of pyroxenes by hornblende in the clasts, 

coarsening of the grain size of the surrounding rocks, and local development of garnet 

(Figures 5.8C and 5.8D). The clasts locally contain mm- to cm-sized, leucocratic 

anorthitic and/or granitic blebs and dykelets. Some of the fragments have cumulate 

textures with cumulus pyroxene and interstitial plagioclase. 

 

 
Figure 5.8. Outcrop photos of mafic-ultramafic fragments and breccia clasts. A. sub-angular jigsaw piece-clasts 
of Hbl-websterite in a coarse-grained, Hbl-bearing melanogabbronorite matrix. The breccia occurs inside 
leucocratic gabbro on the northern side on the north-eastern melt water lake. B. Angular melanogabbronorite 
jigsaw breccia in leucocratic gabbronorite from the eastern side of the inlet of the Johan Petersen Fjord in the 
north. C. Green pyroxenite fragments in the dioritic to granitic rocks. D. Coarser-grained reaction rim between 
granodiorite and pyroxenitic fragment. 

 

Two samples from brecciated ultramafic rocks are medium- to coarse-grained Hbl-

websterite (GGU563032) and Hbl-bearing-melanogabbronorite (GGU563033). They 
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have a macroscopically visible cumulus texture and are generally non-foliated (Figure 

5.9A). They consist of 30–45 vol.% Cpx, 20–25 vol.% Opx, 10–20 vol.% Hbl, 7–15 

vol.% Plg, up to 10 vol.% Bt, up to 2 vol.% Kfs, up to 7 vol.% Tlc, up to 2 vol.% Chl, up 

to 1 vol.% Ser, up to 2 vol.% oxides, up to 2 vol.% sulphides and traces of Ap and Qtz. 

Sample GGU563032 has much more Hbl and only very few percent of intercumulus 

material than the other sample (Figure 5.9B). Intergrown, an- to euhedral Cpx and Opx, 

which are overgrown by minor Hbl, form the cumulus minerals with interstitial Plg, Bt, 

Ap and little Kfs, where present. The interstitial minerals display a granoblastic texture 

in places. Large, cm-scale, pale brown-green Hbl-oikocrysts occur in sample 

GGU563032 (Figure 5.9C). Plagioclase, Hbl, Bt and Ap (and perhaps Grt, which is 

difficult to distinguish from Ap if the latter is cut perpendicular to the crystalllographic 

c-axis) occur as inclusions in the Cpx and Opx cumulus grains and the Hbl-oikocrysts 

(Figures 5.9B and 5.9C). The pyroxenes are often fractured and partially to almost 

completely replaced by Tlc and Chl (Figures 5.9A and 5.9D). Hornblende-Qtz 

symplectites occur at the edges of pyroxenes locally. The feldspars have experienced little 

sericitisation. The opague minerals are Mgt and lesser Ilm with Hem exsolution lamellae, 

Po, Ccp, Pnt and Py. They occur both as inclusions in the pyroxene grains or as 

intergrown masses in the interstitial part. Po, Ccp and Pnt form an assemblage, which is 

overgrown by Py (Figure 5.9E). Pyrite intergrows with euhedral Mgt but are also 

overgrown by irregular masses of what appears to be Mgt. Abundant, small, sub- to 

euhedral grains of Mgt especially occur in the cracks of pyroxene grains, where they have 

been heavily altered (Figure 59 F). Sample GGU563032 has only replacements of Po to 

Py and no secondary Mgt.  
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Figure 5.9. Photomicrographs of rocks from mafic-ultramafic breccias and fragments. A. Cumulus pyroxenes 
with interstitial and inclusions of Hbl, Bt and Plg from Hbl-bearing melanogabbronorite (GGU563033). B. 
Very large Hbl-oikocrysts, rounded Opx, and smaller, rounded Cpx grains with many inclusions of Hbl, Bt, 
Plg, Kfs, Ap and, oxides from Hbl-websterite (GGU563032). C. Hbl oikocryst with rounded inclusions of 
pyroxenes, feldspars, Ap, and oxides from Hbl-websterite (GGU563032). D. Tlc and Chl alteration in Opx 
with inclusions of Hbl, Bt, sulphides and, oxides from Hbl-bearing melanogabbronorite (GGU563033). Trains 
of very small, euhedral grains of Mgt fill out the fractures in the altered part. E. Po with flame exsolutions of 
Pnt and intergrown with Ccp being overgrown by Py from Hbl-melanogabbronorite (GGU563033). F. Trains 
of euhedral Mgt in the altered pyroxenes from Hbl-bearing melanogabbronorite (GGU563033). 
Photomicrographs A to D taken in cross-polarised, transmitted light and E and F are taken in plane-
polarised, reflected light. Widths of photomicrographs: A = 10.6 mm, B = 33 mm, C = 15.2 mm, D = 2.0 mm, 
E = 0.2 mm and F = 1.1 mm.  

 

5.1.5. Mafic-ultramafic stringers 

 

Anastomosing stringers and irregular dykelets of pyroxenite to Hbl-melanogabbronorite 

are observed throughout the JPIC. They are typically from a few mm to 20 cm thick and 

crosscut and in places mingle with gabbroic rocks and to a lesser extent dioritic rocks. A 

larger irregular body of pyroxenite to Hbl-melanogabbronorite is found mingling with the 

Kfs-phyric monzogranite on the nunatak in the central part of the intrusion. In places, the 
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stringers and dykelets can be followed continuously for several hundreds of metres, for 

example, between the north-eastern melt water lake and the inlet from the Johan Petersen 

Fjord (Figure 5.10A). They mostly have rather sharp contacts to the felsic and mafic series 

rocks, but may also be slightly diffuse in places. The stringers cross-cut and are 

themselves being cross-cut by the microgabbroic dykelets described above (Figure 

5.10D). The stringers can be divided into two types, which are structurally different: one 

type has clearly been affected by the penetrative post-emplacement foliation, appears 

folded and has experienced later transposition (Figures 5.10C and 5.10D). The other type 

is less affected by deformation, and only Hbl/Bt along the contact to the hosting rock has 

been affected by the outer, otherwise penetrative foliation (Figures 5.10A and 5.10B). 
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Figure 5.10. A. Anastomosing Hbl-melanogabbronorite stringer in gabbro, continueing for several hundreds of 
metres. The water body in the back ground is the inlet of the Johan Petersen Fjord in the northern part of the 
intrusion. B. Close-up view of the stringer, which has incorporated blebs and ovoid balls of gabbro. C. Less 
anastomosing, more deformed stringer in gabbro in a large mingling zone separating the felsic and mafic series. 
D. Map view sketch of folded stringer in gabbro just north-east of the large mingling zone. The fold has been 
transposed during the deformation, which formed the penetrative foliation.  
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The stringers consists of Bt-melanogabbronorite (sample GGU563010), Hbl-

melanogabbro (GGU563019 and GGU563035), Hbl-melanogabbronorite (GGU563037 

and GGU563044), and pyroxenite (GGU563036). Samples GGU563036 and 

GGU563037 are mineralised. The rocks are all dark grey to black, fine- to medium 

grained and well lineated and slightly foliated. Hornblende forms the lineation and Bt the 

foliation. In places, two foliation orientations are observed, with the older forming trains 

of Bt in one direction, but the grains are oriented after the newer foliation (Figures 5.11A). 

The new foliation cross-cuts the older in places. They predominantly have a granular 

texture and consist of 75–80 vol.% Hbl (Figure 5.11B) except for sample 563010, which 

only contain 2 vol.% Hbl, 10–20 vol.% Plg, Up to 5 vol.% of each Cpx, Opx and Bt, 

except for 563010, which have 43 vol.% Cpx and 23 vol.% Bt (Figure 5.11A). They have 

up to 2 vol.% Ap, up to 2 vol.% Ttn, up to 3 vol.% sulphides, up to 2 vol.% oxides, and 

traces of Ser, Chl, Zrn and maybe Grt. The rocks consist predominantly of sub- to 

euhedral Hbl, Bt and interstitial Plg, Ap and Ttn. Hornblende appears both rather fresh 

and almost completely fractured, predominantly in the grains oriented so that both 

cleavage planes are visible. Hornblende has experienced little replacement by Bt in 

places. Hornblende contains inclusions of smaller, rounded or irregular grains of Cpx and 

Opx, where present, and some Plg, Ap, Bt, Ttn and Grt (?) (Figure 5.11C). In sample 

563010, the pyroxenes together with Bt occur the same way as Hbl in the other rocks, and 

are intergrown with very little Hbl, which has been partially replaced by Bt. The pyroxene 

grains are highly fractured and in places replaced by Tlc (Figure 5.11D). Biotite grains 

often terminate the Hbl grains, but are also terminated by Hbl and opague minerals. The 

latter consist predominantly of Gt-rimmed Py with lesser Po and Ccp ± Pnt, intergrown 

with Ilm (±Mgt) with Hem exsolution lamellae (Figure 5.11E). Pyrite predominantly 

overgrows Po and Ccp ± Pnt (Figure 5.11F), but may intergrow with Ccp in places. The 

opague phases occur both as inclusions in the early forming Hbl/pyroxenes, intergrown 

with them, and interstitially to them.  
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Figure 5.11. Photomicrographs from mafic-ultramafic stringer rocks. A. Finer-grained Bt-
melanogabbronorite stringer with two foliations and predominantly Cpx and Bt as mafic minerals 
(GGU563010). B. Medium-grained, granular textured Hbl-melanogabbro stringer predominantly with 
euhedral Hbl as the mafic mineral (GGU563035). C. Plg, Ap, and Cpx inclusions in Hbl from Hbl-
melanogabbronorite stringer (GGU563044). D. Tlc-altered Cpx from Bt-melanogabbronorite (GGU563010). 
E. Ilm with Hem exsolutions intergrown with Py, which have been replaced by Gt from Hbl-melanogabbro 
(GGU563035). F. Py with inclusions of Po, Ccp and Pnt from Bt-melanogabbronorite (GGU563010). 
Photomicrographs A and B taken in plane-polarised, transmitted light, C and D in cross-polarised, 
transmitted light, and E and F in plane-polarised, reflected light. Widths of photomicrographs: A = 10.6 mm, 
B = 10.6 mm, C = 2.0 mm, D = 2.5 mm, E = 2.5 mm and F = 0.75 mm.  

 

5.1.6. K-feldspar-phyric monzogranite 

 

Kfs-phyric monzogranite is observed with sharp contacts to the rocks of the felsic and 

mafic series (Figure 5.12). It mingles and to some extent mixes with a larger body of 

pyroxenite-Hbl-melanogabbronorite on the nunatak in the centre of JPIC (Figure 5.12 D). 

This unit is found mostly in the sourthern part of the intrusion, where it occurs as sheets 

metres to tens of metres in thickness in both the dioritic-granitic and gabbroic rocks. It is 

common close to the country rock wedge and inside of it in the southern part. It likely 
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corresponds to the Kfs-phyric/porphyroblastic rock described from the Kulusuk Intrusive 

Centre, intruding both mafic and intermediate rock types and concluded to be magmatic 

in origin by Chadwick et al. (1973). Similar Kfs-phyric granitic rocks are described from 

south of the Tasiilaq intrusion, and they were interpreted as partial melts of the 

metasedimentary rocks and intrusive into them by Friend and Nutman (1989). 

 

 
Figure 5.12. Outcrop photos of Kfs-phyric monzogranite. A. Grey to pinkish appearance of the K-feldspar-
phyric granite. B. Sharp contact between K-feldspar-phyric granite and tonalite in the southern part of the 
intrusion. C. Carlsbad twinning in flesh-coloured K-feldspar phenocrysts. D. View to the nunatak in the centre 
of the intrusion. The dominant, grey lithology is the K-feldspar-phyric granite and the dark lithology is the 
pyroxenite, with which it mingles.  

 

Two samples were collected from Kfs-phyric monzogranite (samples 563005 and 

563043). They are coarse-grained, light grey to pinkish in colour with large, 1- to 3-cm-

wide and 2- to 4-cm-long phenocrysts of pinkish Kfs with clearly visible simple twins. 

Smaller, up to 1.5-cm-long, more equant Plg occurs as less abundant phenocrysts as well. 

The rocks are very weakly to non-foliated, with the apparent orientation caused by the 

Kfs-phenocrysts. The rocks have a granular to seriate, interlobate texture with patches of 

granoblastic texture in the groundmass between phenocrysts. They contain 25–40 vol.% 

Kfs, 20–40 vol.% Qtz, 8–20 vol.% Plg, 5–15 vol.% Bt, up to 12 vol.% Hbl, traces of both 

Opx and Cpx, up to 1 vol.% Grt, up to 1 vol.% Chl ± Tlc, 1–5 vol.% Ser + Mus, up to 2 

vol.% Ap, traces of Zrn and Ttn, up to 1 vol.% sulphide, and 1–2 vol.% oxides. The rocks 

differ in composition with one sample (563043) being more rich in mafic minerals and 
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also containing more Hbl (Figure 5.13A), traces of Opx and Cpx, and more abundant Grt 

and either Or or Sa, whereas the other sample (563005) is richer in Qtz and Kfs, contains 

much less mafic minerals, which are predominantly Bt, and Ksf is predominantly Mc 

(Figure 5.13B). The phenocrysts of Kfs and Plg are subhedral with irregular grain-

boundaries and simple and polysynthetic twinning, respectively. In the Qtz-rich sample, 

Kfs shows relict simple twinning, possibly as Sa or Or, but has been transformed almost 

completely into Mc (Figure 5.13C). Both the phenocrysts and groundmass feldspars have 

experienced sericitisation (Figure 5.13C) and myrmekite occurs at edges of Kfs (Figure 

5.13A). Hornblende grains are larger than the groundmass grains, sub- to anhedral (Figure 

5.13A), in places highly fractured, and locally replaced by Bt. In places, relict Opx and 

Cpx occur in cores of Hbl, but also without Hbl rims. Hornblende-Qtz symplectites 

(Figure 5.13D) may contain small broken grains of pyroxenes and rims of fresher Hbl. 

The symplectitic Hbl has also been completely replaced by Bt locally. The pyroxene 

grains are very altered and appear as a very fine-grained, brown-grey-yellow mush 

possibly of Bt, Tlc, Chl and Ser. The groundmass has a partial granoblastic texture of Kfs, 

Plg and lesser Qtz, Bt, Ap, Grt and Ilm with Hem exsolution lamellae. These minerals are 

also present as inclusions in the larger feldspars and Hbl grains and possibly form a 

primary assemblage together. In places, Ms intergrows with, but also replaces Bt and 

occurs in sericitised feldspars. Little Ttn has been found at edges of Hbl and Bt and 

overgrowing Ilm (Figure 5.13E). Ilmenite, Mgt and Py form an assemblage together. 

Ilmenite and Mgt contain exolution lamellae of Hem and Py has rims of Gt (Figure 

5.13E). Magnetite also occurs as needles in Bt and along grain boundaries in the granular-

textured groundmass (Figure 5.13F).  
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Figure 5.13. Photomicrographs from Kfs-phyric monzogranite rocks. A. Sample with more mafic minerals 
(GGU563043). Large phenocrysts of Sa or Or and smaller, sub-equant phenocrysts of Plg. Hbl is larger than 
the fine-grained matrix and myrmekite (Myr) occurs at edges of Kfs. B. Sample with less mafic minerals. Kfs 
is generally only Mc and Qtz-grains are larger. The mafic mineral is predominantly Bt (GGU563005). C. 
Larger grain of Mc with relict, but deformed simple twin. Grain size reduction occurs in the larger Mc-grain 
in the right side of the picture. Sericitisation occurs within and along the grain boundary of the larger grain 
(GGU563005). D. Hbl-Qtz-symplectite from the more mafic sample (GGU563043). Ilm with Hem exsolutions 
intergrow with Bt. E. Close-up view of an Ilm grain with Hem exsolutions from picture D. Ilm is overgrown 
by Ttn, which is intergrown with Py with Gt-rims. F. Lens-shaped grains and needles of Mgt and Hem in Bt 
grain from the less mafic sample (GGU563005). Photomicrographs A to C taken in cross-polarised, 
transmitted light, D in plane-polarised, transmitted light and E and F in plane-polarised, reflected light. 
Widths of photomicrographs: A = 10.6 mm, B = 15.9 mm, C = 10.6 mm, D = 4.4 mm, E = 2.0 mm and F = 0.5 
mm. 

 

5.2. Structures 

 

Foliations measured from the intrusive rocks and their country rocks (Figure 5.8A) dip 

variably intermediately to steeply towards SW and to a lesser extent to NE, indicating a 

NE-SW stress field. The foliations are generally solid state, with a few measurements of 

igneous foliation. Shear zones from the intrusion and the adjacent country rock show a 
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similar trend but with some measurements dipping towards N and W. Mineral stretching 

lineations measured from country rocks plunge intermediately to NW and NE, whereas 

lineations from shear zones plunge intermediately to shallowly towards NNW and NW. 

The shear sense is most commonly reverse-dextral, but is reverse-sinistral in places. The 

best-fit planes in Figure 5.8B may indicate that the country rocks where deformed when 

the stress field was oriented ca. N-S, whereas the stress field was oriented more NW-SE 

when the shear zones were formed. The data is however too scarce to be statistically 

representative.  

 

 
Figure 5.14. Schmidt net lower hemisphere projection of structural elements from the JPIC. A. Poles to foliation 
(solid state) in both country rocks and intrusive rocks along with igneous layering in the intrusive rocks show 
an overall intermediately to steeply dipping NE-SW-trend. Shear zones show a similar trend with minor 
measurements dipping towards N and W. B. Mineral stretching lineation from country rocks plunges 
intermediately towards NE and NW. Mineral stretching lineation from shear zones plunges intermediately to 
shallowly towards NNW to NW. The planes are best-fit planes to the scarce data. Shear sense is reverse-dextral 
in the country rocks, whereas both reverse-sinistral and reverse-dextral is observed in the shear zones.   

 

5.3. Geochemistry 

 

The rocks were classified based on their modal mineralogy (QAPF) and will retain their 

names based on that even though they may plot differently in the R1-R2-diagram of De la 

Roche et al. (1980). For the sake of establishing some ideas of how the intrusive rocks of 

the JPIC formed, the following section will only focus on the geochemistry of 
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predominantly un-mineralised samples (with some exceptions) collected from within the 

intrusive rock units.  

5.3.1. Discrimination diagrams 

 

In the R1-R2-diagram, the rocks of the felsic series rocks plot predominantly in the diorite 

field, with two samples being located in the tonalite and granodiorite fields (Figure 5.15). 

As they are more evolved based on the modal mineralogy, this may simply be due to a 

less evolved chemical signature and the crystallisation of more felsic minerals. The 

opposite goes for the mafic series rocks, which chemically appear slightly more evolved 

than based on mineralogy. There is an overlap between the mafic and felsic series. The 

mafic-ultramafic stringers generally follow the observed mineralogy; however, a few 

samples are more evolved and one occurs outside of the diagram, likely because it is 

mineralised and the R2 value is based on Fe-millications. The Kfs-phyric monzogranites 

also appear less evolved than based on mineralogy.  

 
Figure 5.15. R1-R2 plot (De la Roche et al., 1980) for intrusive rock samples from the JPIC.  
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Most of the intrusive rocks of the JPIC follow a typical calc-alkaline trend in the AFM 

diagram (Figure 5.16), whereas some of the rocks from the mafic series and most of the 

stringers appear to follow a tholeiitic trend.  

 

 
Figure 5.16. AFM diagram (Irvine and Barager, 1971) for intrusive rock samples from the JPIC.  

 

For classifying the rocks by their tectonic environment, the felsic series rocks and the 

Kfs-phyric granites are plotted in incompatible trace element diagrams (Figures 5.17A to 

5.17D; Pearce et al., 1984). In all of the plots, the felsic series rocks and the Kfs-phyric 

granite plot in the volcanic arc granite field (VAG), except for one sample that tends to 

plot slightly in the within-plate granite field (WPG).  
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Figure 5.17. Analyses of the felsic series rocks and the Kfs-phyric granites plotted in tectonic classification 
diagram for granites after Pearce et al. (1984). Syn-COLG = syn-collisional granites, VAG = volcanic arc 
granites, WPG = within-plate granites and ORG = ocean ridge granites.   

 

5.3.2. Trace element spidergrams 

 

In spidergrams, the trace element abundances for the intrusive rocks are normalised to 

those of the primitive mantle of McDonough and Sun (1995). Unless otherwise stated, 

the reference for the cause of the trends described below is Best (2003). The reason for 

the anomalies and trends will be discussed briefly below and only the implications that 

these trends have for the formation of the rocks of the JPIC will be incorporated in the 

discussion. 
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Most of the felsic series rock are enriched in large-ion lithophile elements (LILE) and 

depleted in high-field strength elements (HFSE), indicating an enriched source (Figure 

5.18). The positive peaks at Ba and for some of them at Pb, the slight peak at U and Sr 

and perhaps at Rb could indicate fluid enrichement in the source. However, since Rb 

seems to increase with evolution of the rocks (from Qtz-diorite to monzogranite), this 

increase could be attributed the progressive accumulation of K-feldspar, where Rb 

substitutes for K. Furthermore, there is a slight postitive peak at Eu, which can be 

attributed to accumulation of plagioclase. The negative heavy rare earth element (HREE) 

signature is attributed that either to garnet retaining in the source or garnet crystallization 

before most of these rocks formed. The very negative trend for sample GGU563018 could 

be due to garnet crystallising from the melt that subsequently formed this rock. 

Phosphorous is generally low possibly due to fractionation of phosphates. The Nb-Ta 

trough together with the negative Ti seen in most rocks is likely due residual titanates 

(e.g. rutile) in the source, which is typical for subduction zone magma sources. The not-

so-negative Nb, U and Th anomaly in sample GGU563002 could be due to analytical 

error, since it is rather similar to the other rocks in the rest of the elements. Maybe this is 

the case for the odd pattern in sample GGU563018 as well. 
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Figure 5.18. Trace element spidergram for the felsic series rocks. 

 

The trace element patterns of the mafic series rocks (Figure 5.19) follow a similar trend 

as the felsic rocks with enrichment in LILE and depletion in HFSE and HREE. The 

negative Nb-Ta-Ti anomalies characteristic of subduction zone magmas are clearly 

present here as well. There is a markedly negative Zr peak. Likely reasons could be 

residual zircon in the subducting slab, so that the mantle wedge above was not enriched 

in Zr, or that e.g. fractionation of amphibole or magnetite/ilmenite retained Zr (Lü et al., 

2006, references within). Slightly positive peaks at Pb, Sr, U and markedly positive peak 

at Ba suggest fluid enrichment of the source. The negative Sr anomaly for some of the 

samples may be attributed fractionation of Sr-incorporating phases, such as K-feldspar. 

The slightly negative P may be due to fractionation of phosphates (apatite, monazite). 

The very low abundances of HREE for sample GGU563034 could be attributed 

fractionation of garnet.  
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Figure 5.19. Trace element spidergram for the mafic series rocks, sheets and mafic-ultramafic breccia and clast. 

 

The trace element pattern for the mafic-ultramafic stringers is similar to the felsic and 

mafic series for samples GGU563010, GGU563019 and GGU563035 (Figure 5.20). They 

show enrichment in LILE, depletion in HFSE and HREE, same kind of negative Zr 

anomaly as the mafic series, Nb-Ta-Ti trough of the subduction zone signature, residual 

garnet in the source and some fractionation of phosphate and possibly biotite (P and Sr, 

respectively). Sample GGU563044 forms a markedly different trend, which is only 

slightly enriched in LILE compared to HFSE, has the same relationship between LREE 

and HREE and it also has a slightly negative Zr anomaly. There is a slight enrichment in 

Rb and Ba and trough for Nb-Ta, but no significant negative Ti anomaly. Sample 

GGU563037 appears to form a trend somewhat in between that of the first three samples 

and sample GGU563044. Sample GGU563036 is very odd compared to the other samples 

and has possibly been subject to analytical error. This sample is mineralised and maybe 
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that affected the analysis. The lack of data for Pb for most of the samples suggests that 

the quality of analysis was rather poor.  

 

 
Figure 5.20. Trace element spidergram for mafic-ultramafic stringer rocks. 

 

The Kfs-phyric monzogranite samples form similar trends as the felsic and mafic series 

rocks with enrichment in LILE and LREE and depletion in HFSE and HREE (Figure 

5.21). They both have Nb-Ta-Ti troughs, evidense for fractionation of garnet or garnet 

retainment in the source as well as low P possibly due to fractionation of apatite and/or 

monazite. U-Th-Pb enrichment in sample GGU563005 could possibly be due to crustal 

contamination.  
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Figure 5.21. Trace element sSpidergram for Kfs-phyric monzogranite rocks. 
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6. MINERALISATION IN THE JOHAN PETERSEN INTRUSIVE 

CENTRE 

 

 

Small patches of sulphide mineralisation have been observed throughout the JPIC. They 

typically occur in shear zones less than a few metres in width, in smaller mingling zones 

in the mafic series where the pyroxenitic to Hbl-gabbronoritic stringers are present, and 

in the mafic-ultramafic sheets and breccia clasts. Minor sulphide mineralisation has also 

been observed at the contact between the intrusive rocks and their country rocks. Three 

larger mineralised zones were found: in the larger mingling zone separating the felsic and 

mafic series in the south-western part of the intrusion (main mineralisation, Figure 6.1A), 

in a larger mingling zone ca. 60 x 20 m in size at the north-eastern coast of the north-

eastern melt water lake, and in the large, ca. 15-m-wide melanogabbronorite sheet (Figure 

5.6G) between the north-eastern melt water lake and the inlet of the Johan Petersen Fjord. 

The different occurrences of mineralisation in the JPIC are shown in Figure 6.1. 

 

 
Figure 6.1. Cut-out maps from Figure 5.1 with stars and lines showing the locations of observed 
mineralisation styles. A. Close-up view of the south-western part of the intrusion. The contact style 
mineralisation to the north is adjacent to a local lens of Bt-Grt-Gneiss too small for the map scale. 
Mineralisation in the large mingling zone separating the felsic and mafic series is marked by a blue line to 
show the extent. The line is dashed in the north as the mineralisation there was observed from further west 
of it and thus the exact location of the north-western end is not known. The south-eastern line is dashed 
because it was covered by a large, rusty boulder- and gravel field. It ends in the south-east in rusty and 
deformed Bt-Grt-gneiss. B. Cut out of Figure 5.1 of the north-eastern part of the intrusion. The easternmost 
mineralisation in clasts and sheets (green star) is the 15-m-wide sheet of Figure 5.6 G. The next southernmost 
mingling mineralisation (red star) is a ca. 60 x 20 m in extent. 
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6.1. Field relations and petrography  

 

6.1.1. Mineralisation at the contact to the country rocks 

 

Mineralisation at the contact to the country rocks is located in the gabbronorite and the 

melanogabbronorite lense immediately adjacent to the contact in the north-east. Sulphide 

mineralisation at the contact to a lense of Bt-Grt-gneiss and in Bt-Grt-gneiss in the larger 

country rock wedge is found in the south-western part of the intrusion. In the north-east, 

the sulphides are finely disseminated and occur predominantly within gabbro and 

melanogabbronorite. In the south-west, the sulphides are finely disseminated as well, but 

appear to be confined to the Bt-Grt-gneiss. The Bt-Grt-gneiss is exfoliated by gabbro to 

gabbro-norite where it appears especially rusty.  

 

 
Figure 6.2. Outcrop photos of mineralized zones. A. Contact style mineralisation at the north-eastern contact 
between the mafic series and the country rocks gneisses. The rock to the right is gabbronorite, to the left is 
melanogabbronorite just adjacent to country rocks. In between is a ca. 1-m-wide rusty unit, which is 
predominantly gabbronorite, though it appears sheared compared to the gabbronorite on the right. B. 
“contact style” mineralisation from the wedge in the south-western part. A rusty band of Bt-Grt-gneiss is 
seen at the top of the picture adjacent to less sulphide-rich Bt-Grt-gneiss. Graphite was observed in the 
schistose part in the bottom of the picture. The non-mineralised, banded part it ca. 0.5 m wide.  

 

Two samples were collected from the north-eastern contact, where the disseminated 

mineralisation is hosted in Hbl-gabbro (GGU563021) and Hbl-melanogabbro 

(GGU563022). Both samples contain approximately 5 vol.% sulphides, which are 

predominantly chalcopyrite, pyrrhotite, lesser pyrite, covellite, and marcasite. They occur 

predominantly interstitially to the silicates, but some grains are found as inclusions in the 

silicates as well. They form together with the silicates a granular to granoblastic texture 

with areas of interlobate texture. In sample GGU563021, the sulphides are mostly 

associated and intergrown with the mafic minerals. They are blebby and disseminated 

throughout the rocks. Pyrrhotite and chalcopyrite are intergrown with each other and 
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display exsolution textures such as lamellae. Pyrrhotite is also found with exsolution 

lamellae of a mineral, which have been completely replaced by covellite. Grains of 

pyrrhotite-chalcopyrite/covellite are being cross-cut by grains of chalcopyrite, which is 

intergrown with pyrite. Marcasite replaces pyrrhotite at edges of grains in places, and 

marcasite intergrows with covellite, that occurs with pyrrhotite. Most sulphide blebs or 

blebby grains are rather fresh, but some are almost completely replaced by goethite or 

other oxy-hydroxides. In summary, the sulphides consist of three paragenetic mineral 

assemblages: primary pyrrhotite-chalcopyrite, secondary pyrite-chalcopyrite, and late 

covellite-marcasite-goethite.   

 

 
Figure 6.3: Photomicrographs of sulphides from contact-mineralised samples. A. Pyrrhotite with lamellar 
exsolutions of a mineral, which subsequently has been completely replaced by covellite, which intergrows 
with marcasite in the upper right corner. B. Pyrrhotite with covellite being overgrown by euhedral 
chalcopyrite. C. Chalcopyrite cross-cutting fractures and exsolutions in pyrrhotite. D. Chalcopyrite with 
inlusions of pyrite cross-cutting pyrrhotite. Photomicrographs taken in plane-polarised, reflected light. 
Width of photomicrographs: A + C = 180 µm, B = 150 µm and D = 400 µm. Photomicrographs are all from 
sample GGU563021. 

 

6.1.2. Mineralisation in mafic-ultramafic sheets and breccias 

  

Sulphide mineralisation in mafic-ultramafic sheets and breccias are located north and 

north-east of the north-eastern melt water lake (green dots, Figure 6.1B). The sheet of 

melanogabbronorite (the easternmost green dot, Figures 5.6G and 6.1B) is striking ca. 

NW-SE, following the penetrative regional trend. The sulphides form an interstitial 
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network to the silicates and are more or less confined to the melanogabbronorite. 

Noticeable sulphide enrichment was not observed in the adjacent leucocratic Hbl-gabbro. 

The sulphide content reaches up to 30 vol.% in the melanogabbronorite, but averages at 

ca. 15 vol.% and consists of pyrrhotite and pyrite with lesser chalcopyrite and pentlandite. 

The western-most green dot on Figure 6.1B shows the location of a mineralised breccia 

consisting of Hbl-websterite clasts in a Hbl-melanogabbronorite matrix (Figure 5.8A). 

The breccia zone is ca. 50 wide and occurs in leucocratic gabbronorite. The Hbl-

websterite contains up to a few percent of disseminated sulphides, which are intergrown 

with the cumulus silicates or occur as inclusions in them. The sulphides are predominantly 

pyrrhotite with a lesser amounts of pyrite and chalcopyrite. The Hbl-melanogabbronorite 

matrix contains up to 20 vol.% of sulphides locally, but ca. 5 vol.% on average.  

 

One sample was collected from the melanogabbronorite sheet (GGU563041) and two 

samples were collected from the breccia (Hbl-websterite clast: GGU563032, Hbl-

melanogabbronorite matrix: GGU563033). The sulphides occur as finely disseminated, 

irregular and blebby, and as networks interstitially to the cumulus minerals (Figures 6.4A 

and 6.4B). They also occur as inclusions in pyroxenes together with very fine-grained, 

sub- to euhedral magnetite. The sulphides consist of pyrrhotite with lamellar exsolutions 

of pentlandite (Figure 6.4H). Pyrrhotite intergrows with grains of chalcopyrite and 

pentlandite and is replaced by secondary pyrite and chalcopyrite (Figures 6.4E–G). 

Larger masses of pentlandite are found locally in the interstitial network-like sulphides, 

and it is intergrown with chalcopyrite. It was possibly also intergrown with pyrrhotite, 

which is completely replaced by pyrite (Figures 6.4E and 6.4F) In sample GGU563041, 

chalcopyrite also forms veinlets in fractures and along grain boundaries connecting the 

larger masses of network-like pyrrhotite with the smaller, rounded grains intergrown with 

the silicates. In sample GGU563033, the pyroxene grains are heavily replaced by 

talc/sericite, and magnetite appear to be related to this alteration as it mostly occurs in 

fractures and the heavily altered parts (Figure 6.4C). Larger grains of magnetite appear 

to have replaced the primary sulphides in places as they contain small inclusions of 

pyrrhotite and chalcopyrite (Figure 6.4D). Pyrrhotite is replaced by marcasite and 

goethite at edges and in fractures. In summary, the paragenetic sulphide mineral 

assemblages are primary pyrrhotite-chalcopyrite-pentlandite, secondary pyrite and 

chalcopyrite and magnetite, and late marcasite and goethite.  
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Figure 6.4. Photomicrographs of mineralisation in mafic-ultramafic sheets and breccias. A. Cumulate texture 
of pyroxenes (pale blue-pink) slightly replaced by hornblende (strong green), interstitial plagioclase and 
biotite (colourless and brown, respectively) and network-like interstitial sulphides (black; sample 
GGU563041). B. Cumulate texture of pyroxenes (pale blue-pink) slightly replaced by biotite (brown), chlorite 
(light pale green) and talc/sericite (colourless) and interstitial plagioclase (colourless), biotite and sulphides 
(black; sample GGU563033). The square in the photo shows the extent of figure C. C. Pyroxenes with 
interstitial biotite and talc (± sericite) alteration and magnetite in fractures (GGU563033). D. Larger grain of 
magnetite intergrown with vein-like chalcopyrite-magnetite. The larger grain of magnetite contains small 
inclusions of pyrrhotite and chalcopyrite (GGU563033). E. Interstitial network like pentlandite, chalcopyrite 
and pyrrhotite (GGU563033). Almost all pyrrhotite is replaced by pyrite. Goethite replacement follows the 
edges. F. BSE-image of figure E. G. Pyrrhotite intergrown with euhedral chalcopyrite and overgrown by sub- 
to anhedral chalcopyrite and pyrite (GGU563032). H. Grains of pyrrhotite intergrown with the silicates. Both 
lamellar and grains of pentlandite are found in pyrrhotite (GGU563032). Photomicrographs A and B taken 
in plane-polarised, transmitted light, C in cross-polarised, transmitted light, D, E, G, and H in plane-
polarised, reflected light. F is a BSE image. Width of photomicrographs and BSE-image: A = 32 mm, B = 35 
mm, C = 3.4 mm, D = 440 µm, E and F = 2 mm, G = 440 µm and H = 440 µm.  
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6.1.3. Mineralisation in mingling zones 

 

Mineralisation in mingling zones occurs throughout the JPIC, but mostly in the north-

eastern part. Mineralisation predominantly occurs in pyroxenite, melanogabbronorite and 

Hbl-melanogabbro stringers mingling with the mafic series rocks. Smaller patches of 

mineralisation occur where the mafic series rocks contain mafic-ultramafic clasts, which 

appear slightly ductile. The large mingling mineralisation between the felsic and mafic 

series will be described separately below.  

 

The mineralisation in the mingling zones are mostly confined to the stringers, but the 

gabbroic rocks may contain disseminated sulphides up to 10 cm away from the contact 

to the stringers (Figures 6.5C and 6.5D). Where the mingling zones contain brecciated 

mafic-ultramafic clasts, the sulphides occur in both the mafic-ultramafic rocks and the 

adjacent mafic series rocks (Figures 6.5A and 6.5B). The more brittle the clasts appear 

the lesser sulphides occur. The smaller mingling zones are typically up to 10 m long and 

do not appear to be specifically oriented. The larger mingling zones are mostly oriented 

NW-SE, following the regional trend.  
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Figure 6.5. Mingling style sulphide mineralisation. A. Mineralisation in stringers mingling with gabbro. The 
mineralisation is mostly confined to the stringer with little staining in the gabbro as well. B. Large mingling 
zone 60 x 20 m in extent with leucocratic gabbro, melanogabbroic and amphibolite-granulite clasts, 
microgabbro and sulphide mineralisation predominantly associated with the mafic lithologies, but it also 
stains the gabbroic rocks. View towards SE. Jonas Tusch, who acts as a scale, is ca. 1.90 m tall. C. Sketch of 
the above figure B. The areas of sulphide mineralisation contain most of the mafic-ultramafic clasts, stringers 
and xenoliths.  

 

Two samples from mineralisation in mingling zones are GGU563036 and GGU563037 

and consist of pyroxenite and melanogabbronorite. The sulphide content varies from a 

few percent up to 20 vol.%, but average at ca. 5 vol %. The sulphides are fine-grained 

and finely disseminated, but also occur as larger, cm-sized, blebby clusters and as an 

interstitial network. Sulphides also occur as inclusions in the mafic minerals and 

intergrown with plagioclase. The sulphides are predominantly pyrrhotite intergrown with 

lesser chalcopyrite and contain rounded, angular and lamellar inclusions of chalcopyrite 

and pentlandite. Pentlandite comprises less than 1 vol. % of the sulphides. Pyrite and 

secondary chalcopyrite overgrow the primary pyrrhotite and chalcopyrite. The secondary 

chalcopyrite is also found as very thin veinlets along grain boundaries and in fractures of 

the silicate minerals. Pyrrhotite is commonly slightly to heavily altered to marcasite along 

grain boundaries and fractures, and minor chalcopyrite has been replaced by covellite. 



83 

 

Larger grains of ilmenite with haematite exsolution lamellae are intergrown with 

pyrrhotite and chalcopyrite. Goethite predominantly occurs in small fractures or veinlets. 

In summary, the paragenetic sulphide mineral assemblages are primary pyrrhotite-

chalcopyrite±pentlandite, secondary pyrite and chalcopyrite, and late marcasite-

goethite±covellite.   

   

 
Figure 6.6. Photomicrographs of mineralised mingling zones. A. Sulphides occurring as “frozen liquid” 
network in pyroxenite (GGU563036). B. Very altered pyrrhotite with very small lamellae of pentlandite and 
overgrown by pyrite (GGU563036). Goethite occurs along grain boundaries. C. Inclusion of chalcopyrite in 
pyrrthotite intergrown with ilmenite (GGU563037). D. Primary pyrrhotite intergrown with pentlandite. The 
larger grain has been almost completely replaced by pyrite (from stringer sample GGU563010). 
Photomicrograph A taken in plane-polarised transmitted light, B and C in plane-polarised reflected light. 
Photo D is a BSE image. Widths of photomicrographs and BSE-image: A = 32 mm, B = 875 µm, C = 400 µm 
and D = 630 µm. 

6.1.4. Shear zone-related mineralisation 

 

Locally, shear zone-related mineralisation occurs in narrow shear zones and bands 

typically 1.5–3 m in width. The shear zones vary from protomylonitic, causing grain size 

reduction and almost crushing of the minerals (Figure 6.7C), to having partially preserved 

the magmatic texture (Figure 6.7B). In places both brittle and ductile deformation of 

plagioclase has occurred in the same protomylonite. In the coarse-grained rocks in shear 

zones the felsic minerals are typically coarser than the mafic and elongated along the 

orientation of the shear. Radical increase of quartz and biotite content is observed locally, 

but mostly the increase is moderate compared to adjacent, un-sheared rocks. Vein-lets 
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filled with goethite are characteristic of the shear zones. The shear zone in the north-

eastern part of the intrusion (purple dot on Figure 6.1B) appears to have been a stringer 

mingling with the gabbronorite. It is situated very close to a larger shear zone, which has 

caused heavy epidotisation, potassic or sodic alteration, chloritisation and sericitisation 

in the area. Talc is a common alteration mineral in the apparent stringer possibly from 

alteration of pyroxenes. The staining from the weathering of sulphides reaches up to half 

a metre into the adjacent rocks. Pyrite is the dominant sulphide mineral observed (Figure 

6.7A). The shear zones are oriented NE-SW to NNE-SSW and dips 60°–80° to SW and 

SSW. One shear zone is oriented NW-SE following the regional trend and dipping ca. 

80° to NE.  

 

 
Figure 6.7. Outcrop photos of shear zones with sulphide mineralisation. A. Fine-grained disseminated pyrite 
in the relict stringer, which has been heavily altered. B. Shear zone mineralisation, where adjacent rocks have 
been steepened, but the magmatic texture is more or less preserved except for a slight elongation of minerals. 
C. Almost protomylonitic shear zone with crushing and grain size reduction.  

 

Four samples very collected from mineralised shear zones (GGU563012, GGU563013, 

GGU563031 and GGU563038). They consists varyingly fine-grained, granoblastic to 

coarse-grained rocks with lense-shaped mafic mineral clusters and vein-like quartz 

breaking of pieces of the rock that it is penetrating through (Figure 6.8A). Fractures filled 

with goethite are common. In the more fine-grained cases, the rocks are banded with 
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lighter bands consisting of quarts, biotite, and minor plagioclase. The darker bands consist 

of plagioclase, biotite, clinopyroxene, and lesser quartz. Biotite is more abundant around 

the goethite-filled fractures or veinlets. One sample from the possible stringer 

(GGU563038) consists of lense-shaped masses of chlorite-talc-sericite and large, 

euhedral pyrite grains (Figures 6.8B and 6.8C). In this rock, pyrite occurs in trains and 

along with the lense-shaped masses they are elongated along the orientation of the shear 

zone. In the fine-grained rocks, the sulphides form rounded, irregular grains intergrown 

with the granoblastically textured silicates. In the coarse-grained rocks, where quartz-

veins have penetrated and broken the rocks, the sulphides are located predominantly at 

edges of the broken rock fragments and within the quartz vein-lets (lower center-right of 

Figure 6.8A). The sulphides consist predominantly of an- to euhedral secondary pyrite 

and chalcopyrite and minor chalcocite, which have overgrown and in places completely 

replaced primary sub- to anhedral, rounded pyrrhotite and chalcopyrite (Figures 6.8D and 

6.8E). The primary pyrrhotite and chalcopyrite are intergrown and occur as small 

inclusions predominantly in pyrite. Close to the fractures, primary pyrrhotite and 

chalcopyrite disappear (Figure 6.8F) but secondary pyrite, chalcopyrite and chalcocite 

occur at the edge of the fractures in places. Minor covellite is found replacing a mineral, 

which was integrown with pyrrhotite. Relict broken grains of magnetite are found in the 

goethite-filled fractures. Magnetite is intergrown with ilmenite with exsolution lamellae 

of haematite (Figure 6.8G). In places, they are found intergrown with pyrite and 

chalcopyrite, which may be replaced by haematite and later goethite (the latter only at 

edges; Figure 6.8H). In one sample (GGU563031), the dominant opague mineral is 

ilmenite, which is intergrown with very little chalcopyrite. The ilmenite and sulphides 

grains appear to accompany sericitisation of feldspars. In summary, the paragenetic 

sulphide mineral assemblages are primary pyrrhotite and chalcopyrite, secondary pyrite, 

chalcopyrite, chalcocite, ilmenite-haematite and magnetite, and late goethite.  



86 

 

 
Figure 6.8. Photomicrographs of shear zone mineralisation. A. Quartz-vein breaking off pieces of the rock it 
penetrated (GGU563013). Sulphides formed at the edge of the rock at the contact to the quart-vein. Sericite 
replaces the plagioclase in the rock adjacent to the quartz-vein. B. Heavily altered rock with lense-shaped 
masses of chlorite-talc-sericite and trains of euhedral pyrite (GGU563038). C. Euhedral grains of pyrite 
(slightly tarnished; GGU563038). D. Intergrown pyrrhotite and chalcopyrite inclusions in the larger euhedral 
pyrite (GGU563038). E. Chalcocite replacing tarnished chalcopyrite (GGU563031). F. Pyrrhotite and 
chalcopyrite intergrown with granoblastically textured silicates disappear close to a vein/fracture filled with 
goethite (GGU563012). G. Magnetite intergrown with ilmenite with haematite exsolution flames and lamellae 
(GGU563031). H. Magnetite intergrown with pyrite, which was replaced by haematite. Haematite was later 
replaced by goethite (GGU563013). Photomicrographs A and Btaken in plane-polarised, transmitted light, 
and C to H in plane-polarised, reflected light. Width of photomicrographs: A, C and F = 3.4 mm, B = 32 mm, 
E, G and H = 440 µm and D = 180 µm. 

 



87 

 

6.2. The main mineralisation between the felsic and mafic series 

 

The main mineralisation forms a steeply dipping layer of sulphide mineralised rock with 

an estimated length of 500–1000 m and width of 0.5–15 m. It is located in the larger 

mingling zone in the southern part of the JPIC separating the felsic series from the mafic 

series (blue line on Figure 6.1A). The north-western end (at “A” in Figures 6.9A and 

6.9B) of the mineralisation has not been visited and the location is estimated based on 

observation locations with views towards it. The south-eastern end of the mineralisation 

(where the line is dashed in Figure 6.1A, rusty scree and boulder field in Figure 6.9B) is 

hidden underneath a boulder and gravel field, but the rusty appearance can be traced 

further south-east. It ends where Bt-Grt-gneiss appears (at “C” in Figures 6.9A, 6.9B and 

6.9G). The mineralisation is surrounded by mingling of mafic-ultramafic stringers with 

the mafic series rocks and hybrids, which formed from a mixture of the different mingling 

lithologies. In places, the mineralisation is bounded by a shear zone on its south-western 

side (mid between “A” and “B” in Figure 6.9B). Very ductile deformed fragments of Bt-

Grt-gneiss are observed close to the mineralisation. The foliation averages ca. 140° in the 

strike direction and dips between 60° to 80° towards the NE. The strike of the shearing is 

oriented at ca. 120°–130° and dips between 60° to 80° to the NNE. 

 

The mineralisation is hosted in medium- to coarse-grained, intermediately to well-

foliated, sheared rock varying in composition from monzodiorite, Qtz-diorite, Qtz-

monzonite, tonalite to monzogranite. Microgabbro dykes, dioritic granulite xenoliths and 

Qtz-veins are observed parallel to the steep foliation/shearing of the hosting intrusive 

rocks. They are cross-cut by thin pegmatite dykelets and smaller quartz veinlets. The 

rocks are light pinkish grey outside of the mineralised parts (upper part of Figure 6.9D) 

and dark greenish-grey to black in the mineralised parts. The host rocks are generally 

fairly homogeneous and massive, but may in places be schistose and appear layered. 

Where the rocks are more schistose, they are more crumbly on the surface (Figure 6.9E). 

The mineralisation varies from disseminated to irregular vein-like and massive in a few 

places. The veins are typically less than 1 cm thick, but may be up to 15 cm thick and 

contain cm-sized grains of Po, Py and Ccp (Figure 6.9F). The main mineralisation was 

channel-sampled and a profile was measured and described from the channel (Figure 

6.9D). The petrography of the research profile is described in the following sections.  
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Figure 6.9. Outcrop photos and map from the mineralisation between the felsic and mafic series in the south-
west. A. Extent of the main mineralisation as shown by red lines. The dashed lines show the extent behind the 
hill, from where the picture was taken. The dashed square shows the location of the outcrop, where the 
research profile was measured (figure D). The left line corresponds to the north-western dashed line in Figure 
6.1A. The distance between the right line and the circle to the right corresponds to the south-eastern dashed 
line in Figure 6.1A. The circle marks the location for picture G. Letters A to B to C marks the position of the 
same in figure B. View is towards NE. B. Sketch of the mineralisation with view towards the NE not 
considering the topography (the V-shape of figure A is flattened). The continuous mineralisation to the north-
west is the north-western dashed line in Figure 6.1A. The rusty scree, boulder and gravel field to the south-
east is the south-eastern dashed line on Figure 6.1A. The lines at the south-western side of the channel sampled 
mineralisation marks the shear zone. C. Closer view towards NE. The red line corresponds to the right dashed 
line in figure A. Circle marks location of figure D. D. very rusty outcrop, where the profile was measured. 
The three lines mark the location of the channel, which was sawed and subsequently logged. The uppermost 
line is the beginning of the profile (0 m) and the lowermost line the end of the profile (13.4 m). E. Folded, 
schistose and crumbly mineralised rock. The dark bands are veins of weathered sulphides. F. Coarse-grained 
pyrrhotite in a 5-cm-wide vein in the schistose part of the mineralisation. G. Bt-Grt-gneiss at the south-eastern 
end, where the mineralisation disappears. Width of the picture is ca. 1 m. 

 



89 

 

6.2.1. Petrography 

 

Twenty-seven thin sections and 7 polished sections were produced from the samples of 

the research profile (Table 1). The locations of the samples are shown in Figure 6.12. The 

host rocks of the profile consists of 15-60 vol.% Plg, 5-30 vol.% Ksf, 5-25 vol.% Bt, up 

to 25 vol.% Qtz, up to 6 vol.% Hbl, up to 5 vol.% Opx, up to 3 vol.% Gr, up to 2 vol.% 

Ilm, and traces of Cpx, Ap, Mnz, Zrn, and Grt. Locally, plagioclase appears rounded, 

pseudo-hexagonal and is altered to vermicular yellow masses, which appear isotropic 

(Figures 6.10C and 6.10D). Adjacent plagioclase does not show this kind of alteration. 

Thus some of the plagioclase may in fact be cordierite with pinite alteration; however, 

the typical radial twinning is lacking. Alteration minerals are up to 7 vol.% Ser, up to 3 

vol.% Cal, up to 3 vol.% Ttn, up to 1 vol.% Ms, and traces of Tlc, Chl, Rt, Mgt, Hem and 

Gt. Biotite is both a primary and an alteration mineral.  

 

Table 6.1. Extent in metres of different samples and their corresponding lithologies making up the sampling 
profile, along with the metre-location of thin sections and polished thin sections.  

Sample No. 
Metres 
from 

Metres 
to Rock type Thin section Polished section 

GGU564520 0.00 1.15 Tonalite 0.35 m  
GGU564519 1.15 1.60 Microgabbro 1.44 m  
GGU564518 1.60 2.40 Tonalite 2.08 m  

GGU564517 2.40 3.50 

Qtz-diorite with 
pegmatite, qtz-veins 
and dioritic granulite 

xenoliths 3.00 m  
GGU564571 3.50 4.20 Qtz-monzonite 4.18 m 4.12 m 
GGU564572 4.20 5.30 Monzodiorite 5.23 m  

GGU564573 5.30 6.00 
Monzodiorite to Qtz-

monzonite 5.45 m and 5.85 m 5.50 m 
GGU564574 6.00 6.60 Qtz-monzonite 6.07 m and 6.48 m 6.08 m 
GGU564575 6.60 6.90 Coarse sulphides 6.75 m  

GGU564576 6.90 8.00 
Qtz-monzonite to Qtz-

monzodiorite 7.25 m and 7.62 m  
GGU564577 8.00 9.00 Monzogranite 8.27 m 8.20 m 

GGU564578 9.00 10.00 
Monzogranite to 

monzodiorite 9.40 m and 9.80 m 9.44 m and 9.87 m  
GGU564579 10.00 10.30 Monzogranite - - 
GGU564580 10.30 10.40 Dioritic granulite 10.35 m and 10. 40 m  
GGU564581 10.40 11.20 Monzogranite 10.74 m and 10.94 m  
GGU564582 11.20 11.70 Microgabbro 11.38 m and 11.58 m 11.60 m 
GGU564583 11.70 12.30 Tonalite 12.20 m  
GGU564584 12.30 12.70 Dioritic granulite 12.60 m  
GGU564585 12.70 12.90 Tonalite - - 
GGU564586 12.90 13.00 Qtz vein 12.90 m  
GGU564587 13.00 13.40 Tonalite 13.10 m and 13.40 m   
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The rocks are generally weakly to intermediately foliated, but in the sheared part, the 

rocks display a well-developed, closely-spaced foliation formed by biotite and graphite. 

Feldspars, especially plagioclase may be bent or even kinked, displayed by the twinning 

of the grains (Figure 6.10A). Up to 1-cm.thick, irregular, but mostly foliation-parallel 

quartz-K-feldspar-veins are common. Biotite, hornblende, and minor ortho- and 

clinopyroxene are typically found as lense-shaped clusters elongated along the foliation. 

Plagioclase and K-feldspar phenocrysts/porphyroblasts may be oriented after the foliation 

as well. The texture of the rocks is generally inequigranular, seriate, slightly interlobate 

to granoblastic with relict patches of granular texture. The granoblastic texture is more 

common in the finer-grained interstitial material to the mafic clusters and quartz and 

feldspar phenocrysts/porphyroblasts. Larger grains may show very fine-grained 

recrystallised rims (Figure 6.10B). The dioritic granulite and microgabbro are generally 

more fine-grained than the dioritic to monzogranitic rocks.  

 

The pyroxenes typically occur as relict euhedral, but broken grains surrounded by 

hornblende-quartz-symplectites (Figure 6.10E) and locally biotite-quartz-symplectites. 

The pyroxene grains may be overgrown by an- to subhedral hornblende (Figure 6.10E, 

lower left corner), which is often partially replaced by biotite. Pyroxene grains are locally 

replaced by very fine-grained, brownish-yellow mineral, possibly talc and chlorite. 

Plagioclase often has myrmekite reaction rims (Figure 6.10G). K-feldspar occurs as either 

twinless or simple-twinned orthoclase and as tartan-twinned microcline. Finer-grained 

granoblastic feldspars, biotite, quartz, ilmenite, titanite, zircon, apatite, and minor 

monazite and pyrrhotite occur interstitially to the clusters of mafic minerals and the quartz 

and feldspar phenocrysts/pophyroblasts. Biotite, apatite, lesser monazite, pyrrhotite, and 

ilmenite are also found as inclusions in feldspars. Graphite occurs mainly in the 

mineralised parts and bends around plagioclase and pyroxene. In places, graphite appears 

to penetrate grains of plagioclase and pyroxene. Graphite has also been found as 

inclusions in pyrrhotite and it is typically kinked and bent. Sericitisation of feldspars 

predominantly occurs in the granoblastic, finer-grained parts. In places, biotite and minor 

magnetite overgrow plagioclase. Close to the thin, mm-scale quartz/K-feldspar veins, 

biotite and plagioclase may be replaced by muscovite (Figure 6.10F). Muscovite is in 

places associated with calcite, which occurs in the mm-scale veins and along fractures. 

Ilmenite may be found unaltered, but is commonly partially to completely replaced by 
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titanite and lesser haematite and later goethite. Locally, rutile occurs instead of titanite 

(Figure 6.10H). Garnet is found locally as larger, anhedral fractured grains with 

inclusions of biotite and intergrown with plagioclase and biotite. Smaller, euhedral grains 

of garnet have been observed as inclusions in feldspar and pyroxene grains. Garnet-quartz 

symplectites are observed locally and commonly at contacts to dioritic granulite 

xenoliths.  
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Figure 6.10. Photomicrographs from the research profile. A. Overview of a typical host rock, in this case Qtz-
monzonite at 7.62 m in the research profile (GGU564576). The rock consists predominantly of plagioclase, 
quartz, K-feldspar, biotite, and cordierite (?) with pinite alteration. The larger grains have been bent and 
deformed and recrystallisation has resulted in masses of finer-grained material between the grains. The 
black, interstitial minerals are sulphides. B. Phenocrysts of quartz and plagioclase in a finer-grained 
feldpspar-quartz-biotite-matrix (GGU564573). Fine-grained recrystallisation occurs at the edges of the 
quartz-phenocryst. Biotite is the foliation-forming mineral. C. Rounded, possibly pseudohexagonal mineral 
believed to be cordierite (GGU564572). D. Same as C but in cross-polarised, transmitted light. E. Relict 
euhedral orthopyroxene overgrown by hornblende in the bottom of the picture and transformed into 
hornblende-quartz-symplectite in the top of the picture (GGU564583). Biotite is replacing the symplectitic 
hornblende in a few places. F. Talc, associated with biotite, growing into the feldspars (GGU564587). G. 
Myrmekite between feldspar grains (GGU564520). Associated sericite-alteration occurs especially in 
plagioclase. H. Rutile replacing ilmenite (very little ilmenite in the left corner), and overgrowing hornblende 
and biotite (GGU564587). The picture is taken with overexposure in order to see the deep red colour of rutile. 
The photomicrographs A, B, D, F and G taken in cross-polarised, transmitted light, and C, E and H in plane-
polarised, transmitted light. Width of photomicrographs: A = 5 mm, B = 9.7 mm. C and D = 660 µm, E = 3.4 
mm, F = 4.3 mm, G = 2 mm and H = 1.4 mm. 
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In the non-mineralised parts of the rock, small amounts of sub- to euhedral pyrite and 

chalcopyrite is found replacing primary pyrrhotite and minor chalcopyrite. The latter are 

intergrown with silicates (Figure 6.11A). In the mineralised part, the sulphides 

predominantly occur as an interstitial network (Figure 6.11B), which in places penetrates 

through and breaks silicates. Disseminated sulphides occur adjacent to the veinlets 

(Figure 6.11B). The sulphide content varies from a few percent at the edges of the 

mineralised zone up to 25-30 vol.% in the network sulphides. A vein of massive sulphides 

up to 15 cm in thickness is found in the research profile (between 6.60 and 6.90 m in 

Figure 6.12), and massive sulphides up to half a metre in thickness are found along strike 

from where the profile was measured. The net-veined and single grains of disseminated 

sulphides commonly follow and are elongated along the foliation together with graphite, 

which is common in the mineralised zone (Figures 6.11D and 6.11G). Graphite is not 

observed in the intrusive rocks outside of the mineralised zone. The sulphides consist 

predominantly of pyrrhotite intergrown with chalcopyrite (Figures 6.11C and 6.11D). 

Secondary pyrite and very little chalcopyrite replace the primary pyrrhotite and 

chalcopyrite (Figures 6.11 E–G). Marcasite replaces pyrrhotite along edges and in 

fractures, forming commonly a colloform to crustiform texture together with goethite 

(Figure 6.11H), indicative of crystallisation under low-temperature conditions. Goethite 

is also observed as a network along the grain boundaries in the finer-grained, granoblastic 

parts.   
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Figure 6.11. Photomicrographs of sulphides from the research profile. A. Representative sulphide content of 
the non-mineralised part of the research profile (GGU564587). Sulphides occur interstitial to silicates, which 
may be highly sheared. B. Representative sulphide content in the mineralised part of the profile 
(GGU564576). Sulphides are both disseminated and form interstitial networks. C. Pyrite with inclusions of 
pyrrhotite and chalcopyrite (GGU564520). D. Pyrrhotite intergrown with chalcopyrite forms an interstitial 
network between the silicates and are connected by intergranular veinlets (GGU564576). E. Pyrite 
overgrowing pyrrhotite (GGU564576). F. Chalcopyrite overgrowing pyrrhotite at edge (GGU564576). G. 
Network pyrrhotite replaced by pyrite (GGU564578). Graphite is oriented after the foliation formed by 
biotite, clusters of mafic minerals and phenocrysts/porphyroblasts. H. Pyrrhotite with colloform and 
crustiform marcasite and little goethite at grain-boundaries and along edges (GGU564582). 
Photomicrographs A and B taken in plane-polarised, transmitted light, And D, E, F and H in plane-polarised, 
reflected light. C and G are BSE images. Width of photomicrographs and BSE images: A = 30 mm, B = 32 
mm, C = 2.5 mm, D = 1.1 mm, E = 3.2 mm, F = 210 µm, G = 3.5 mm and H = 1.1 mm. 
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6.2.2. Research profile log 

 

The log produced in the field after the channel sampling is shown in Figure 6.12. 

Variations of major minerals, sulphides and alteration minerals are shown next to the 

drawing of the v-cut, which was left after taking out the samples. The 0 m end corresponds 

to the north-eastern end of the research profile (top red line of Figure 6.9D) and the 13.40 

m end corresponds to the south-western end (bottom red line of Figure 6.9D). The 

drawing is seen down the v-cut, so that the foliations and structures meeting in the middle 

will form the point of an arrow pointing in the dip-direction. The larger the angle between 

the two arrow-limbs, i.e. the closer to forming a straight line across the middle line, the 

closer the foliation is to vertical. The light “skin-colour” of the drawing corresponds to 

the colour of un-mineralised rocks. The dark brown-grey colour is for mineralised rocks. 

Smaller dark brown-grey lenses with sharply drawn contacts are dioritic granulite 

xenoliths. Green- and yellow-coloured veins and veinlets consist of sulphide and quartz, 

respectively. Orange veins are pegmatite veins. The stronger drawn black lines 

(especially in the south-western end of the research profile) correspond to stronger 

foliation and shearing. The division into different lithologies in the log corresponds to the 

samples listed in Table 6.1. The red and blue stars show the approximate locations of thin 

sections and polished thin sections, on which the descriptions in section 6.2.1 above are 

based. The general mineralogy column shows the cumulative major mineralogy in 

volume percentages. The “other” part of the general mineralogy column include minor 

phases, such as zircon, apatite, monazite, ilmenite, and garnet and the alteration minerals 

of sericite, chlorite, talc, titanite, rutile, magnetite, haematite, muscovite, and calcite. 

Primary and secondary biotite grains are not distinguished and are shown together in the 

general mineralogy column. The sulphide mineral column is not cumulative and each of 

the minerals shows their respective percentages. The numbers 80 and 45 in the sulphide 

column are the volume percentages of pyrrhotite, where pyrrhotite exceeds the maximum 

value of the chosen x-axis. Primary and secondary chalcopyrite phases are not 

distinguished between due to their low volume percentages. The right part of the log 

shows the occurrence of the alteration minerals along with secondary garnet (from garnet-

quartz symplectites).   
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Figure 6.12. Log of the research profile through the mineralisation. See text for description.   

 

The foliation varies from weak, near-vertical, slightly dipping to the north-east at the 

north-eastern end of the research profile. The south-western end is dominated by less 

steeply, north-east dipping, yet much stronger foliation. Most of the sulphide veinlets 

(green network in the mineralised part) along with quartz veins, xenoliths and 

microgabbro follow the foliation. 
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Variations in major minerals include less biotite and pyroxenes in the interval from ca. 3 

m to ca. 8.5 m and more K-feldspar in the interval from ca. 3 to 11 m than on their sides. 

The dioritic granulite (at ca. 10.40 m and 12.60 m) contains more pyroxene than the 

hosting intrusive rocks, and it has been much less replaced by hornblende-quartz-

symplectites. The microgabbro is mineralogically very similar to the host intrusive rocks, 

though hornblende may dominate over pyroxenes, except at ca. 1.5 m, where pyroxenes 

and hornblende are equally abundant. Plagioclase is lower in abundance at ca. 4 m and 

again from ca. 6.5 to 9.5 m. There is slightly more quartz at the edges than in the middle 

of the research profile and the content varies more in the sheared part at the south-western 

end. Cordierite is mainly confined to the mineralised part of the profile between 6 and 10 

m. The amount of minor phases, such as apatite, monazite, zircon, etc., does not vary 

significantly.  

 

Sulphides occur throughout the research profile, but become significantly abundant 

between 3.5 and 10 m (dark grey-brown colour of the drawing). Of the sulphide minerals, 

pyrrhotite is the most abundant throughout the profile regardless of the total volume 

percentage of sulphides, except for the interval from 0 to 0.5 m, where pyrite is slightly 

more abundant. As pyrite and marcasite overgrow/replace pyrrhotite, they are logically 

more abundant when pyrrhotite is abundant. Chalcopyrite makes up a few percent of the 

total sulphide content in the mineralised parts but is mostly absent in the non-mineralised 

parts.  

 

The alteration minerals, which occur mostly at the north-eastern end of the research 

profile, are titanite (and rutile) and chlorite. They are found all the way to the middle, but 

not at the south-western end. Sericite, muscovite, and calcite occur throughout the profile. 

Muscovite is more abundant outside of the mineralised zone and calcite is more abundant 

in the sheared, south-western end. Haematite and goethite also occur throughout the 

mineralised part of the profile. Pinite, which occurs together with sericite, is only found 

in cordierite from the middle part. Garnet as garnet-quartz-symplectites, talc, and 

magnetite are mostly found at the south-western end of the profile. Garnet is more 

common adjacent to the dioritic granulite xenoliths and talc is more abundant where 

pyroxenes are present. Magnetite is not confined to the south-western end but is more 

common there. 



98 

 

6.3. Sulphur geochemistry 

 

6.3.1. Geochemistry of sulphide minerals 

 

Eighty-eight analyses of sulphide minerals from both mineralised and non-mineralised 

samples were performed with SEM-EDS. Two analyses were discarded as they represent 

intermediate compositions between pyrite and chalcopyrite, with the mixed compositions 

resulting from attempts to analyse thin chalcopyrite veinlets within pyrite grains. Average 

mineral chemical compositions and formulae calculated based on the stochiometric S 

content are presented in Table 6.2 and available in Appendix 5.  
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Table 6.2. Average compositions of minerals analysed with SEM-EDS along with calculated formulae based on 
the stochiometric S content.  

Occur-
rence 

Samples  Mineral 
Average composition in wt. % 

Average formulae 
S Fe Co Ni Cu Pd 

Bt-Grt-
Gneiss 

GGU564816 Po 40.49 59.03 0.36 0.14 0 0 
Fe0.84Co0.005 

Ni0.002S 
          

Minerali-
sation in 
contact 

GGU563022 
Po 40.24 59.23 0.23 0.31 0 0 Fe0.85Co0.003Ni0.004S 

Ccp 35.64 30.25 0 0.19 33.85 0.07 
Cu0.96Fe0.98Ni0.006 

Pd0.001S2 
          

Minerali-
sation in 
mafic-

ultramafi
c sheets 

and 
breccias 

GGU563032 
GGU564033 

and 
GGU564041 

Po 40.15 58.76 0.38 0.70 0 0 Fe0.84Co0.01Ni0.01S 

Ccp 35.58 30.52 0.16 0 33.73 0 Cu0.96Fe0.99Co0.01S2 

Pnt 33.80 24.95 0.80 40.38 0.08 0 Fe3.39Ni5.22Co0.10S8 

Py 53.96 45.30 0.53 0.22 0 0 Fe0.96Co0.01Ni0.004S2 

          

Minerali-
sation in 
mingling 

zones 

GGU563010 
GGU563036 

and 
GGU563037 

Po 40.18 58.92 0.34 0.45 0.08 0.03 
Fe0.84Co0.01Ni0.01 

Cu0.001S 

Ccp 35.45 30.59 0.29 0 33.66 0 Cu0.96Fe0.99Co0.01S2 

Pnt 34.21 30.07 0.12 35.49 0 0 Fe4.04Ni4.53Co0.02S8 

Py 53.87 45.12 0.70 0 0.31 0 Fe0.96Co0.01Cu0.01S2 

          

Minerali-
sation in 

shear 
zones 

GGU563013 
GGU563031 

and 
GGU563038 

Po 39.28 60.27 0.46 0 0 0 Fe0.88Co0.01S 

Ccp 35.64 30.34 0.07 0.11 33.84 0 
Cu0.96Fe0.98Co0.002 

Ni0.003S2 

Py 54.14 45.64 0.22 0 0 0 Fe0.97Co0.004S2 

Mar 53.61 43.8 0.38 1.91 0.31 0 
Fe0.94Ni0.04Co0.01 

Cu0.01S2 
          

Profile 
minerali-
sation and 

along 
strike 
from 

profile 

GGU564517 
GGU564520 
GGU564571 
GGU564572 
GGU564574 
GGU564575 
GGU564576 
GGU564577 
GGU564578 
GGU564580 
GGU564584 
GGU563009 

and 
GGU563017 

Po 39.92 59.48 0.40 0.14 0.04 0.02 Fe0.86Co0.01Ni0.002S 

Ccp 35.69 30.56 0.13 0 33.58 0.03 
Cu0.95Fe0.98Co0.004 

Pd0.001S2 

Py 53.82 45.17 0.97 0.02 0.03 0 Fe0.96Co0.02S2 

Mar 53.61 45.88 0.22 0.06 0.11 0 
Fe0.98Co0.01Ni0.001 

Cu0.002S2 

 

Pyrrhotite from the adjacent country rocks (Bt-Grt-gneiss), mineralisation in the contact, 

mafic-ultramafic sheets, breccias, and mingling zones have on average a lower Fe content 

and higher S content than pyrrhotite from the mineralisation in shear zones and from the 

research profile. The difference is up to ca. 1 wt.% for S and up to 1.5 wt.% for Fe. 

Pentlandite was only analysed from samples taken from mafic-ultramafic sheets, 

breccias, and mingling zones. In the sheets and breccias, pentlandite contains up to 5 wt.% 
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more Ni and up to 5 wt.% less Fe than in the mingling zones. There seems not to be 

significant chemical differences in chalcopyrite, pyrite, or marcasite for the different 

occurrences of mineralisation.  

 

Cobalt is a minor or trace element in almost all sulphide minerals, except for chalcopyrite 

from the contact. Both Ni and Cu may be minor elements in most minerals. Palladium 

occurs only in pyrrhotite and chalcopyrite from the contact, in mingling zones, and in the 

research profile mineralisation. All chemical analyses confirmed the identification of the 

different mineral phases from the petrographic descriptions.   

 

The FeS content in pyrrhotite, NFeS, was calculated for all analysed pyrrhotite grains. The 

calculation follows the method of Mengason et al. (2010) and takes the accessory element 

concentrations (of Co, Ni and Cu) into consideration (Equation 6.1). The amount of NFeS 

is dependent on the S fugacity and temperature, and thus this number will indicate 

different crystallisation conditions for minerals with differing NFeS. However, it can only 

give a range for the S fugacity and temperature, as either of these has to be known to 

calculate the other.   

 

Equation 6.1   � = 2 × � ���	�
�	��	�
�
���	�
�	��	�.��
��, 

 

where n is moles of the respective elements.  

 

Table 6.3. Minimum, maximum and median values of NFeS for pyrrhotite from the different occurrences.  

  Bt-Grt-gneiss Contact 

Mafic-
ultramafic 
sheets and 
breccias 

Stringers 
(mingling 

zones) Shear zones 

Profile and 
along strike 
from profile 

Min 0.91 0.92 0.92 0.91 0.94 0.88 
       

Max 0.92 0.92 0.93 0.94 0.94 0.95 
       

Median 0.92 0.92 0.92 0.92 0.94 0.93 
Calculated based on Mengason et al. (2010) 

 

The median values of NFeS for pyrrhotite are similar in the Bt-Grt-gneiss, contact, mafic-

ultramafic sheets and breccias and in the stringers. The minimum and maximum values 

for pyrrhotite in the Bt-Grt-gneiss are slightly lower than for the contact, whereas 
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pyrrhotite in the mafic-ultramafic sheets and breccias and the stringers have higher 

values. The values from the stringers vary more than those of the others. The median NFeS 

value for pyrrhotite from shear zones, the research profile, and along strike from the 

profile is higher than the values of the other occurrences and especially the values from 

the profile vary greatly compared to the others. 

  

6.3.2. Whole-rock sulphur chemistry 

 

Whole-rock sulphur content was not measured for the samples from the different 

mineralised zones described in Sub-chapter 6.1 and therefore it was calculated based on 

the volume percentages of sulphides estimated from the petrographic studies. Firstly, the 

fraction of sulphur in the sulphides where calculated by taking the volume percentage, 

density and sulphur-to-metal(s) ratio (from stochiometric formulae) of each sulphide 

mineral into consideration. The whole-rock sulphur content was then calculated based on 

the bulk sulphide volume and density and the bulk silicate volume and density (the latter 

was assumed for each host rock based on common rock densities listed in Kearey et al., 

2002, p. 137). The calculations are listed in Appendix 7. The mass fraction of sulphides 

and the sulphide metal content could then be calculated from the resulting whole-rock 

sulphur content and the analysed Ni and Cu values. The calculations follow Kerr (2003) 

and the results are shown in Table 6.4 and Figure 6.13.  
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Table 6.4. Calculated whole-rock sulphur content, sulphur content of bulk sulphides, mass fraction of sulphur 
and sulphide metal contents for analysed Ni and Cu values.  

Sample Occurrence 

Whole- 
rock S 
(wt.%) 

S in 100 
% 

sulphide 
(wt.%) 

Ni 
(wt.%) 

Cu 
(wt.%) 

Mass 
fraction of 

S in 
sulphides 

Sulphide 
Ni 

content 
(wt.%) 

Sulphide 
Cu 

content 
(wt.%) 

GGU563021 Contact 1.20 37.00 0.001 0.021 0.03 0.03 0.65 

GGU563022 Contact 0.56 37.00 0.001 0.034 0.02 0.07 2.23 

GGU563032 

Mafic-
ultramafic 
breccia 
clast 1.07 37.61 0.036 0.002 0.03 1.26 0.07 

GGU563033 

Mafic-
ultramafic 
breccia 
matrix 3.78 47.26 0.029 0.004 0.08 0.36 0.05 

GGU563041 

Mafic-
ultramafic 
sheet 7.60 35.64 0.242 0.226 0.21 1.13 1.06 

GGU563036 
Mingling 
zone 3.04 42.46 0.009 0.043 0.07 0.13 0.60 

GGU563037 
Mingling 
zone  3.47 44.83 0.005 0.026 0.08 0.06 0.34 

GGU563013 Shear zone 0.80 46.64 0.001 0.011 0.02 0.06 0.64 

GGU563031 Shear zone 1.77 50.87 0.002 0.007 0.03 0.06 0.20 

GGU563038 Shear zone 22.89 52.85 0.014 0.067 0.43 0.03 0.15 

GGU563012 Shear zone 2.79 42.59 0.023 0.064 0.07 0.35 0.98 

Numbers in italic were below the detection limit, so half of the detection limit was used for the sake 
of calculation. 

The mass fraction of sulphur in sulphides and the sulphide metal content are calculated based on 
Kerr (2003).  
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Figure 6.13. Whole-rock composition of mineralised samples. Symbol colours are the same as in Figure 6.1.  

 

From Table 6.4 and Figure 6.13A and 6.13B, it is clear that the sulphur content of most 

samples from these sulphide occurrences is generally below 5 wt.% except for sample 

GGU563038 and GGU563041, which have S contents of ca. 23 wt.% and ca. 8 wt.%, 

respectively. The whole-rock Ni and Cu contents are generally below 0.07 wt.%, except 

for sample GGU563041, which has 0.24 wt.% Ni and 0.23 wt.%. This is the highest Ni-

Cu content found in all mineralised samples in the intrusion.  
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The sulphide Ni content of the samples is predominantly below 0.4 wt.%; however, it is 

ca. 1.3 wt.% and 1.1 wt.% in samples GGU563032 and GGU563041, respectively. These 

samples are both from mafic-ultramafic sheets and breccias. Sample GGU563032 with 

the highest sulphide Ni content has, however, low sulphur content, but GGU563041 has 

the next highest sulphur content. The sulphide Cu content is a bit more dispersed for all 

samples. The highest sulphide Cu content is found in sample GGU563022 from the 

mineralisation in the contact, which is up to 2.2 wt.%. However, this sample also has the 

lowest whole-rock sulphur content of all the samples. Samples GGU563012 and 

GGU563041, taken from the mineralisation in shear zones and mafic-ultramafic sheets 

and breccias, respectively, both have a sulphide Cu content close to 1 wt.%. Sample 

GGU563012 has a rather low sulphur content. Sample 563038 from the mineralisation in 

a shear zone has a high sulphur content, but it does not contain significant amounts of 

neither Ni nor Cu.  

 

The Ni/(Ni+Cu) ratio, also known as the nickel number (Ni#), is shown in Figure 6.13E 

with MgO from the whole-rock analyses. There is a clear correlation between Ni# and 

MgO in all samples except for mingling zone samples. The Ni# is highest in the more 

mafic-ultramafic samples with the highest MgO contents. The ratio is low is samples with 

lower MgO, though sample GGU563036 from the mineralisation in mingling zones has 

a very high MgO content and low Ni#. The latter is at odds with common increase of Ni# 

with falling MgO content of a magma during fractional crystallisation. 

   

Whole-rock sulphur contents were analysed for the research profile samples and thus the 

sulphide metal content could readily be calculated. The total sulphur content of the 

sulphides was assumed to be close to that of pyrrhotite, i.e. ca. 38 wt.%, as most of the 

sulphide is pyrrhotite (see Figure 6.12). The samples sent for geochemical analyses were 

the lengthwise half of the v-shaped channel samples. Thus, the sulphide metal content 

calculated for each sample expresses the average over the sample interval in metres. 

Results are shown in Figure 6.16. Elevated whole-rock Ni and Cu contents correlate with 

elevated sulphur contents. The sulphide Ni and Cu contents correlate inversely with the 

whole-rock sulphur, Ni and Cu contents, so that the samples with the lowest S contents 

has the highest Ni-Cu contents. 
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6.4. Stable sulphur isotope geochemistry 

 

All of the 27 samples listed in Table 4.1 were analysed for triple sulphur isotopes. Sixteen 

of them where also analysed for 36S (quadruple sulphur isotope analysis). The resulting 

51 triple- and 95 quadruple sulphur isotope compositions together with their uncertainties 

are listed in Appendix 6 and plotted in Figures 6.14 and 6.15.  

 

 
Figure 6.14. Probability distribution estimation of δ34S for all samples. An uncertainty of 3σ was used to 
smoothen the curves and to take geological variability as well as the analytical uncertainty into consideration. 
Shaded area represents the range of δ34S in mantle-derived sulphur from Ripley and Li (2003).  

 

Groupings of the sulphur isotope data can be identified, as seen in Figures 6.14 and 6.15A. 

Sulphides from the country rock Bt-Grt-gneiss have δ34S values of ca. -9‰ whereas 

sulphides from mineralisation in the contact group show values of ca. +11‰. Both 

primary and secondary sulphides from mafic-ultramafic sheets and breccias along with 
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primary sulphides from mineralised mingling zones group at ca. -2‰ and hence falling 

in the δ34S range of mantle-derived sulphur (Ridley and Li, 2003). Primary and secondary 

sulphides from a sample of un-mineralised mafic-ultramafic stringer in a mingling zone 

(GGU563010) group at ca. +4‰ to +5‰ and at ca. +5.5‰, respectively. Primary 

sulphides from the research profile and along strike of the profile group at ca. -7‰, -

11‰, -15‰, -16‰ to 16.5‰, and -18.5‰ to -19‰. The secondary sulphides from the 

profile and along strike from the profile group at ca. -11‰ to -13.5‰, -15‰, -16‰, -

17.5‰, and -18‰ to -19‰. The more negative δ34S values from the profile correlate with 

elevated whole-rock sulphur contents of the profile samples (Figure 6.16). Sulphides from 

the mineralisation in shear zones group at ca. -3.5‰ to -4.5‰, -9‰, -11‰ and -13.5‰. 

It is clear from Figure 6.14 that only the mafic-ultramafic sheets and breccias and some 

of the mafic-ultramafic stringers from the mingling zones have a mantle-derived, juvenile 

sulphur isotopic composition. Other mafic-ultramafic stringers, the mineralisation from 

the contact, the research profile mineralisation and shear zone mineralisation clearly have 

a predominant component with a non-juvenile isotopic composition. 

 

The majority of the sulphur isotope data lie within the maximum range of ∆33S values 

that can arise from mass-dependent fractionation processes (±0.2‰, Farquhar and Wing, 

2003). However, some of the most negative δ34S values for the research profile and along 

strike from the profile lie outside of the shaded area in Figure 6.15A. The data from the 

profile and along strike from it plot consistently above the zero-line, with only a few 

exceptions. Many of these data points do not even touch the zero-line within the 2σ 

uncertainty averaging at ±0.11‰. This applies to three data points of the mingling zone 

samples as well. These small, but consistent non-zero ∆33S values could indicate 

preserved MIF-S signatures in these samples.  

 

To corroborate the potential MIF-S signatures, ∆33S has to correlate inversely with ∆36S. 

Figure 6.15B represents a plot of ∆33S against ∆36S for the samples that were analysed 

for quadruple sulphur isotopes. There is an overall inverse correlation between ∆33S and 

∆36S in the data from the research profile and along strike from it. This is true for the 

samples from the mingling zones and the shear zones as well, though there seems to be 

no such a correlation in the samples from the mafic-ultramafic sheets and breccias. The 

data from the profile lie predominantly outside of the shaded area, which represents 
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values of ∆33S and ∆36S that can arise from MDF processes. A few samples from the 

mingling zones and shear zones lie slightly outside as well. There is a clear MIF-S 

signature for the profile and along strike from it, and most likely also for the shear zones. 

It is unclear whether the mingling zone data actually has a MIF-S signature.  

 

 
Figure 6.15. Multiple sulphur isotope data. A. δ34S vs. ∆33S diagram for all sample points of primary and 
secondary sulphide minerals from the samples listed in Table 4.1. Shaded area is maximum ∆33S values 
(±0.2‰) estimated by Farquhar and Wing (2003), which can be attributed to slight changes in sulphur isotope 
fractionation by different mass-dependent processes. Grey bar represents the δ34S range for mantle-derived 
sulphur (Ripley and Li, 2003). B. ∆33S vs. ∆36S plot for all samples, which were measured for quadruple 
sulphur isotope geochemistry. Shaded area represents values of ∆33S and ∆36S (±0.2‰ and ±0.4‰, 
respectively) that can arise from MDF processes (Farquhar and Wing, 2003).  
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Figure 6.16. Log of the research profile with plots of whole-rock S, Ni and Cu contents, sulphide metal 
contents and δ34S along the metres of the profile. Whole-rock S, Ni and Cu are elevated in the mineralised 
zone. The sulphide metal content correlates inversely with the whole-rock S, Ni and Cu content, showing 
dilution of metals with high S contents. The δ34S values vary from -7 to -19 ‰ with values closer to zero at 
the ends of the profile, and values more negative in the central, mineralised parts.  

 



109 

 

7. DISCUSSION 

 

 

In the following, I will first discuss the field observations, and mineralogy and 

geochemistry of the intrusive rocks in order to elaborate on the magmatic, structural, 

metamorphic and hydrothermal evolution of the the Johan Petersen Intrusive Centre. This 

will form the framework for discussing the different occurrences of mineralisation and 

trying to elaborate their formation. In the end, I will compare the ore showings with the 

mineralisation in the TIC and ultimately assess, which rock units are the most promising 

for Ni-Cu.  

  

7.1. Geological evolution of the Johan Petersen Intrusive Centre 

 

7.1.1. Magmatic evolution 

 

In the previous literature (e.g. Wright et al., 1973; Kalsbeek, 1989; Nutman et al. 2008), 

the country rock surrounding the intrusive centres of the AIC have been described as 

mobilised, anatectic, metasedimentary Bt-Grt-gneiss. The zone composed of of Bt-Grt-

gneiss was previously interpreted as the contact metamorphic aureole caused by the 

emplacement of the intrusions. Back veining of the anatectic Bt-Grt-gneiss was also 

observed by Wright et al. (1973). In the JPIC, however, the well-foliated banded Bt-Grt-

gneiss and the steeply banded trondhjemitic orthogneiss observed to the north of the 

contact (Figures 5.2A and 5.2C) show more signs of sub-solidus metamorphic 

differentiation into bands, possibly coeval with the folding, rather than being partially 

melted. The lens-shaped minerals and the granoblastic to interlobate, seriate fabric 

suggest sub-solidus recrystallisation rather than partial melting and crystallisation into a 

more magmatic fabric in the leucocratic parts. The granulite facies rims on the 

amphibolite facies melanosomes suggest that the rocks were already deformed in the 

amphibolite facies before the formation of the granulite facies rims. In the wedge of 

country rock in the southern part of the intrusion, however, the rocks are much more 

plastically deformed than in the north (Figure 5.2G) and it is difficult to see, where one 

unit ends and the other begins. The difference between these two places is that in the 
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north, a layer of amphibolite/granulite tens of metres in width forms the immediate wall 

rock to the intrusion. This unit could have acted as a heat sink, absorbing the heat from 

the intrusion, which otherwise would have caused widespread contact metamorphism and 

possibly partial melting. With the calculated pressure of emplacement (7.5 kbar, Nutman 

and Friend, 1989), the Bt-Grt-gneiss would start to melt between 650°C and 1000°C, 

based on a water-saturated and dry solidus, respectively (Figure 4.1, Johannes and Holtz, 

1990). As the AIC magma was estimated to have a temperature of 1100°C (Andersen et 

al., 1989), the Bt-Grt-gneiss should have started to melt producing a significant melt 

fraction, which in contrast to what is visible in the field. Dehydration melting of an 

amphibolite at the same pressure would take place at ca. 1000°C (Wolf and Wyllie, 1994). 

This temperature is closer to that of the AIC during its emplacement. However, the 

amphibolite-granulite should have experienced some partial melting during the magma 

emplacement, which is not observed in the field. Nevertheless, little dehydration (as seen 

in the granulite rims of the mafic bands of the Bt-Grt-gneiss in Figure 5.2C) has occurred. 

It is likely that the temperature of emplacement of the AIC was slightly overestimated or 

that the amphibolite-granulite effectively had higher melting temperature than 1100°C, 

as we only observe a minimal effect and practically absent contact metamorphic halo in 

the northern contact. In the southern part of the intrusion, it is likely that the country rock 

wedge being surrounded by the magma on either side caused a larger effect, mobilising 

and obscuring the boundaries between the different rock units.    

 

The grading from one rock type into another and the lack of boundaries between the rocks 

of the felsic series in the south-western part of the intrusion indicate that they crystallised 

from the same body of magma. The large mingling zone between the felsic series and 

mafic series rocks to the centre and north has made it difficult to establish a relative timing 

between the two series. The only evidence found was the occurrence of felsic series 

breccia clasts in gabbronorite in the sourthern part (at the N-S elongated melt water lake), 

indicating that the mafic rocks intruded into the felsic series rocks when the latter were 

largely solidified. This is in agreement with the findings of Árting (2016, submitted), who 

dated several rock samples from the TIC. A SHRIMP U-Pb date of ca. 1910 Ma was 

found for a unit of granite with coeval norite. Two later groups of norites gave dates of 

ca. 1880 Ma and 1867 Ma. If the situation was similar in the JPIC, several pulses of 

magma could have formed the intrusion.  
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The rocks show a reverse fractionatio, with the most evolved rocks occurring at the 

margin. The crystallisation sequense from diorite to monzogranite can be summarised 

into roughly four stages:  

 

Plg + Opx ± Cpx ± Kfs ± Qtz + Ap + Mgt + Ilm ± Py ± Po � 

Plg + Opx ± Kfs ± Qtz + Ap + Mgt + Ilm ± Py ± Po � 

Plg + Hbl + Kfs + Qtz + Ap + Ttn ± Mgt ± Grt � 

Plg + Bt + Kfs + Qtz + Ap + Ttn  

 

The sequences do not necessarily follow the rock types, as orthopyroxene is found locally 

in monzogranite and granodiorite, suggesting that the rocks were emplaced rather deeply 

into the crust. This crystallisation sequence is in agreement with the crystallisation of a 

slightly hydrous, calc-alkaline magma (refer to Figure 5.16). The anhydrous Mg- and Fe-

rich minerals would crystallise early due to water activity being suppressed by e.g. CO2 

(Frost and Frost, 2008) or simply because they were more stable under the conditions of 

emplacement. The presence of CO2 as a dominant volatile compound is in agreement with 

the fluid inclusion data of Andersen et al. (1989), who found pure CO2 fluid inlcusions in 

samples from the TIC. Fractional crystallisation would enrich the magma in water and 

result in subsequent crystallisation of hydrous phases instead (e.g., hornblende and 

biotite, Cawthorn, 1976). If the magma was sufficiently ferroan, orthopyroxene (or even 

olivine, if the magma had Fe# = 90) could also have crystallised instead of biotite from a 

hydrous magma due to Mg favouring biotite over orthopyroxene (Frost and Frost, 2008). 

The presence of hornblende(±Bt) rims on the pyroxene grains in the dioritic to tonalitic 

rocks, and the predominant, but not necessarily exclusive, presence of hornblende over 

pyroxenes in the granodioritic to monzograntic rocks indicate the transition from the two 

first crystallising assemblages to the latter two. The presence of magmatic garnet (as 

inclusions in biotite, see section 5.1.2) could indicate that the magma was slightly 

peraluminous (Best, 2003). The fractionation of garnet is in agreement with the trace 

elements for the most evolved of these rocks (Figure 5.18). Increasing Al2O3 content in a 

slightly peraluminous magma during fractional crystallisation garnet would be favoured 

rather than orthopyroxene following Equation 7.1 (Frost and Frost, 2008).  
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However, does not necessarily form only from peraluminous magmas and is therefore not 

diagnostic of a peraluminous magma (Best, 2003). So inferred from the above, the magma 

forming the felsic series rocks was most likely rather hot, calc-alkaline, either initially 

dry (and reached water saturation later) or had low water activity, or was rich in Fe 

relative to Mg. The trace element compositions clearly indicate a volcanic arc-signature 

with garnet and Ti-minerals retained in a fluid-enriched source (Figures 5.17 and 5.18). 

The location of the felsic series slightly within the WPG field in discrimination diagrams 

(see Figure 5.17) suggests that some contamination could have occurred. The angular 

mafic-ultramafic breccia clasts in the felsic series rock are interpreted as autoliths of 

deeper seated cumulate rocks, which likely formed from the same magma.  

 

The grading from diorite to monzogranite towards the margin of the intrusion could 

possibly also be explained by partial melting of and contamination by the southern contact 

Bt-Grt-gneiss. Evidence for such contamination is found in the increasing abundance of 

amphibolite-granulite xenoliths aligned parallel to the surrounding gneiss and the 

abundance of the spheroidal Grt+Qtz±Mgt aggregates, which are commonly associated 

with abundant xenoliths. Furthermore, the generally more ductile mode of occurrence and 

the obscure contacts between the country rock units in the wedge in the southern part of 

the intrusion indicate that the conditions for partial melting could have occurred. In that 

case, an initial, presumably calc-alkaline dioritic magma may have intruded as sheets, 

possibly along major structures and along the gneissic banding following the overall NW-

SE orientation in the southern part. As the magma progressively exfoliated, partially 

melted and assimilated parts of the country rocks, the resulting larger body of magma 

would most likely have a heterogeneous composition with more felsic components 

towards the new contact. Due to their higher solidus temperatures, the amphibolite-

granulite xenoliths found in the felsic series rocks could represent mafic parts of the 

banded gneisses left after partially melting the leucocratic parts. The resulting more 

evolved magma may have become more peraluminous than a possible initial 

metaluminous, calc-alkaline magma due to assimilation of metasedimentary gneiss. 

Contamination of the felsic series magma is in agreement with a crustal component, as 

indicated by Kalsbeek and Taylor (1989). They obtained a TDM model age of 2.32 Ga for 

Equation 7.1 3(Fe,Mg)SiO3 + Al2O3 = (Fe,Mg)3Al2Si3O12 

 Orthopyroxene Melt  Garnet 
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a diorite sample from the Tasiilaq Intrusive Centre, which was at odds with the U-Pb 

zircon age of 1886 ± 2 of Hansen and Kalsbeek (1989). Kalsbeek and Taylor interpreted 

the model age to imply an early Palaeoproterozoic component in the source of the AIC 

magma. For this to apply to the JPIC, the same source(s) needs to be assumed for the TIC 

and JPIC magmas. However, the trace element spidergram does not indicate much 

contamination, except for maybe in a monzogranite and Qtz-diorite, from the country 

rock wedge side of the felsic series unit, providing that their odd patterns are not due to 

analytical errors or alteration. Trace element mixing modelling between a diorite 

endmember, for example, and Bt-Grt-gneiss could elaborate on the degree of partial 

melting and assimilation of country rocks. It could also test whether the odd trace element 

patterns could be produced from such mixing. However, this is outside of the scope of 

this thesis and should be considered for future studies.  

 

The rocks of the AIC were previously characterised as charnockitic or charnockite-like 

by Wager (1934), Wright et al. (1973), and Andersen et al. (1989). The term was 

abandoned by Friend and Nutman (1989), who instead introduced the name AIC, which 

is used today. The dark green to grey-green appearance of especially the dioritic, tonalitic 

and granodioritic rocks of the felsic series in the JPIC, their orthopyroxene content, high-

temperature conditions of emplacement (Nutman and Friend, 1989; Andersen et al., 

1989), and the characteristics inferred above from the mineralogy are consistent with the 

previous charnockite classification. The interpretation of the formation of the felsic series 

favoured here involves an underplating magma chamber that fractionated and formed a 

calc-alkaline, possibly dioritic magma. The magma segregated and rose higher, but not 

too high, into the crust and was emplaced into Bt-Grt-gneiss or other sedimentary rocks. 

Possibly during the ascent, it could have carried fragments of cumulate rocks from the 

underplating magma chamber. Upon emplacement, the diorite magma may have partially 

melted and assimilated some of the country rocks. Partial melting and assimilation were 

likely heterogeneous and together with fractional crystallisation formed the gradation 

from diorite to granite observed in the field.  

 

The dominant lithologies of the JPIC are the gabbroic and gabbronoritic rocks of the 

mafic series. Since these rocks are predominant over the felsic series, it is probably the 

reason for abandoning the term charnockite complex in favour of the AIC. Their 
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crystallisation sequences from melanogabbronorite to Hbl-gabbro can be summarised as 

follows: 

 

Opx + Cpx + Plg + Ap + Mgt + Ilm ± Py ± Po � 

Plg + Opx + Cpx + Ap + Mgt + Ilm ± Py ± Po � 

Plg + Hbl ± Cpx ± Qtz + Ap + Ttn + Mgt ± Py ± Po� 

Plg + Hbl + Bt + Kfs + Qtz + Ap + Ttn ± Grt ± Mgt ± Py ± Po 

 

Pentlandite and chalcopyrite are also among the constituents of the melanogabbronorite 

sheets (sample GGU563041), forming a typical crystallisation series of magmatic 

sulphides. The most of the stages above are present in the same thin sections, recording 

the evolution of crystallisation in one place. Two samples from the sheets of 

melanogabbronorite (GGU563011 and GGU563041, Figures 5.6G and 5.6H) have 

inclusions of biotite in cores of pyroxenes (Figure 5.7D). This could indicate that the 

magma either carried xenocrysts of biotite, which were partially resorbed and overgrown 

by pyroxene or that it formed from mixing between a dry, primitive and a hydrous, more 

evolved melt in the underlying magma chamber. Except for the latter case with the sheet-

samples, the above crystallisation sequences is in accordance with a similar, but possibly 

more mafic magma than the above felsic series magma.  

 

The relatively homogeneous appearance of the leucocratic mafic series rocks 

(gabbronorite, gabbro, and Hbl-gabbro) on large scale could indicate that the rocks 

formed from the same large body of magma. Zooming in, however, leaves the impression 

of a more dynamic system with possibly several magma pulses of similar composition. 

This is evidenced by the abundance of mingling zones separating Hbl-gabbroic and 

gabbroic rocks from gabbronoritic rocks, which is in agreement with the findings of 

Árting (2016, submitted). The meso-scale heterogeneity of the leucocratic rocks of the 

mafic series could also have formed from a magma which was internally slightly 

heterogeneous. The variation in the trace element concentrations in the different rocks of 

the mafic series shows that they could have formed from fractionation of the same, 

predominantly calc-alkaline arc-related magma. If the mafic series rocks were formed 

from several pulses of magma, they likely had the same source. Assuming that the JPIC 

and TIC formed from the same magmatic system, several pulses of magma with more or 
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less the same source are favoured here to account for the mesoscale heterogeneity in the 

leucocratic rocks of the mafic series. The occurrence of hybrid magmas, abundant 

mingling textures and igneous foliation at least suggests a very dynamic system. 

 

The long, thin sheet of melanogabbronorite along the northern contact may have formed 

as an earlier pulse, which was then intruded by the magma forming the leucocratic 

gabbroic rocks. It may also have formed from fractional crystallisation of the same 

magma as the leucocratic gabbronorite, however, unambiguous field evidence for this 

remains to be found. The trace element characteristics of the thin sheet follow the same 

trend as the other mafic rocks except for a slight positive peak in Pb, which could be 

attributed contamination. The non-foliated appearance of the other sheets (from where 

samples GGU563011 and GGU563041 were taken) and their rather sharp contacts to the 

leucocratic mafic rocks (e.g., Figure 5.6G) suggest that these sheets were likely formed 

later. The same is likely true for the breccia north of the north-eastern melt water lake, 

where the Hbl-melanogabbronorite breccia matrix is also non-foliated, as opposed to the 

surrounding leucocratic rocks that are generally weakly to intermediately foliated. The 

sheets and breccias (both clasts and matrix) show a similar crystallisation sequence to 

those of the felsic and mafic series, though obviously with more mafic minerals. The 

sulphide minerals form a typical magmatic assemblage with pyrrhotite, chalcopyrite and 

pentlandite. The trace element patterns for the sheets and breccias suggest that they are 

related to the leucocratic rocks of the mafic series and likely had the same or similar 

source. However, few samples follow an apparent tholeiitic trend in the AFM diagram. 

This could be due to suppression of plagioclase from crystallising, so that the magma 

predominantly formed Mg-Fe minerals. This slightly tholeiitic trend and the association 

between these rocks and the other calc-alkaline rocks should be considered for further 

investigations.  

 

The sub-angular to angular clasts that are found scattered in most of the intrusive rocks 

are interpreted to have formed as cumulate rocks from deeper seated chamber(s) and were 

carried with the different magma pulses to be emplaced higher in the crust. Some clasts, 

however, do not appear to have been transported rather far as they almost form jigsaw 

bricks and would fit perfectly together if the matrix material is taken away (e.g., Figure 
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5.8B). This may indicate that the current level of erosion is close to the opening of the 

feeder of the chamber.  

 

The microgabbroic dykes are interpreted as the most evolved, residual magma from the 

mafic series rocks, which was possibly quenched by the load of crystallised material and 

emplaced late as dykelets. The differences between all the rocks of the mafic series could 

be attributed to crystallisation and fractionation of different mineral phases. The mafic 

series rocks are different from the felsic series in the content of Zr. Since zircon is 

observed in both series, it is unlikely that the large difference can be attributed to previous 

fractionation of Zr-bearing minerals from the magma, from which the more Zr-depleted 

rocks formed. One possibility is that the magma forming the mafic series already 

fractionated minerals incorporating Zr in an underlying magma chamber. However, since 

ilmenite and magnetite, which may incorporate zircon, occur in both series, this is 

unlikely to be the reason for the difference. It is more likely that eother a compositional 

change in the source happened between the formation of the two series or a whole other 

source formed the mafic series rocks.  

 

The cross-cutting relationship between the microgabbro dykes and the mafic-ultramafic 

stringer suggests that they were more or less coeval. The anatomising character of the 

stringers (e.g., Figures 5.10A and 5.10B) suggests that the mafic series rocks were still 

plastic upon the emplacement of the former. The mafic-ultramafic stringers are much 

more abundant in the mafic series than in the felsic series and in the latter, they are 

straighter. This clearly emphasises the timing of both felsic and mafic series rocks, 

microgabbro and the stringers, as shown in Figure 5.6D (excluding the felsic rocks). The 

occurrence of the two types of more and less deformed as well as mineralogically 

different stringers indicates that at least two episodes of stringer emplacement took place. 

Trace element characteristics indicate that at least three samples are somewhat similar to 

the mafic series rocks in terms of the Nb-Ta-Ti arc signature and the negative Zr anomaly, 

and negative Sr and P anomalies. They are likely related to the mafic series rocks in some 

way. They may have formed as an intercumulus melt that was quenched due to the load 

of crystals. However, formation of such a mafic intercumulus melt possibly requires 

significant fractionation of plagioclase. If plagioclase would have fractionated, we should 

observe a negative anomaly in Eu. As this is clearly not the case, it is more likely that the 
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stringers are intrusive to the mafic and felsic series. They may, however, have had the 

same source as the mafic series rocks. Three other stringer samples show very different 

trace element trends than the mafic series. One sample may be subject to analytical error 

and will thus not be discussed here. Sample GGU563044 shows very little enrichment in 

LILE and LREE compared to HFSE and HREE and the trend is smoother. Sample 

GGU563037 appears to form an intermediate trend between the other samples and sample 

GGU563044 and the anomalies are less pronounced. Notably, this grouping of trace 

element trends that are similar and dissimilar to the mafic series rocks does not follow the 

grouping into the two mineralogically and structurally different groups as described in 

section 5.1.5. This could indicate that the intrusion of these mafic-ultramafic stringers 

occurred over a larger time span and that through time, the source may have mixed with 

another source, which had a smoother, less enriched trace element composition. This is 

not at odds with the neither only tholeiitic nor only calc-alkaline trend in the AFM 

diagram.   

 

The latest magmatic activity in the JPIC is represented by the Kfs-phyric monzogranite. 

It has sharp contacts with almost all other rocks except for the contacts to a larger body 

of mafic-ultramafic stringer on the nunatak in the centre of the JPIC. At the mafic-

ultramafic sheet in the southern part of the intrusion (between the two smaller glaciers), 

the contact to the Kfs-phyric granite was rather diffuse. This suggests that the Kfs-granite 

was later than both the felsic and mafic series, but more or less coeval with the 

undeformed mafic-ultramafic stringers and sheets. The mineralogy and trace element 

pattern are similar to what could have formed from fractionation of either the felsic or 

mafic series rocks possibly with minor crustal contamination (positive Th-U-Pb). It is, 

however, more likely related to the felsic series rocks as it is more abundant in the 

southern part of the intrusion, more or less absent in the mafic series rocks except for on 

the nunatak in the centre. The trace element patterns of the mafic rocks are in some 

samples more enriched than in the Kfs-phyric monzogranite. If the latter represents the 

most evolved melt, this pattern should be more enriched compared to the rocks they 

formed from. Thus, it favoured that the Kfs-phyric monzogranite formed from 

fractionation of the felsic series rocks. The sheet-like occurrence and rather sharp contacts 

in places suggest that it may have formed higher in the magma chamber and possibly 

back-veined downwards into the more or less solid felsic series. The diffuse contacts with 
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the sheets in the souther part of the intrusion could be attributed to a small degree of 

partial melting of monzogranite, as a hot, mafic magma was emplaced next to it. 

Chadwick et al. (1973) observed a Kfs-phyric granitic rock from the KIC intruding both 

mafic and felsic rocks there. They deemed the Kfs-phyric granitic rocks to be of magmatic 

origin. Similar rocks were observed south of the TIC, which were interpreted by Friend 

and Nutman (1989) as partial melts of the country rocks and intrusive into them. The 

abundance of the Kfs-phyric monzogranite in and around the country rock wedge in the 

southern part of the JPIC certainly indicates that the formation of the former could in 

some way be linked to the country rocks. However, no unequivocal observations of such 

a relationship as described by Friend and Nutman (1989) were made during the fieldwork. 

The origin of the Kfs-phyric monzogranite as the most evolved melt of the felsic series 

and back-veining into them is thus favoured here. Geochemical modelling of trace 

elements and models for partial melting of different types of country rocks could 

elaborate further on this matter. Figure 7.1 shows a schematic cross section through the 

JPIC based on the above interpretations. 

 

 
Figure 7.1. Schematic cross section through the JPIC showing relationships between different units. 
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7.1.2. Structural evolution 

 

It is clear from the structural data that most rocks of the JPIC were likely deformed during 

NW-SE compression, in agreement with the D2 deformation of the Isertoq Terrane (Kolb, 

2014). Evidence for earlier deformation is seen in the felsic series rocks that in places 

show an earlier foliation, which is overprinted by the NW-SE-oriented penetrative 

foliation. The folded stringers in the large mingling zone in the southern part have WNW-

ESE-trending fold axes, which are transposed into the penetrative foliation. As no earlier 

foliations are observed in the mafic series rocks, the felsic series rocks were probably 

emplaced into an earlier stress field, which subsequently evolved into the stress field 

forming the penetrative foliation upon emplacement of the mafic series rocks (Figure 

7.2). The WNW-ESE foliation likely formed during the subduction phase, D1 of Kolb 

(2014). With the WSW-directed subduction underneath the SE-trending Isertoq Terrane, 

it would result in obligue, reverse sinistral movement that could form the orientation seen 

in the old foliation. The NW-SE-oriented penetrative foliation is assigned to the D2 

collisional stage of Kolb (2014), however, before the stress field changed to a N-S 

orientation. The general NW-SE-orientation of the shear zones suggests that they formed 

during D2 as well.  

 

 
Figure 7.2. Formation of the foliations found in the JPIC. A. Formation of WNW-ESE-oriented foliation in the 
felsic series rocks and in some of the oldest mafic-ultramafic stringers during the subduction stage. B. Early 
collisional stage with the formation of the NW-SE-oriented penetrative foliation, which is dominant in all the 
lithologies in the JPIC. NAC = North Atlantic Craton and RC = Rae Craton.  

 

The deformation was likely solid-state in most of the rocks as evidenced by quartz-

ribbons and biotite forming S-C fabrics in the felsic series. In all of the rocks, grain 

boundary migration in feldspars, blocky extinction in quartz and kink-folds in feldspars 

are observed locally. The elongation of the clusters of mafic minerals could also have 

formed from solid-state deformation.  
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7.1.3. Metamorphic evolution 

 

The mineral assemblage of the dioritic granulite suggests mid- to lower-granulite facies 

conditions, as hornblende and biotite are present with orthopyroxene and clinopyroxene 

according to Equation 7.2 (Best, 2003): 

 

 

The mineral assemblage of the Bt-Grt-gneiss and the local occurrence of sillimanite 

suggest granulite facies metamorphic conditions of the sillimanite + K-feldspar zone 

(Figure 7.3). The traces of clinopyroxene andpresence of hornblende suggest lower 

granulite facies conditions. The lack of cordierite is consistent with pressures higher that 

6.5 kbar and temperatures higher than 750°C (Figure 7.3; Best, 2003). The symplectites 

of garnet, quartz and magnetite could have formed from retrogression to amphibolite 

facies by reactions involving pyroxenes and plagioclase. These reactions are often 

regarded as forming under near-isobaric conditions (Harley, 1989, Appel et al., 1998; Wu 

et al., 2012). However, we observed no relict pyroxenes in cores of the symplectites. This 

could either mean that the pyroxene grains were completely consumed by symplectite 

growth or that something else is responsible for their formation. Retrogression as the 

explanation is in accordance with previous observations, though the near-isobaric nature 

of it is at odds with the 2-3 kbar pressure for the retrograde stage of Andersen et al. (1989). 

It is also at odds with the more common formation of symplectites by decreasing pressure 

(Vernon, 2004), which is likely to be the case for the other symplectites observed in the 

JPIC. It may be that they formed as response to an increase in pressure, e.g., during 

collision, from the break down of the anorthite-component in plagioclase to form garnet 

instead (Best, 2003). The nature of the formation Grt+Qtz±Mgt symplectites could be an 

interesting topic for further investigations.  

 

 

Equation 7.2 NaCa2(Mg,Fe)5AlSi7O22(OH)2 + 3SiO2 � 

 Hornblende   Quartz 

 NaAlSi3O8 + 2Ca(Mg,Fe)Si2O6 + 3(Mg,Fe)SiO3 + H2O 

Albite Diopside Hypersthene  
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Figure 7.3. Petrogenetic grid for intermediate-grade pelitic rocks and their mineral assemblages (Modified from 
Best, 2003). Yellow area shows where the Bt-Grt-gneiss would plot with the local occurrences of sillimanite. 
Buchan and Barrovian metamorphism are synonymous with contact- and regional metamorphism, respectively.  

 

The intrusive rocks of the JPIC all show a patchy granoblastic texture, Hbl/Bt-Qtz-

symplectites, which in places have relict pyroxene in the cores, and myrmekite in the 

more felsic rocks. The charnockitic nature of some of the felsic series rocks indicates that 

they intruded and crystallised under granulite facies conditions. As the mafic series rocks 

brecciated the felsic series, they were more likely emplaced adjacent to the latter rather 

than being tectonically emplaced. Thus the mafic series rocks also intruded under 

granulite facies conditions. The patchy granoblastic texture possibly formed from 

recrystallisation into a lower energy aggregate upon decompression. The Hbl/Bt-Qtz-

symplectites were generated via the retrograde reaction between pyroxenes and 

plagioclase to form hornblende and quartz (reversal of Equation 7.2). The cores of 

pyroxenes that are locally contained in the cores of these symplectites supports this 

interpretation.  

 

Myrmekite is described typically forming from solid-state replacement of K-feldspar 

during deformation (Vernon, 2004). This would indicate that the rocks of the JPIC 

experienced both a decrease in pressure and coeval deformation. Muscovite formation 
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followed the formation of myrmekite, a way to accommodate K released from K-feldspar 

as the myrmikite forms albite-quartz intergrowths. This means that if not all, then at least 

some of the muscovite is a product of myrmekitisation rather than later hydrothermal 

overprint. Some fluids must have been introduced in order to form both 

hornblende/biotite in the Hbl/Bt-Qtz-symplectites and muscovite as a product of 

myrmekitisation. Whether this fluid was introduced from outside sources or whether it is 

a product of autometasomatism could be investigated. The transformation from sanidine 

or orthoclase to microcline K-feldspar in the Kfs-phyric monzogranite suggests slow 

cooling to at least 550-450°C (Brown and Parsons, 1989). It is unknown, whether this 

transformation from cooling formed simultaneously with the patchy retrogression to 

amphibolite facies or whether it took place later as part of the hydrothermal overprint. 

However, retaining the relict crystal shape from orthoclase or sanidine would be unlikely 

under hydrothermal conditions and transformation during cooling is favoured.  

 

The odd magnetite-unknown-mineral-symplectite, which was found only in the felsic 

series rocks, will remain a bit of a mystery until the intergrowing phase has been 

identified. Since the magnetite obscures the possibility of indentifying the intergrowing 

mineral in transmitted light microscopy and it is virtually impossible to identify by 

reflected light microscopy, SEM or microprobe study should be performed to identify the 

unknown mineral. Barton and Van Gaans (1988) identified orthopyroxene-Fe-Ti-oxide 

symplectites on orthomagmatic Fe-Ti-oxides in mafic intrusive bodies in SW Norway, 

which likely formed from re-equilibration of the original magmatic mineral assemblage 

during high-grade, retrogressive metamorphism. With the above mentioned evidence for 

intrusion under granulite facies conditions and subsequent patchy retrogression in the 

amphibolite faces, it is likely that the magnetite-symplectites formed in the same way. 

 

7.1.4. Hydrothermal evolution 

 

Since the cores of pyroxene grains in the Hbl/Bt-Qtz-symplectites and some of the 

hornblende grains in the symplectites are replaced by other minerals clearly after 

symplectite formation, this indicate that hydrothermal alteration took place after uplift 

and decompression. Hydrothermal alteration occurring in all of the magmatic rocks of the 

JPIC includes sericitisation of feldspars, Tlc+Chl±Bt alteration of pyroxenes, minor 
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replacement of hornblende by biotite, pyrite replacing primary pyrrhotite and haematite 

replacing primary and in places secondary pyrite. Furthermore, alteration found locally 

includes epidotisation and perhaps some formation of pale pink feldspar in the leucocratic 

mafic series rocks, calcite accompanying sericitisation in the felsic series rocks, 

hydrothermal magnetite accompanying Tlc+Chl±Bt alteration of pyroxenes, and 

muscovite replacing biotite in the Kfs-phyric monzogranite. These alteration minerals fit 

with a mixture of sericitic and propylitic alteration and minor potassic alteration. It 

possibly indicates decreasing temperatures from the minor potassic alteration, which 

typically occurs from 600-450°C (Pirajno, 2008), through sericitic alteration and 

ultimately to propylitic alteration, with the mineral assemblage of the latter being typical 

of greenschist facies conditions and roughly ranges in temperature from 450-300°C (Best, 

2003). This range in mineral assemblages suggests continuous alteration from the 

amphibolite facies to mid-greenschist facies. The latter interpretation is based on the local 

alteration of biotite to muscovite, since biotite is stable in the higher T field of greenschist 

facies. The alteration was non-pervasive as it only affected the rocks locally, in the 

vicinity of the shear zones. The formation of calcite suggests that the fluid possibly was 

aqueous-carbonic and the replacement of pyrrhotite to pyrite suggests that it may have 

carried sulphur as well. The channelling of the fluids through shear zones together with 

the chemical character of the fluid suggests that it may have originated from dehydration 

of minerals during prograde metamorphism from crustal thickening in the orogen.  

 

7.1.5. Evolution of the JPIC 

 

It is clear from the above discussion that the JPIC formed during a long time span above 

an active continental margin prior to collision of the two cratons. It subsequently 

underwent uplift and retrograde metamorphism in the amphibolite facies and subsequent 

non-pervasive hydrothermal overprinting ranging in temperatures equivalent of 

amphibolite facies to mid-greenschist facies. Figure 7.4 summarises the evolution of the 

JPIC and Figure 7.5 shows the P-T path for the rocks of the JPIC inferred from this study 

together with data from the literature.    
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Figure 7.4. Evolution of the Johan Petersen Intrusive Centre. Ages from Árting (2016, submitted) A. 
Emplacement of felsic series rocks and early stringers into granulite facies country rocks during an early obligue 
stress field from WSW-directed subduction underneath the SE-trending Isertoq Terrane. B. Change in source 
composition, emplacement of mafic series rocks and transpostion of the early stringers in a new NE-SW-oriented 
stress field. Subsequent intrusion of the rather undeformed mafic sheets and breccias and back-veining of the 
Kfs-phyric monzogranite. C. Syn-collisional intrusion of the late stringers that likely had a mixture of an 
enriched source and a depleted source. D. Uplift and retrogression in the amphibolite facies during collision. 
Formation of double-vergent shear- and thrust zones caracteristic of orogens. E. Hydrothermal alteration from 
metamorphic fluids being channelled along the major structures causing non-pervasive alteration in the JPIC. 
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Figure 7.5. Estimated P-T evolution for the Johan Petersen Intrusive Centre (JPIC) based on the mineralogical 
evidence as well as thermobarometry from the literature. Point 1 = Emplacement of the JPIC into granulite 
facies country rocks at 6-8 kbar with magma temperature of 1100°C (Andersen et al., 1989). Point 1 to point 2 
= crystallisation and isobaric cooling of the JPIC until 830-850°C at 7.5 kbar (Nutman and Friend, 1989). From 
point 2 to point 3 is patchy retrogression to amphibolite facies as seen in the symplectites and partially developed 
recrystallisation textures in the rocks, which is in agreement with literature. Point 3 = retrograde overprint 
calculated by Andersen et al. (1989) at 550°C and 2-3 kbar. Point 3 to 4 = cooling and hydrothermal overprint, 
which evolves from minor high-T potassic alteration through abundant sericitic to propylitic alteration at mid 
greenschist facies conditions. Modified from Best (2003).   

 

7.2. Styles of mineralisation 

 

Based on the field evidence, the occurrences of mineralisation have been divided into 

different styles, each of which will be discussed below. These are contact style, 

mineralisation as a product of fractional crystallisation and sulphur saturation, mingling 

style, mineralisation in shear zones, and a combination of mingling and contact style 

mineralisation. These are equivalent to the mineralisation types described in Chapter 6. 

Mineralisation occurring in mafic-ultramafic sheets and breccias is the equivalent of 
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fractionation-sulphur saturation style. The mineralisation from where the research 

research profile was measured is the combination of mingling and contact style 

mineralisation. All of the mineralisation styles have been variably hydrothermally 

overprinted and experienced variably supergene replacement. Each style will be 

discussed separately below in the framework established for the JPIC above.  

 

7.2.1. Contact style mineralisation   

 

The mineralisation at the contact in the southern part of the intrusion was mainly confined 

to the country rock adjacent to the intrusive rocks. From that it can be presumed that the 

country rocks were indeed initially sulphur-bearing. Since no significant dissemination 

of sulphides in the adjacent intrusive rocks occurred, it can be concluded that the 

mineralisation represents the original sulphide content of the country rocks. Thus, they 

will not be discussed further here.  

 

At the northern contact, a very narrow band of disseminated mineralisation is found in 

the mafic series gabbronorite and melanogabbronorite. As it is immediately adjacent to 

the amphibolite layer, the most likely hypothesis is that this mineralisation occurred as 

some sort of interaction between these rocks. In the description of the sulphides, the 

mineral assemblages were listed as early pyrrhotite with overprinting pyrite and 

chalcopyrite and late replacements by covellite, marcasite, and goethite. However, the 

chalcopyrite and pyrite occurring predominantly at edges of the pyrrhotite grains suggest 

that they actually formed from the same sulphide liquid, which fractionated, first forming 

pyrrhotite in equilibrium with intermediate solid solution (iss), which later fractionated 

to form chalcopyrite and pyrite. 

 

The NFeS value of 0.92 for pyrrhotite indicates that pyrrhotite crystallised from a high-

temperature sulphur liquid (above 600°C) with a rather high sulphur fugacity (Figure 7.6). 

The amount of fractionated sulphide liquid that formed chalcopyrite and pyrite was likely 

so small that it did not mobilise and move away from the initial pyrrhotite. 
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Figure 7.6. Sulphur fugacity versus temperature diagram for selected reactions in the Fe-Cu-S and Fe-S systems. 
Composition of pyrrhotite as a function of sulphur fugacity and temperature is shown as NFeS-lines. Black line 
shows the median NFeS values for pyrrhotite in Bt-Grt-gneiss, contact mineralisation, mineralisation in mafic-
ultramafic sheets and breccias and stringers. The grey shaded area shows the variations of NFeS of these 
mineralisations. The orange line shows the NFeS for shear zones. The blue line and blue shaded are shows the 
median NFeS and variation in the research profile and along strike from the profile. Diagram is modified and 
combined from figures 5 and 15 of Vaughan (2006).  

 

It is believed that if the interaction between the melanogabbronorite-gabbronorite and the 

amphibolite layer caused the narrow dissemination of sulphides, the interaction is likely 

to have been rather insignificant. The heat from the magma could possibly have mobilised 

some components in the amphibolite, but clearly not significantly. As sulphur solubility 

decreases with decreasing temperature, it could be that the dissemination formed from 

local sulphur saturation possibly due to the temperature difference between the mafic 

series rocks and the amphibolite. 

 

Neither the whole-rock nor the sulphide Ni content are significant in these rocks, 

suggesting that the magma did not carry any Ni initially or that Ni was accommodated in 

earlier olivine-pyroxene cumulates fractionating from the magma. Since the Cu content 

is also very low, it is however more likely that Ni and Cu were already depleted in the 
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magma by earlier formed sulphides. Had Ni been accommodated in silicate minerals, the 

Ni-Cu ratio should be much higher than what is observed from the geochemistry. 

Considering Figure 3.3, Cu should increase until sulphur saturation is reached whereas 

Ni should decrease due to fractionation of Ni-bearing silicates from the magma. As 

sulphur saturation is reached according to Figure 3.3, Cu should be enriched 300 times 

compared to Ni. Since Cu is only enriched 20 and 30 times the value of Ni in these rocks, 

it is more likely that sulphur saturation was reached prior to the emplacement of the mafic 

series rocks. According to Naldrett (2004), most magmatic sulphide ores start 

crystallising at temperatures between 1160°C and 1120°C, implying that sulphur 

saturation must have happened prior to that at even higher temperatures (Figure 7.7). As 

the temperature of the magma that formed the AIC was estimated to be 1100°C (Andersen 

et al., 1989), it would support sulphur saturation prior to the formation of the contact 

mineralisation. It suggests the presence of deeper-seated sulphides that could be worth of 

exploring. 

 

 
Figure 7.7. Evolution of sulphur solubility (steep line originating at ca. 1800 ppm) against Zr as a proxy for 
fractional crystallisation of a magma. A to S shows the evolution of the S concentration in the magma during 
fractional crystallisation. At S, the magma becomes saturated in sulphur and an immiscible sulphide liquid 
forms. The grey shaded area is an estimate of the composition of the mafic series rocks in the contact based on 
modal mineralogy. It overlaps with the temperatures estimated for initiating crystallisation of a sulphide liquid, 
which exsolved from the magma prior to this. The red dot shows the estimated temperature of the AIC magma 
(Andersen et al., 1989). Modified from Naldrett (2004).  
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The contact style mineralisation formed from sulphur with a heavy sulphur isotopic 

signature with δ34S of ca. +11‰ (Figure 7.8), which is well outside the mantle range. This 

suggests that external sulphur was involved either in the mantle source from 

devolatilisation of the subducted slab or during ascent of the magma into the crust. 

However, trace element data suggest a similar source for the mafic series rocks and the 

sheets and breccias, which have close to mantle values of δ34S (ca. -2 ‰). This clearly 

indicates that the source of sulphur was intersected during ascent rather than having the 

same source in the mantle. The δ34S values overlap with those of evaporite sulphate, 

sedimentary sulphides, porphyry Cu sulphates, redbed Cu sulphides, SEDEX sulphides, 

MVT sulphides and sulphates, and sulphides related to flood basalt magmatism. Porphyry 

Cu, flood basalts, redbed Cu sulphides, SEDEX and MVT are unknown to the area, and 

hence they would be unlike sources for the sulphur, unless they occur deeper in the crust. 

This leaves evaporite sulphate and sedimentary sulphides or a third, unknown occurrence 

potential causes to the heavy S isotopic signature. Whether the signature comes from the 

adjacent amphibolite is unknown. It is likely that the sulphur in the contact mineralisation 

originated from some of the metamorphosed sedimentary rocks of the paragneisses or the 

Siportoq Supracrustal Association (SSA). Further sampling and S isotope analysis should 

be conducted in order to prove or disprove the latter two options as a possible source for 

the sulphur.   
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Figure 7.8: δ34S values from the different mineralisation styles and Bt-Grt-gneiss compared with δ34S values 
from various sulphur reservoirs, common igneous rocks and ore deposits as shown in Figure 3.6.  
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7.2.2. Mineralisation as a product of fractionation and sulphur saturation 

 

The mineralised sheets and breccias all occur late in the sequence of the intrusion for the 

mafic series rocks. They are the only rocks that are significantly mineralised and have 

noticeable Ni-Cu contents. Due to the relatively sharp contacts to the adjacent leucocratic 

mafic series rocks and absence of noticeable sulphide mineralisation in the latter, it is 

believed that the sulphur saturation in the former took place due to fractional 

crystallisation rather than from mixing between the two. It is unclear whether the Hbl-

gabbronorite breccia matrix has sharp contacts and thus it remains unknown, whether it 

mixed with the leucocratic mafic series rocks. The sharp contacts between the breccia 

clasts and the matrix and the angular appearance of the breccia clasts suggest that they 

were more or less solidified as they were intruded/transported by the matrix-forming 

magma. Thus, the sulphides in the breccia clasts clearly formed deeper in the intrusion, 

supporting the idea of deeper forming Ni-Cu sulphides that caused the low Ni and Cu 

concentrations in the melanogabbronorite and gabbronorite from the contact 

mineralisation.  

 

The sheets, breccia and breccia clasts all contain a typical magmatic sulphide mineral 

assemblage of pyrrhotite, chalcopyrite, and pentlandite, occurring interstitially to the 

silicates. Figure 7.6 shows that pyrrhotite formed at high temperature and at rather high 

sulphur fugacity, similar to the contact style mineralisation. The Hbl-websterite clast has 

very little sulphides, which could be due to sulphur saturation of the interstitial melt, 

which got trapped and could not coalesce with other sulphide droplets. The breccia matrix 

and the melanogabbronorite sheet, however, have a network-like occurrence of the 

sulphides, suggesting that the sulphide droplets coalesced and settled between the 

cumulus minerals. The intergrowth of pentlandite with pyrrhotite, the latter of which is 

now largely replaced by pyrite, suggests that pentlandite crystallised in equilibrium with 

monosulphide solid solution (mss) (Figures 6.4E and 6.4F). The occurrence of 

chalcopyrite at the edges suggests that it formed from fractionation of the sulphide liquid 

after formation of pentlandite and pyrrothite. The overprinting pyrite and chalcopyrite is 

most likely related to the hydrothermal overprint that followed the retrograde 

metamorphism. A pyrite-chalcopyrite assemblage would indicate lower temperatures and 

likely lower sulphur fugacities (movement to the left from line NFeS = 0.92) for the fluid, 
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which is in agreement with the inferred temperatures from the hydrothermal mineral 

assemblages. Since both the breccia clasts and matrix are slightly mineralised and the 

clasts clearly crystallised before the matrix, it is believed that the matrix and the sheet 

formed form replenishing, fertile magma in agreement with the field observations.  

 

The Ni# values of the breccia matrix and clasts show the most primitive signature 

suggesting that both formed early before Ni was significantly accommodated in silicates 

and Cu had time to be enriched in the magma. This indicates that mixing as a process to 

cause sulphide saturation actually could have occurred for these samples; however, this 

would have happened prior to the emplacement of the breccia as we see no evidence for 

it in the field. The melanogabbronorite sheet on the other hand suggests sulphide 

saturation occurred after some fractionation and accumulation of Ni-bearing silicate 

minerals since Ni# is close to 0.5, indicating equal amounts of Ni and Cu. The grade and 

tenors are generally rather low for the sheet, and though likely sub-economic at the 

moment, the downward extension of the sheet and the tonnage could be estimated in order 

to evaluate the potential of it.  

 

The sulphur isotopic signature of the mafic-ultramafic sheets and breccias falls within the 

range of the mantle (green shaded area in Figure 7.8). No unequivocal evidence for MIF-

S processes was found for these rocks, and thus it is concluded that the sulphides formed 

from a mantle source. This is in agreement with the interpretation that the sheets and 

breccias formed from a replenishing magma with more primitive geochemical and 

isotopic signatures than those of the mafic series rocks. The difference in isotopic 

signature indicates that the later sheet and breccia were shielded from contamination from 

external sources, as illustrated in Figure 3.5.    

 

7.2.3. Mingling style mineralisation 

 

Mingling style mineralisation is predominantly, but not exclusively confined to the mafic-

ultramafic stringer mingling with the mafic series rocks, suggesting that they reached 

sulphur saturation due to interaction between the two units. The only notably mineralised 

stringers are part of the later series of stringers (Figure 7.4C), which have different trace 

element patterns than the mafic series rocks (diamonds and X’s in Figure 5.20).  
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The presence of finely disseminated to interstial network-like sulphides suggests that at 

least some of the sulphide liquid coalesced, as evidenced by Figure 6.6A. Inclusions of 

sulphides in the mafic minerals suggest that a sulphide liquid was present during 

crystallisation of the early forming silicate minerals. Inclusions of pentlandite and 

chalcopyrite inside of the pyrrhotite could be due to the section cut through an intergrown 

aggregate, making it seem like the former minerals were earlier than pyrrhotite. However, 

it is also a possibility that primary pentlandite and chalcopyrite formed during early 

crystallisation and were overgrown by the sulphides forming when the stringers interacted 

with the mafic series rocks. No unequivocal evidence for either exists presently. The NFeS 

value shows a larger variation in pyrrhotite compositions, which suggests that pyrrhotite 

actually could have formed from two different mineral assemblages, early pyrrhotite at 

higher temperatures and later pyrrhotite at lower temperatures and/or sulphur fugacity 

(Figure 7.6).  

 

The whole-rock contents and tenors of Ni and Cu are low in both of the mineralised 

stringer samples, though Cu appears to be enriched with respect to Ni (Figures 6.13C–E). 

This could indicate that the stringers already crystallised metal-rich sulphides. However, 

sample GGU563036 has the highest MgO content of all the rocks that were sampled, thus 

indicating it has a very primitive composition. The sulphur saturation could have 

happened due to heavy contamination, but it seems unlikely in the light of the field 

evidence.  

 

The sulphur isotopic composition is also at odds with heavy contamination because 

samples GGU563036 and GGU563037 show close to mantle values for δ34S (red shaded 

area at ca. -1‰ to -2‰ in Figure 7.8). However, MIF processes recorded by the isotopic 

signature cannot be completely ruled out. If the signatures indeed record MIF processes, 

it would mean that an external source for sulphur was involved in the formation of the 

mingling style mineralisation. The δ34S values of the mineralised stringers are different 

from those of the barren stringers (δ34S = +3 ‰ to +5‰ for GGU563010), which form 

the earlier set of stringers. This difference could be subject for further investigation, as it 

would likely shed new light on the formation of the mysterious stringers in general.   
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7.2.4. Combination of mingling and contact style mineralisation 

 

The largest mineralisation occurring between the mafic and felsic series rocks is likely 

related to the country rock wedge in the southern part of the intrusion. The presence of 

mingling structures, their occurrence along strike from the wedge, and the occurrence of 

sulphides in the Bt-Grt-gneiss in the southern part suggest that this mineralisation could 

have formed from partial melting of country rocks, which then mingled with the rocks of 

the JPIC. The mingling and formation of hybrid lithologies suggest that some of the rocks 

were already partially crystallised whereas others were more fluid and mixed rather than 

mingled. The grading of the leucocratic mafic series rocks into tonalite in the mingling 

zone could indicate that it formed at least a part of the host rock for the mineralisation. 

However, the staining from sulphur on the surface makes it close to impossible to see 

clear differences between the rocks in the mineralised zone.  

 

The occurrence of dioritic granulite schlieren and the presence of cordierite and garnet in 

the host rock(s) could indicate that the mingling zone rocks indeed form a mixture 

between the leucocratic mafic series rocks and partially melted sillimanite-bearing 

country rock gneiss. The mineralogy of the mineralisation suggests that at least some 

dehydration melting could have been induced by the surrounding intrusive rocks. If the 

sillimanite-bearing Bt-Grt-gneiss was extended all the way to the location where the 

research profile was measured, such melting would have taken place by the break-down 

of sillimanite, biotite and quartz to form cordierite, garnet, K-feldspar and water (onset 

of granulite facies, Best, 2003). Since K-feldspar is much more abundant in the 

mineralised rocks than the surrounding, and as they contain cordierite and garnet as well, 

it supports the idea of partial melting and mingling. The abundance of graphite, which is 

not found in other rocks of the JPIC, also supports this hypothesis. The mineralogy also 

indicates that this mineralisation formed upon intrusion of the JPIC and subsequently 

underwent deformation, retrogression and hydrothermal overprint, in agreement with 

above interpretations for the formation of the JPIC. The sulphide mineralogy suggests 

that primary pyrrhotite and lesser chalcopyrite formed from a sulphide liquid, which in 

places penetrated through the silicate minerals, almost as if they broke pieces of a more 

solid rock. The sulphides intergrowing with the silicates suggest that coalescing of the 

sulphide liquid was localised and formed the net-veined occurrence combined with 
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sulphide dissemination. It is believed that the country rock before intrusion of the JPIC 

magma(s) either contained an already formed sulphide deposit or at least some amounts 

of disseminated sulphides. Upon partial melting, the sulphides in the country rock were 

markedly mobilised. However, since the mineralisation is restricted to a 15-m-wide zone, 

it is believed that the magma was an already partially solidified crustal much, with which 

the sulphide liquid did not interact much. This is evidenced by both the Ni-Cu content of 

the rocks and the sulphur isotopic compostition, as discussed in the following. 

 

Pyrrhotite in the research profile mineralisation contains very little Ni and Cu and no 

pentlandite was observed. This supports the idea that the sulphide liquid did not interact 

much with the magma. If it did interact, the magma either did not contain significant 

amounts of Ni and Cu or the amount sulphide liquid heavily diluted the content due to 

low R factors. It may indeed be a combination of both, as we have seen in the contact 

mineralisation that the magma likely already formed deeper-seated sulphides. The whole-

rock Ni and Cu contents are, as expected, elevated in the mineralised zone, though the 

values are far from anything considered economic. The sulphide metal content is 

markedly lower in the mineralised zone, indicating clearly that the metal content was 

diluted due to too much sulphide liquid. The FeS content in pyrrhotite from the 

mineralisation varies much more than in the other occurrences (Figure 7.6), suggesting 

that it is formed over a large temperature-sulphur fugacity range.  

 

The sulphur isotope compositions show very light isotopic ratios with very negative δ34S 

values, with groups forming in the range between -7‰ and -20‰. The only fully 

overlapping occurrences in Figure 7.8 are sedimentary sulphides and MVT sulphides and 

partially overlapping are SEDEX and Ural-Alaskan type deposits. The middle group of 

the research profile sulphides overlaps with the isotopic signature of the shear zone 

sulphides. Based on the grouping, it is likely that the sulphides in the country rocks either 

already had a varying isotopic signature or that several sources were involved in the 

formation of the mineralisation. The overlap between the middle group of the research 

profile sulphides and the shear-zone sulphides indicates that they had the same or similar 

sources. Since MVT, SEDEX and Ural-Alaskan type deposits are unknown in the region, 

it is more likely that sedimentary sulphides were the source for the sulphur. The consistent 

position of ∆33S above the zero-line and the inverse correlation between ∆33S and ∆36S 
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suggests that MIF-S processes were associated with the formation of the sulphur isotopic 

signature. This indicates that the sulphur in the profile mineralisation was once in contact 

with the atmosphere and agrees with a sedimentary source for the sulphur (Farquhar and 

Wing, 2003). Recalling section 3.2.2., the Palaeoproterozoic was dominated by 

intermediate values of ∆33S (-0.1‰ to +0.5‰) between those of the Archaean and 

juvenile sulphur (Farquhar and Wing, 2003). Since the ∆33S values for the research profile 

lie within this interval it would indicate that the sedimentary sulphur was formed during 

the Palaeoproterozoic. The only obvious source for sulphur known in the area, which 

formed on top of the active continental margin in the Palaeoproterozoic, is the Siportoq 

Supracrustal Association from the Isertoq Terrane. However, it does not exclude other 

possible sources, which currently may still be buried deeper in the crust. It is the favoured 

interpretation of the research profile mineralisation that it formed from mobilised 

sedimentary sulphides upon intrusion of the JPIC and that the magma was semi-solid and 

likely also depleted in Ni and Cu. This resulted in very low R factors and insignificant 

enrichment of Ni and Cu in the sulphides. This is likely one of the least prospective 

sulphide occurrences in the JPIC, no matter how promising this mineralisation appears in 

the field.  

 

7.2.5. Shear zone mineralisation – hydrothermal overprint 

 

Shear zone mineralisation occurs in a variety of different rocks, indicating clearly that 

they formed late in the evolution of the JPIC. The mineralisation formed in the shear 

zones does not discriminate against different rock types and the more sheared they appear, 

the higher sulphur content is. This clearly indicates that shear zone mineralisation was 

caused by the hydrothermal alteration, where fluids could more or less channel along 

these shears. The brittle and ductile behaviour of plagioclase in the same protomylonite 

suggests that the shear zones formed under the conditions of the transition between brittle 

and ductile plagioclase. Tullis and Yund (1987) found that this transition happens under 

mid-amphibolite facies conditions, in accordance with the metamorphic mineral 

assemblages during uplift (Figure 7.4D). This hydrothermal alteration more or less 

affected all other sulphide occurrences and the effects are summarised here.   
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The alteration of the rocks in the shear zones is generally more pronounced the more 

sheared the rocks are. The alteration assemblages generally follow phyllic and propylitic 

alteration, forming chlorite, talc, sericite, and in places abundant large grains of pyrite. 

The heavily altered mafic minerals were most likely responsible for providing the Fe 

going into pyrite, whereas the sulphur was likely transported in the fluids. In the less 

sheared rocks, the primary magmatic mineral assemblage contained pyrrhotite and 

chalcopyrite, which were replaced to varying extent by pyrite and lesser chalcopyrite and 

chalcocite (Figures 6.8E and 6.8F). These are the typical replacements of the primary 

sulphides seen in the other mineralisation styles. In the heavily altered rocks, only very 

small inclusions of the primary sulphide minerals are left (Figures 6.8C and 6.8D). Since 

both primary and secondary sulphides appear to be stable with magnetite/ilmenite, the 

evolution from the primary to secondary/hydrothermal mineral assemblage likely 

followed the path of the lower arrow in Figure 7.9. As pyrite, but not magnetite, was 

subsequently replaced by haematite, the fluid likely evolved towards higher oxygen 

fugacity with more or less unchanged sulphur fugacity.  
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Figure 7.9. Phase diagram of the Fe-Cu-S-O system at 400°C and 1 kbar. Lower black point suggests that the 
primary sulphide assemblage lies along the Po-Mgt tie line within the Ccp stability field (yellow shaded area). 
Secondary mineral assemblage altered the primary one, with the conditions following the line towards the Py-
Mgt tie line still in the Ccp stability field. Later evolution of the hydrothermal fluids likely followed a path of 
increasing oxygen fugacity causing replacement of pyrite by haematite, but not magnetite by haematite. 
Modified from Karadjov (2003). 

 

The FeS content of pyrrhotite (NFeS) in the shear zones lies within a lower range of 

temperature and/or sulphur fugacity than the other mineralisations, except the research 

profile (Figure 7.6). This is in agreement with the lower temperature of sulphide 

formation compared to magmatic sulphides. Recalling the Ni-Cu content of primary 

pyrrhotite and secondary pyrite in most of the mineralisations, it is unlikely that the 

secondary minerals upgraded the metal content significantly just by replacement of the 

primary minerals in the shear zones. Magmatic pyrrhotite commonly has little Ni and/or 

Cu, and these could have been incorporated into pyrite, when it replaced pyrrhotite. But 

since pyrite contains more sulphur than pyrrhotite, it likely even downgraded the metal 

content. Chalcopyrite also contains some Ni, which could either be due to original content 

of Ni in chalcopyrite or by taking up the primary Ni content from pyrrhotite. The content 

of Cu and especially Ni is in general fairly low in the whole-rock analyses for the shear 
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zone mineralised rocks, though samples GGU563012 and GGU563013 show  1 wt.% and 

0.6 wt.% of Cu in the sulphide phase, respectively. This would indicate that hydrothermal 

overprint could in places have produced interesting Cu mineralisation, but for now, none 

have been located on the surface of the JPIC. No significant upgrading has been found by 

hydrothermal alteration.   

 

The sulphur isotopic signature is generally light with δ34S values peaking at ca. -3‰ to -

4‰ and from ca. -10‰ to -15‰. They overlap with values from the Ural-Alaskan type, 

MVT sulphides, SEDEX sulphides, sedimentary sulphides, and some of the research 

profile sulphides. As with the profile mineralisation it is unlikely that MVT, SEDEX and 

Ural-Alaskan type deposits were sources for the sulphur. However, it has to be kept in 

mind that the fluids carrying the sulphur likely formed during the prograde 

metamorphism and devolatilisation. Metamorphosed sediments and/or previously formed 

ore deposits could have provided sulphur to the fluids retaining their original isotopic 

signature. It is however likely that the sulphur in the hydrothermal fluids came from the 

same source as at least some of the profile mineralisation sulphur. The inverse correlation 

between ∆33S and ∆36S for the shear zone sulphides suggests a MIF component for the 

sulphur in the fluids, consistent with a similar source as the profile mineralisation. As 

with the research profile mineralisation, the SSA sediments forming on top of the active 

continental margin is the most likely source for the hydrothermal sulphur.   

 

7.2.6. Supergene enrichment 

 

The alteration of WHAT to covellite, marcasite and goethite in most of the other 

mineralisations is clearly a supergene feature, which demonstrates oxidation (the 

formation of goethite) and loss of sulphur. It is likely that fluids took part in the oxidation 

of the sulphides since the lost sulphur was transported away. Formation of covellite 

instead of the original Cu-bearing mineral, which formed lamellae in pyrrhotite in some 

of the occurrences, is likely to have upgraded to the Cu content of the sulphide phase 

locally. Marcasite also contains up to ca. 2 wt.% Ni in one sample. However, the 

supergene alteration is only minor in most of the rocks and in no cases it has resulted in 

significant upgrading.  
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In summary, the JPIC contains several styles of mineralisation occurring adjacent to 

country rocks, in mingling zones and in mafic-ultramafic intrusive sheets and breccias. 

All of the mineralised areas have experienced hydrothermal overprinting and most of 

them a late, rather insignificant supergene upgrading. Most of the mineralisation 

discovered in the JPIC is very low grade with respect to Ni and Cu and only the mafic-

ultramafic sheets contain grades that may be comparable to known Ni-Cu deposits. 

Several pieces of evidence support the potential occurrence of deeper-seated sulphides, 

and together with the extent and tonnage of the sheet mineralisation, they warrant further 

investigation.  

 

7.3. Comparison with the Tasiilaq Intrusive Centre mineralisation 

 

The serpentinised ultramafic mineralised showing, which was discovered in the country 

rock gneisses in the southern contact zone of the TIC, is rather different from the 

mineralised mafic-ultramafic rocks in the JPIC. Firstly, neither olivine nor chromite have 

been observed in any of the rocks of the JPIC. Secondly, none of the sheets in the JPIC 

are folded or boudinaged to the extent that was reported by Lie (2004). However, Lie 

(1998) did report the large mineralisation to be lens-shaped, and most of the sheets in the 

JPIC form lens-shaped outcrops as well. The ultramafic rocks reportedly occur in the 

country rock gneisses, whereas the mineralised sheets in the JPIC predominantly occur 

inside of the intrusion. Plugs and sheets of both mafic and felsic series rocks are, however, 

found in the country rocks as well. Similarities between the southern TIC mineralisation 

and other smaller showings included similar host rocks, with a good heart similar trace 

element patterns (not all trace elements are available from Lie, 1998; Figure 7.10), similar 

plots in discrimination diagrams (Figure 6 in Lie, 1998), similar magmatic sulphide 

minerals and textures (Figure 7.11, compare with Figures 6.4E and 6.4F), and overlap in 

sulphur isotopic signatures. The values of -3‰ and -2.6‰ from Michelis (2014) are close 

to juvenile suggesting that the  TIC mineralisation had a similar sulphur source as either 

the mafic sheets and breccias or the stringers. The +5.4‰ value overlaps with those from 

one of the stringer groups, indicating that the Tasiilaq mineralisations and the stringers 

could be related. The -14.3‰ value overlaps with the hydrothermal sulphides of the JPIC 

suggesting that the serpentinisation in the TIC mineralisation formed from the same 

fluids, which altered the rocks of the JPIC.    
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Figure 7.10. Spidergram of available trace elements for 7 samples from Lie (1998). Samples are ref. 5, ref. 10, 
ref. 11, ref. 16a, ref. 16b, ref. 18 and ref. 19, listed in table 7 of Lie (1998).  

 

Rather than intersecting ultramafic mineralised rocks as expected during the diamond 

drilling of the showings around the TIC (Car, 2006), drill cores showed horizons of 

mineralised gabbroic rocks instead. The sulphide minerals and the metal contents were 

similar to what had been discovered from the ultramafic rocks. As Lie (2014) concluded 

the orientation of the showings had been wrongly interpreted and thus they did not 

intersect the mineralisation. Lie (2016, per. com.) agrees that the mineralised horizons, 

which were intersected, may indeed form plugs and sheets of the TIC into the country 

rocks, however he is of the opinion the they are not related to the komatiite-hosted 

deposits.  
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Figure 7.11. Pentlandite intergrown with pyrrhotite and chalcopyrite, both of which have been fractured and 
filled with oxides. 

 

The differences in the mineralogy could be assigned to a more primitive magma of the 

TIC mineralised sheets, or that the magma of the JPIC was slightly more hydrous (thus 

suppressing crystallization of olivine). The apparent komatiitic geochemical signature of 

the ultramafic rocks could be assigned to them actually being cumulates rather than lavas. 

Higher values of whole-rock MgO are also found in some of the mafic-ultramafic 

cumulates and stringers of the JPIC. As there is evidence for deeper-seated cumulate 

rocks in the JPIC, it is likely that they may be similar in composition to the mineralised 

ultramafic rocks of the TIC. The sulphur isotopic data also suggests that a similar source 

for sulphur took part in the formation of the both the JPIC mineralisation and stringer 

sulphides and the komatiite-hosted deposit south of TIC, and they overlap with the values 

for komatiite deposits (Naldrett, 2004; Figure 7.8). However, as Lie (2016, per. com.) 

mentioned field evidence speaks against a relation due to the occurrence of komatiites in 

the supracrustal rocks without the presence of rocks from the AIC. It is my belief that the 

similarities may be due to a relation between the JPIC and TIC mineralisation, however 

I cannot unequivocally say that it is so. If the TIC mineralisation indeed formed from a 

komatiitic magma, this could indicate that local extension happened in the area. The 

thinning of the crust during extension and upwelling of hot asthenospheric mantle is not 
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uncommon in e.g. back-arc basins. The similarities with the stringers in the JPIC would 

imply that these could have formed from a similar komatiitic magma, which was intrusive 

to the JPIC in the vicinity of the arc. This is not at odds with the occurrence of the 

stringers. The similarities, especially between the mafic-ultramafic stringers of the JPIC 

and the komatiite-hosted deposit of the TIC, warrants further investigation in order to 

establish the relationship between the mineralised areas. Future work should concentrate 

on establishing age relations between the TIC and JPIC mineralisations and a thorough 

comparative analysis is needed.  

 

7.4. Comparison to the classification of global Ni-Cu deposits 

 

Since the AIC magma likely formed as an intrusive equivalent of arc volcanism at an 

active continental margin, the NC-1, NC-2 and NC-6 groups of Naldrett (2004, 2010) can 

be disregarded immediately. Geochemically, the AIC could not have formed from what 

is characteristic of ferropricritic magma (high MgO and FeO, low Al2O3) and thus it is 

neither likely to fall within the NC-3 group. There are similarities with the NC-4 

(Voisey’s bay), NC-5 (Jinchuan) and NC-7 (Ural-Alaskan) groups, but also many 

differences in terms of different host rocks, different settings, different zonations in the 

intrusions, etc. (Naldrett, 2004, 2010). It is my opinion that some of the controls of ore 

formation, such as crustal assimilation, formation in mafic-ultramafic rocks, the likely 

effect of a feeder system, through which several pulses of magma were transported, are 

similar between these groups, but if deemed necessary to classify the AIC predominantly 

in one group, it warrants more comparative studies. 

 

Syn-orogenic Ni-Cu deposits coeval with the ca. 1.9 Ga AIC are found in the Thompson 

Ni-belt in the Trans-Hudson orogenic belt in eastern Canada (Corrigan et al., 2007) and 

in the Kotalahti-Vammala Ni-Cu belt in the Svecofennian orogen in Finland (Peltonen, 

2005; Makkonen, 2015). Most of the significant Ni-Cu deposits in the Thompson belt, 

however, occur in mafic-ultramafic magmas and lavas forming typically in local 

extensional regimes, such as back-arc basins. It is likely that this occurrence motivated 

the komatiite-exploration model in the Tasiilaq area. However, the AIC appears to be 

very similar to the intrusions of the Kotalahti-Vammala (K-V) intrusions, which are syn-

orogenic, had a basaltic parental magma composition and contain both olivine-, pyroxene 
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and plagioclase cumulate rocks. They intruded into migmatised gneissic country rocks 

during peak metamorphism and deformation, similar to what happened in SE-Greenland. 

Furthermore both the AIC and the K-V intrusions assimilated crustal sulphur, which at 

least in the latter case played an important role in ore formation. The total production in 

the K-V belt is ca. 45 Mt at ca. 0.7% Ni. Deeper-seated sulphide deposits in the K-V have 

been inferred, which represent a similar amount as the total premining resources 

(Makkonen, 2015). The similarities between the AIC and the K-V belt is striking and 

clearly indicates that exploration in the Tasiilaq region should continue, likely with an 

updated exploration model.  
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8. CONCLUSIONS 

 

 

• The Johan Petersen Intrusive Centre (JPIC) formed during a prolonged time 

period as a plutonic equivalent of continental arc magmatism at the margin of the 

North Atlantic Craton.  

• The JPIC is made up of several intrusive bodies that formed during subduction, 

slightly pre- to syn-collisional and syncollisional. A change in the mantle source 

likely happened during the magmatic evolution.  

• The JPIC intruded under granulite facies conditions in the crust and experienced 

syn-collisional uplift, decompression and retrograde metamorphism in the 

amphibolite- to mid-greenschist facies.  

• Syncollisional shear zones formed in the JPIC, channelling hydrothermal fluids 

that overprinted the rocks adjacent to the shear zones. The hydrothermal alteration 

was variably phyllic to propylitic with minor occurrences of possible potassic 

alteration.  

• Several styles of mineralisation were generated in the JPIC through interactions 

with the contact rocks, partial melting and mingling/mixing, and fractional 

crystallisation of later, more mafic sheets and intrusive breccias.  

• There exists evidence for earlier formed magmatic sulphides, which depleted most 

of the intrusive rocks in their Ni and Cu content. 

• Crustally-derived sulphur played an important role in the formation of the exposed 

low-grade Ni-Cu mineralisation; the higher Ni-Cu mineralisation had a mantle-

derived sulphur source.  

• It is highly likely that the mineralisation around the Tasiilaq Intrusive Centre 

(TIC) formed in a similar fashion as the sheets and breccias or the stringers in the 

JPIC and the area remains prospective for Ni and Cu.  

• The mineralisation in the JPIC and likely the Ammassalik Intrusive Complex 

(AIC) in general have similarities with several groups in the 

Naldrett’sclassification.  

• Similarities between the AIC and the Svecofennian Kotalahti-Vammala Ni-Cu 

belt are striking and this clearly warrants further investigations and exploration.  
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APPENDIX  

 

 

1. Map locations of observations and samples 

 

This appendix consists of two separate maps, the first showing all locations for 

observations, and the second showing the location of the samples, which were collected 

during the 2014 field expedition. Sample numbers in the second map corresponds to the 

last one or two digits of the GGUXXXXXX sample number format, e.g. 1 is GGU563001. 

Sample GGU564816 has its full number to avoid confusion. Blue dot marks the location, 

but not the extent, of the research profile. Red dots are samples collected for another 

project.  
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2. Units and detection limits 

 

Oxide/ 
element 

Unit 
Detection 

limit 
  

  

Oxide/ 
element 

Unit 
Detection 

limit 
  

  

Oxide/ 
element 

Unit 
Detection 

limit 

Fusion XRF    IR    Ba ppm 3 
SiO2 wt. % 0.01    C wt. % 0.01    La ppm 0.05 

Al2O3 wt. % 0.01    S wt. % 0.01    Ce ppm 0.05 
Fe2O3(T) wt. % 0.01          Pr ppm 0.01 

MnO wt. % 0.001    Fusion ICP-MS    Nd ppm 0.05 
MgO wt. % 0.01    V ppm 5    Sm ppm 0.01 
CaO wt. % 0.01    Cr ppm 20    Eu ppm 0.005 

Na2O wt. % 0.01    Co ppm 1    Gd ppm 0.01 
K2O wt. % 0.01    Ni ppm 20    Tb ppm 0.01 
TiO2 wt. % 0.01    Cu ppm 10    Dy ppm 0.01 
P2O5 wt. % 0.01    Zn ppm 30    Ho ppm 0.01 
LOI wt. %     Ga ppm 1    Er ppm 0.01 
Total wt. % 0.01    Ge ppm 0.5    Tm ppm 0.005 

      As ppm 5    Yb ppm 0.01 

INAA    Rb ppm 1    Lu ppm 0.002 
Au ppb 2    Sr ppm 2    Hf ppm 0.1 
As ppm 0.5    Y ppm 0.5    Ta ppm 0.01 
Br ppm 0.5    Zr ppm 1    W ppm 0.5 
Cr ppm 5    Nb ppm 0.2    Tl ppm 0.05 
Fe wt. % 0.01    Mo ppm 2    Pb ppm 5 
Ir ppb 5    Ag ppm 0.5    Th ppm 0.05 

Na wt. % 0.01    In ppm 0.1    U ppm 0.01 
Sc ppm 0.1    Sn ppm 1       
Se ppm 3    Sb ppm 0.2       
Sb ppm 0.2     Cs ppm 0.1           
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3. Major- and trace element geochemistry of samples from the intrusion 

and country rocks 

 

Here the major- and trace elements analysed from samples GGU563001-GGU563022 

and GGU563031-GGU563048 are listed. Major element oxide concentrations are given 

in percent mass oxides, trace elements are given in parts per million (ppm), Au and Ir are 

given in parts per billion (ppb).  
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Sample  GGU563001 GGU563002 GGU563003 GGU563004 GGU563005 GGU563006 

SiO2 59.52 58.92 50.60 59.14 70.64 65.88 
Al2O3 17.58 17.13 5.22 18.23 14.69 15.92 
Fe2O3(T) 6.87 8.01 13.28 7.19 2.77 4.90 
MnO 0.09 0.09 0.24 0.07 0.03 0.06 
MgO 2.71 3.16 12.72 2.77 1.15 1.78 
CaO 5.06 5.71 13.88 5.57 2.33 4.66 
Na2O 3.84 3.85 0.73 4.01 2.92 3.83 
K2O 1.31 0.91 0.93 1.35 4.26 1.02 
TiO2 1.10 1.05 1.14 1.03 0.45 0.78 
P2O5 0.34 0.27 0.40 0.33 0.25 0.19 
LOI 1.77 0.99 0.86 1.00 1.11 1.28 
Total 100.20 100.10 100.00 100.70 100.60 100.30 
       
Au       
As       
Br       
Cr       
Ir       
Sc       
Se       
Sb       
       
V 110.00 162.00 257.00 108.00 52.00 82.00 
Cr 60.00 50.00 680.00 40.00 40.00 50.00 
Co 15.00 16.00 48.00 15.00 6.00 10.00 
Ni < 20 < 20 150.00 < 20 < 20 < 20 
Cu 30.00 20.00 40.00 10.00 < 10 < 10 
Zn 130.00 120.00 180.00 110.00 40.00 70.00 
Ga 24.00 23.00 15.00 26.00 17.00 20.00 
Ge 1.00 1.30 2.10 1.10 1.20 1.10 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 21.00 11.00 28.00 22.00 68.00 8.00 
Sr 663.00 745.00 75.00 644.00 619.00 524.00 
Y 9.50 9.10 61.30 12.80 7.40 6.70 
Zr 251.00 157.00 115.00 221.00 227.00 139.00 
Nb 6.60 50.40 4.10 5.70 3.90 4.80 
Mo < 2 < 2 < 2 < 2 < 2 < 2 
Ag 1.20 0.70 0.60 1.00 0.90 0.50 
In < 0.1 < 0.1 0.30 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 1.00 < 1 < 1 < 1 
Sb 0.40 0.50 0.40 0.30 0.30 0.30 
Cs 0.20 0.20 < 0.1 < 0.1 1.10 < 0.1 
Ba 1040.00 1350.00 1030.00 838.00 2100.00 323.00 
La 39.00 45.70 37.60 54.20 38.00 32.70 
Ce 75.10 86.30 124.00 110.00 74.70 59.00 
Pr 8.31 9.67 20.10 12.80 7.80 6.30 
Nd 31.70 37.80 96.30 49.10 28.20 23.00 
Sm 4.92 6.65 23.50 8.19 4.15 3.79 
Eu 1.70 2.63 2.43 1.79 1.65 1.46 
Gd 3.23 4.65 17.60 5.47 2.58 2.25 
Tb 0.37 0.52 2.56 0.65 0.33 0.29 
Dy 1.91 2.39 13.70 3.12 1.58 1.43 
Ho 0.32 0.40 2.31 0.52 0.26 0.24 
Er 0.88 1.08 6.05 1.29 0.70 0.68 
Tm 0.12 0.15 0.81 0.17 0.10 0.10 
Yb 0.77 1.03 4.84 0.94 0.68 0.65 
Lu 0.13 0.16 0.70 0.15 0.12 0.10 
Hf 5.80 4.30 3.20 5.30 6.20 3.30 
Ta 0.32 0.65 0.10 0.17 0.23 0.22 
W < 0.5 1.10 < 0.5 < 0.5 < 0.5 < 0.5 
Tl 0.17 0.13 0.17 0.18 0.53 0.11 
Pb 11.00 19.00 < 5 9.00 22.00 10.00 
Th 1.05 8.55 0.70 0.84 7.21 1.01 
U 0.43 2.03 0.13 0.30 1.10 0.33 
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Sample GGU563007 GGU563008 GGU563009 GGU563010 GGU563011 GGU563012 

SiO2 78.18 43.39 24.86 46.82 53.64 49.51 
Al2O3 10.56 13.71 10.08 10.81 11.17 12.68 
Fe2O3(T) 3.37 19.42 37.89 11.27 8.53 19.15 
MnO 0.01 0.00 0.00 0.12 0.13 0.01 
MgO 0.72 1.77 2.06 10.17 9.60 3.22 
CaO 2.58 1.64 1.50 9.18 10.91 3.46 
Na2O 2.39 1.20 2.14 0.89 2.09 2.19 
K2O 1.06 3.27 1.71 4.65 1.54 1.75 
TiO2 0.49 0.44 0.71 1.16 0.92 0.55 
P2O5 0.04 0.11 0.04 1.31 0.29 0.15 
LOI 1.21 15.85 18.21 3.47 1.13 8.13 
Total 100.60 100.80 99.19 99.86 99.95 100.80 
       
       
Au  < 2 52 9  17 
As  4.1 1.6 < 0.5  < 0.5 
Br  < 0.5 < 0.5 < 0.5  < 0.5 
Cr  92 79 342  113 
Ir  < 5 < 5 < 5  < 5 
Sc  12 3.2 17  12.8 
Se  < 3 < 3 < 3  < 3 
Sb  < 0.2 0.4 < 0.2  < 0.2 
       
       
V 68.00 159.00 142.00 146.00 125.00 346.00 
Cr 80.00 100.00 80.00 400.00 1430.00 140.00 
Co 6.00 166.00 412.00 43.00 28.00 130.00 
Ni < 20 < 20 270.00 260.00 200.00 230.00 
Cu < 10 160.00 1660.00 220.00 10.00 640.00 
Zn 30.00 50.00 100.00 150.00 150.00 80.00 
Ga 15.00 11.00 12.00 17.00 18.00 18.00 
Ge 0.80 < 0.5 0.50 1.30 1.70 1.30 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 20.00 101.00 71.00 113.00 34.00 84.00 
Sr 257.00 175.00 429.00 3500.00 450.00 220.00 
Y 1.80 23.20 1.20 22.70 30.50 19.60 
Zr 316.00 82.00 111.00 109.00 78.00 158.00 
Nb 2.90 7.00 2.90 6.80 2.90 7.10 
Mo < 2 48.00 11.00 < 2 < 2 44.00 
Ag 1.30 0.60 0.80 0.60 < 0.5 0.80 
In < 0.1 < 0.1 < 0.1 < 0.1 0.10 < 0.1 
Sn < 1 < 1 < 1 < 1 < 1 < 1 
Sb 0.30 0.30 0.30 0.40 0.30 0.30 
Cs 0.20 5.10 0.80 0.40 0.10 3.10 
Ba 475.00 1090.00 1220.00 5690.00 1360.00 770.00 
La 13.00 41.30 5.14 244.00 40.60 35.30 
Ce 16.60 83.00 10.10 534.00 112.00 69.70 
Pr 1.44 9.38 1.18 63.80 16.70 8.05 
Nd 4.65 34.20 4.04 245.00 74.90 29.90 
Sm 0.52 6.18 0.61 33.40 15.30 5.37 
Eu 1.13 1.51 0.31 7.66 2.46 1.15 
Gd 0.32 4.94 0.43 15.10 10.20 4.14 
Tb 0.04 0.73 0.05 1.35 1.43 0.60 
Dy 0.25 4.07 0.27 5.67 7.07 3.41 
Ho 0.07 0.80 0.06 0.87 1.19 0.64 
Er 0.26 2.30 0.18 2.06 3.05 1.83 
Tm 0.05 0.35 0.03 0.24 0.39 0.27 
Yb 0.32 2.49 0.24 1.44 2.43 1.73 
Lu 0.06 0.43 0.05 0.23 0.35 0.30 
Hf 7.40 2.20 3.20 2.80 2.00 3.80 
Ta 0.13 0.65 0.15 0.27 0.07 0.55 
W 0.90 2.50 0.70 < 0.5 < 0.5 4.60 
Tl 0.16 1.61 0.53 0.74 0.22 1.19 
Pb 7.00 19.00 7.00 11.00 < 5 11.00 
Th 0.92 9.89 1.75 7.85 0.35 11.60 
U 0.34 6.00 0.43 1.38 0.09 3.99 
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Sample GGU563013 GGU563014 GGU563015 GGU563016 GGU563017 GGU563018 

SiO2 70.61 52.91 60.46 64.56 43.32 74.70 
Al2O3 13.28 20.83 17.78 14.28 13.36 13.86 
Fe2O3(T) 5.75 7.46 6.26 7.98 22.06 1.80 
MnO 0.03 0.07 0.08 0.05 0.03 0.02 
MgO 1.27 3.27 2.64 2.15 3.56 0.76 
CaO 3.20 6.96 5.59 2.47 6.81 2.58 
Na2O 3.09 5.17 3.90 2.52 0.57 2.78 
K2O 0.77 1.26 1.39 2.11 0.17 2.92 
TiO2 0.54 1.16 0.88 0.73 0.24 0.21 
P2O5 0.05 0.65 0.25 0.15 0.13 0.07 
LOI 1.62 0.96 1.06 3.69 10.05 0.89 
Total 100.20 100.70 100.30 100.70 100.30 100.60 
       
       
Au < 2   < 2 < 2  
As < 0.5   < 0.5 < 0.5  
Br < 0.5   < 0.5 < 0.5  
Cr 72   98 67  
Ir < 5   < 5 < 5  
Sc 5.3   9.3 18.4  
Se < 3   < 3 < 3  
Sb < 0.2   < 0.2 < 0.2  
       
       
V 66.00 105.00 101.00 158.00 175.00 22.00 
Cr 90.00 40.00 50.00 120.00 80.00 60.00 
Co 15.00 19.00 14.00 12.00 68.00 4.00 
Ni < 20 < 20 < 20 < 20 210.00 < 20 
Cu 110.00 40.00 < 10 70.00 230.00 < 10 
Zn 40.00 110.00 100.00 90.00 70.00 < 30 
Ga 17.00 22.00 24.00 20.00 32.00 13.00 
Ge 1.00 1.10 1.20 1.20 1.50 0.70 
As < 5 < 5 < 5 < 5 < 5 6.00 
Rb 9.00 21.00 18.00 36.00 18.00 35.00 
Sr 543.00 1020.00 848.00 388.00 174.00 492.00 
Y 3.30 12.40 9.90 8.60 20.60 1.50 
Zr 403.00 275.00 165.00 197.00 95.00 74.00 
Nb 2.50 5.70 5.70 6.20 4.60 1.40 
Mo 2.00 < 2 < 2 7.00 27.00 2.00 
Ag 1.90 1.10 0.80 0.90 0.50 < 0.5 
In < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 < 1 < 1 < 1 < 1 
Sb 0.30 0.30 0.40 0.30 0.40 0.30 
Cs 0.10 0.40 0.40 0.50 1.50 0.20 
Ba 669.00 916.00 758.00 1310.00 36.00 2540.00 
La 15.80 38.80 29.40 16.20 17.60 13.90 
Ce 25.00 84.80 58.30 27.50 39.60 20.90 
Pr 2.45 10.70 6.83 2.99 4.85 2.00 
Nd 8.93 44.90 26.40 11.30 18.90 6.79 
Sm 1.32 7.85 4.18 1.87 3.98 0.91 
Eu 1.03 1.85 1.50 1.00 0.87 1.20 
Gd 0.90 5.05 2.83 1.51 3.65 0.53 
Tb 0.13 0.59 0.37 0.24 0.64 0.07 
Dy 0.67 2.81 1.80 1.39 3.86 0.35 
Ho 0.12 0.48 0.35 0.30 0.78 0.06 
Er 0.40 1.26 0.95 0.87 2.42 0.18 
Tm 0.07 0.16 0.13 0.13 0.38 0.03 
Yb 0.53 1.04 0.86 0.98 2.75 0.16 
Lu 0.10 0.17 0.14 0.15 0.49 0.03 
Hf 9.90 6.30 3.60 4.40 2.90 1.80 
Ta 0.12 0.20 0.25 0.42 0.53 0.05 
W < 0.5 < 0.5 0.70 1.20 28.10 < 0.5 
Tl 0.15 0.22 0.15 0.63 0.24 0.25 
Pb 9.00 12.00 13.00 13.00 15.00 19.00 
Th 1.04 0.66 0.56 3.83 8.17 0.38 
U 0.51 0.43 0.39 1.25 9.95 0.20 
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Sample GGU563019 GGU563020 GGU563021 GGU563022 GGU563031 GGU563032 

SiO2 48.71 58.21 54.54 52.34 51.95 50.51 
Al2O3 9.73 17.94 20.16 14.56 18.55 6.57 
Fe2O3(T) 12.62 7.01 7.22 12.42 11.59 9.41 
MnO 0.19 0.08 0.07 0.15 0.12 0.14 
MgO 12.89 3.18 2.49 3.75 6.17 17.85 
CaO 10.35 5.88 8.19 11.38 5.95 13.09 
Na2O 1.01 3.94 4.23 2.07 3.58 0.80 
K2O 1.45 1.50 0.73 0.35 0.56 0.51 
TiO2 1.07 1.15 0.62 0.64 1.00 0.44 
P2O5 0.49 0.27 0.28 0.23 0.05 0.12 
LOI 1.89 0.94 1.57 3.09 1.18 1.04 
Total 100.40 100.10 100.10 101.00 100.70 100.50 
       
       
Au   < 2 36 < 2  
As   < 0.5 < 0.5 2.8  
Br   < 0.5 < 0.5 < 0.5  
Cr   148 162 261  
Ir   < 5 < 5 < 5  
Sc   27.5 29.1 23.5  
Se   < 3 < 3 < 3  
Sb   < 0.2 < 0.2 < 0.2  
       
       
V 236.00 94.00 180.00 215.00 203.00 165.00 
Cr 1190.00 40.00 150.00 180.00 320.00 1970.00 
Co 47.00 12.00 17.00 13.00 27.00 60.00 
Ni 200.00 < 20 < 20 < 20 20.00 360.00 
Cu 20.00 < 10 210.00 340.00 70.00 20.00 
Zn 190.00 80.00 70.00 130.00 180.00 90.00 
Ga 20.00 19.00 24.00 19.00 25.00 10.00 
Ge 2.10 1.00 1.30 1.90 1.40 2.00 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 18.00 23.00 4.00 1.00 3.00 9.00 
Sr 90.00 582.00 751.00 296.00 1240.00 197.00 
Y 40.80 9.30 25.00 27.50 4.30 17.30 
Zr 79.00 128.00 47.00 99.00 153.00 46.00 
Nb 7.40 5.00 5.00 3.60 3.50 2.20 
Mo < 2 < 2 2.00 5.00 < 2 < 2 
Ag < 0.5 < 0.5 < 0.5 < 0.5 0.70 < 0.5 
In 0.20 < 0.1 < 0.1 0.20 < 0.1 < 0.1 
Sn 2.00 < 1 < 1 1.00 < 1 < 1 
Sb 0.40 0.30 0.30 0.40 0.40 0.40 
Cs 0.20 0.10 < 0.1 < 0.1 < 0.1 < 0.1 
Ba 534.00 818.00 427.00 184.00 920.00 301.00 
La 41.30 26.90 25.50 28.10 18.30 19.90 
Ce 129.00 53.70 65.20 63.10 28.40 51.50 
Pr 19.80 6.32 9.36 8.13 2.72 7.19 
Nd 88.50 25.10 42.30 32.40 8.32 31.40 
Sm 18.40 4.47 9.93 7.16 1.03 6.87 
Eu 3.27 1.36 1.88 1.45 1.74 1.45 
Gd 12.80 3.10 7.94 6.05 0.71 4.97 
Tb 1.68 0.41 1.16 1.04 0.10 0.70 
Dy 8.48 2.15 5.94 5.98 0.70 3.71 
Ho 1.47 0.37 1.04 1.14 0.17 0.68 
Er 3.88 0.96 2.80 3.13 0.54 1.77 
Tm 0.53 0.13 0.37 0.46 0.10 0.24 
Yb 3.17 0.75 2.11 3.10 0.78 1.45 
Lu 0.48 0.12 0.29 0.44 0.12 0.22 
Hf 2.50 3.10 1.50 3.00 3.80 1.30 
Ta 0.20 0.17 0.24 0.27 0.16 0.13 
W 0.60 < 0.5 0.60 1.70 < 0.5 < 0.5 
Tl 0.17 0.17 0.06 < 0.05 < 0.05 0.10 
Pb < 5 8.00 8.00 8.00 9.00 5.00 
Th 1.35 0.49 0.38 2.73 0.41 0.87 
U 0.36 0.18 0.27 1.05 0.15 0.21 
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Sample GGU563033 GGU563034 GGU563035 GGU563036 GGU563037 GGU563038 

SiO2 51.80 54.30 42.82 49.85 50.02 36.46 
Al2O3 10.04 22.35 12.01 2.28 16.70 12.38 
Fe2O3(T) 14.39 5.93 18.57 26.99 11.88 32.74 
MnO 0.20 0.05 0.23 0.36 0.08 0.01 
MgO 14.62 2.67 11.14 20.12 5.64 2.09 
CaO 3.46 6.75 9.32 0.59 7.81 0.38 
Na2O 1.48 4.92 1.59 0.01 2.83 0.43 
K2O 1.35 0.78 1.06 0.04 0.73 1.90 
TiO2 0.56 1.49 1.94 0.14 1.42 0.34 
P2O5 0.34 0.32 0.10 0.04 0.60 0.11 
LOI 2.46 0.65 1.42 0.19 2.58 13.11 
Total 100.70 100.20 100.20 100.60 100.30 99.96 
       
       
Au    17 26 < 2 
As    < 0.5 < 0.5 2.4 
Br    < 0.5 6.8 < 0.5 
Cr    761 72 79 
Ir    < 5 < 5 < 5 
Sc    31.5 23.3 7.5 
Se    < 3 < 3 < 3 
Sb    0.2 0.2 < 0.2 
       
       
V 123.00 118.00 464.00 221.00 196.00 127.00 
Cr 910.00 40.00 390.00 860.00 90.00 100.00 
Co 53.00 10.00 42.00 60.00 38.00 720.00 
Ni 290.00 < 20 30.00 90.00 50.00 140.00 
Cu 40.00 < 10 20.00 430.00 260.00 670.00 
Zn 260.00 70.00 240.00 410.00 130.00 70.00 
Ga 18.00 20.00 30.00 12.00 24.00 13.00 
Ge 1.50 0.80 1.70 2.20 1.30 0.60 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 32.00 3.00 11.00 < 1 13.00 36.00 
Sr 434.00 1240.00 155.00 7.00 669.00 59.00 
Y 10.20 2.70 53.30 2.60 21.80 8.50 
Zr 123.00 34.00 100.00 10.00 135.00 63.00 
Nb 1.60 3.40 6.30 < 0.2 9.60 3.80 
Mo < 2 < 2 < 2 < 2 < 2 12.00 
Ag 0.60 < 0.5 < 0.5 < 0.5 0.60 0.80 
In < 0.1 < 0.1 0.20 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 2.00 < 1 < 1 < 1 
Sb 0.30 0.30 0.50 0.30 0.40 0.40 
Cs 0.70 0.10 0.10 < 0.1 0.20 0.20 
Ba 1030.00 839.00 397.00 12.00 791.00 646.00 
La 24.10 18.20 19.70 0.55 32.70 29.10 
Ce 53.10 32.40 76.20 1.35 76.00 57.90 
Pr 6.69 3.55 13.60 0.23 9.59 6.32 
Nd 27.30 13.60 71.00 1.10 39.50 22.60 
Sm 5.10 1.85 18.00 0.29 7.36 3.86 
Eu 1.19 1.51 5.19 0.08 2.11 1.09 
Gd 3.30 1.17 14.90 0.31 5.63 2.68 
Tb 0.44 0.11 2.12 0.07 0.82 0.36 
Dy 2.10 0.54 11.20 0.49 4.49 1.81 
Ho 0.37 0.10 2.07 0.10 0.83 0.32 
Er 1.06 0.25 5.54 0.37 2.26 0.81 
Tm 0.16 0.03 0.76 0.08 0.33 0.12 
Yb 1.03 0.21 4.53 0.58 2.08 0.82 
Lu 0.17 0.04 0.68 0.11 0.32 0.15 
Hf 2.60 0.80 3.50 0.30 3.20 1.70 
Ta 0.07 0.13 0.17 0.02 0.51 0.35 
W < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Tl 0.18 0.05 0.12 < 0.05 0.08 0.18 
Pb 6.00 8.00 < 5 < 5 7.00 17.00 
Th 0.47 0.14 0.27 < 0.05 1.20 5.20 
U 0.20 0.12 0.16 0.03 0.55 0.92 
       



166 

 

Sample GGU563039 GGU563040 GGU563041 GGU563042 GGU563043 GGU563044 

SiO2 55.09 52.97 40.31 46.75 64.37 48.13 
Al2O3 19.38 19.18 5.54 14.61 15.39 9.21 
Fe2O3(T) 8.08 8.44 29.78 11.43 5.49 11.50 
MnO 0.05 0.06 0.19 0.15 0.05 0.20 
MgO 3.03 3.23 12.50 9.12 2.31 15.46 
CaO 5.80 5.54 3.41 9.40 3.73 12.35 
Na2O 4.26 4.00 0.74 2.05 3.45 1.13 
K2O 1.43 2.56 0.38 2.84 3.01 0.60 
TiO2 1.72 1.86 0.49 1.51 0.98 0.68 
P2O5 0.47 1.33 0.42 0.97 0.62 0.09 
LOI 0.78 1.02 6.17 1.46 0.81 0.95 
Total 100.10 100.20 99.93 100.30 100.20 100.30 
       
       
Au   56    
As   < 0.5    
Br   < 0.5    
Cr   600    
Ir   < 5    
Sc   25.8    
Se   < 3    
Sb   1    
       
       
V 186.00 186.00 137.00 297.00 94.00 218.00 
Cr 40.00 40.00 620.00 330.00 60.00 1450.00 
Co 16.00 16.00 287.00 42.00 12.00 73.00 
Ni < 20 < 20 2420.00 80.00 < 20 530.00 
Cu 10.00 30.00 2260.00 40.00 20.00 40.00 
Zn 100.00 130.00 290.00 140.00 90.00 150.00 
Ga 26.00 24.00 14.00 23.00 21.00 12.00 
Ge 0.80 1.10 1.50 1.70 1.20 1.90 
As < 5 < 5 < 5 < 5 < 5 110.00 
Rb 18.00 32.00 3.00 86.00 68.00 12.00 
Sr 1280.00 1760.00 330.00 1130.00 1190.00 135.00 
Y 10.00 15.20 11.80 27.00 14.90 12.10 
Zr 391.00 50.00 94.00 197.00 302.00 47.00 
Nb 6.00 8.50 1.20 9.70 7.40 3.90 
Mo < 2 < 2 2.00 < 2 < 2 < 2 
Ag 1.70 < 0.5 0.50 0.80 1.20 < 0.5 
In < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 < 1 2.00 1.00 1.00 
Sb 0.30 0.40 0.30 0.40 0.30 0.60 
Cs 0.20 0.20 < 0.1 0.70 0.20 0.30 
Ba 1630.00 4530.00 588.00 3430.00 2320.00 117.00 
La 35.60 73.10 25.60 65.40 105.00 6.91 
Ce 70.80 158.00 62.90 156.00 216.00 15.70 
Pr 8.58 19.80 8.60 19.40 24.60 2.01 
Nd 35.90 89.70 37.40 78.20 91.10 8.70 
Sm 6.14 14.20 6.99 13.70 13.40 1.96 
Eu 2.76 5.09 1.60 3.22 2.99 0.67 
Gd 4.02 8.75 4.40 8.48 7.34 1.97 
Tb 0.48 0.93 0.53 1.05 0.79 0.35 
Dy 2.33 3.91 2.62 5.26 3.85 2.19 
Ho 0.40 0.60 0.48 0.89 0.63 0.42 
Er 1.10 1.48 1.29 2.44 1.63 1.23 
Tm 0.15 0.18 0.18 0.34 0.19 0.19 
Yb 0.88 1.10 1.15 1.99 1.05 1.18 
Lu 0.13 0.16 0.19 0.30 0.16 0.19 
Hf 8.90 1.20 2.10 4.20 7.60 1.10 
Ta 0.27 0.29 0.05 0.37 0.91 0.26 
W < 0.5 0.60 < 0.5 < 0.5 0.60 18.70 
Tl 0.17 0.21 < 0.05 0.60 0.44 0.14 
Pb 14.00 16.00 < 5 8.00 11.00 < 5 
Th 0.30 0.57 0.29 0.97 2.11 0.45 
U 0.27 0.29 0.09 0.38 0.52 0.17 
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Sample GGU563045 GGU563046 GGU563047 GGU563048 
    

SiO2 55.60 71.01 70.69 57.15   
Al2O3 18.30 14.35 15.80 18.58   
Fe2O3(T) 9.49 3.03 3.38 7.04   
MnO 0.14 0.02 0.07 0.08   
MgO 5.03 0.72 0.75 3.09   
CaO 6.06 1.54 3.63 6.51   
Na2O 3.50 2.31 4.14 4.11   
K2O 1.11 6.06 0.67 0.89   
TiO2 0.88 0.60 0.17 1.09   
P2O5 0.40 0.24 0.12 0.28   
LOI 0.18 0.43 0.54 1.47   
Total 100.70 100.30 99.96 100.30   
       
       
Au       
As       
Br       
Cr       
Ir       
Sc       
Se       
Sb       
       
       
V 172.00 37.00 35.00 120.00   
Cr 80.00 40.00 50.00 60.00   
Co 24.00 4.00 5.00 16.00   
Ni 50.00 < 20 < 20 < 20   
Cu 30.00 < 10 < 10 < 10   
Zn 150.00 50.00 50.00 100.00   
Ga 23.00 16.00 18.00 23.00   
Ge 1.60 1.10 1.30 1.20   
As < 5 < 5 < 5 < 5   
Rb 30.00 96.00 3.00 6.00   
Sr 461.00 271.00 434.00 704.00   
Y 20.80 17.40 16.90 8.30   
Zr 169.00 303.00 60.00 168.00   
Nb 9.30 3.50 1.30 5.30   
Mo < 2 < 2 2.00 < 2   
Ag 0.60 1.20 < 0.5 0.60   
In < 0.1 < 0.1 < 0.1 < 0.1   
Sn < 1 < 1 < 1 < 1   
Sb 0.40 0.30 0.30 0.30   
Cs 1.70 0.30 < 0.1 0.20   
Ba 663.00 2320.00 442.00 632.00   
La 34.80 143.00 24.40 26.20   
Ce 76.30 286.00 46.50 50.00   
Pr 9.25 31.20 4.94 5.87   
Nd 37.10 108.00 17.80 22.90   
Sm 7.30 14.70 2.68 3.86   
Eu 1.64 1.94 0.80 1.77   
Gd 5.78 7.84 2.17 2.74   
Tb 0.81 0.83 0.38 0.36   
Dy 4.51 4.21 2.53 1.79   
Ho 0.85 0.64 0.60 0.33   
Er 2.21 1.67 2.00 0.87   
Tm 0.31 0.18 0.34 0.12   
Yb 2.03 0.99 2.44 0.75   
Lu 0.35 0.16 0.42 0.12   
Hf 4.40 7.90 1.40 3.80   
Ta 0.63 0.19 0.05 0.27   
W 0.70 < 0.5 < 0.5 < 0.5   
Tl 0.20 0.56 0.05 0.05   
Pb 15.00 27.00 8.00 9.00   
Th 2.58 33.40 0.09 0.46   
U 1.60 1.48 0.05 0.31     
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4. Major- and trace element geochemistry of the research profile samples 

 

Here the major- and trace elements analysed from the research profile samples 

GGU564517-GGU564520 and GGU564571-GGU564587 are listed. Major element 

oxide concentrations are given in percent mass oxides, trace elements are given in parts 

per million (ppm), Au and Ir are given in parts per billion (ppb).  
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Sample GGU564520 GGU564519 GGU564518 GGU564517 GGU564571 GGU564572 

SiO2 62.49 52.53 65.81 67.00 44.02 46.42 
Al2O3 17.22 13.99 16.11 16.32 13.17 13.27 
Fe2O3(T) 6.14 14.36 4.98 4.09 26.67 25.09 
MnO 0.09 0.11 0.02 0.01 < 0.001 < 0.001 
MgO 2.51 5.28 1.88 1.39 2.49 2.25 
CaO 5.16 5.02 4.00 3.52 2.45 1.78 
Na2O 3.65 2.19 3.09 2.95 1.17 1.00 
K2O 1.08 2.41 1.75 2.44 2.30 3.28 
TiO2 0.98 1.38 0.93 0.53 0.43 0.44 
P2O5 0.24 0.46 0.16 0.08 0.12 0.12 
LOI 0.74 3.06 1.88 1.87 7.47 7.33 
Total 100.30 100.80 100.60 100.20 100.30 101.00 

Au     < 2 < 2 
As     < 0.5 1.1 
Br     < 0.5 < 0.5 
Cr     109 69 
Fe     17.6 16.6 
Ir     < 5 < 5 
Na     0.83 0.72 
Sc     15 12.5 
Sb     < 0.2 < 0.2 
Se     < 3 < 3 
Total C 0.06 0.04 0.03 0.01 0.36 0.80 
Total S 0.16 3.82 1.01 1.39 12.50 12.00 

V 119 301 114 142 195 152 
Cr 80 50 90 110 100 70 
Co 12 44 13 15 120 102 
Ni 20 50 30 30 160 140 
Cu < 10 70 30 30 220 280 
Zn 110 270 100 60 60 40 
Ga 21 20 22 24 14 13 
Ge 1.3 1.6 1.2 1.1 1 1 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 15 84 53 72 91 114 
Sr 769 201 429 365 178 160 
Y 6.5 28.5 6.4 6.3 18.8 19.2 
Zr 172 201 321 326 80 76 
Nb 5.5 7.4 5.7 5.9 5.3 7.4 
Mo < 2 5 3 5 16 17 
Ag 0.9 1 1.5 1.5 < 0.5 < 0.5 
In < 0.1 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 < 1 < 1 < 1 < 1 
Sb 0.8 0.7 0.7 0.7 < 0.2 < 0.2 
Cs 0.4 2 2 1.7 6.7 6.8 
Ba 961 777 938 1240 745 738 
La 25.4 29.4 23.7 61.6 36.4 36.3 
Ce 43.8 63.6 40.6 107 65.3 65.3 
Pr 5.12 8.64 4.7 11.9 8.37 8.25 
Nd 19.3 34.5 17 40.2 29.8 29.7 
Sm 3.19 7 2.78 5.14 5.48 5.46 
Eu 1.82 1.45 1.65 1.5 1.13 1.12 
Gd 2.26 5.8 2 2.86 4.79 4.61 
Tb 0.29 0.94 0.26 0.28 0.72 0.71 
Dy 1.47 5.72 1.35 1.38 3.97 3.97 
Ho 0.26 1.2 0.26 0.25 0.78 0.81 
Er 0.81 3.61 0.85 0.77 2.32 2.46 
Tm 0.119 0.522 0.128 0.114 0.338 0.351 
Yb 0.73 3.37 0.8 0.72 2.22 2.32 
Lu 0.108 0.495 0.123 0.109 0.328 0.351 
Hf 4.1 4.8 7.6 7.7 2.2 2.1 
Ta 0.22 0.44 0.36 0.65 0.59 0.7 
W 0.6 34.6 1.7 1.3 0.7 2.2 
Tl 0.14 0.59 0.65 1.06 2.81 4.29 
Pb 11 9 18 26 15 23 
Th 0.09 3.72 0.72 9.94 8.53 8.82 
U 0.42 1.76 1.02 1.16 5.97 6.15 
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Sample GGU564573 GGU564574 GGU564575 GGU564576 GGU564577 GGU564578 

SiO2 41.60 44.02 26.37 38.54 35.75 36.25 
Al2O3 12.76 13.11 7.93 12.06 11.31 12.02 
Fe2O3(T) 29.25 26.99 46.54 33.22 35.25 35.45 
MnO < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
MgO 2.59 2.31 1.68 2.45 1.71 2.10 
CaO 2.14 2.22 1.52 2.13 1.69 1.54 
Na2O 1.05 1.21 0.59 0.88 0.80 1.03 
K2O 2.63 2.77 1.57 2.27 2.40 2.78 
TiO2 0.44 0.43 0.31 0.36 0.35 0.38 
P2O5 0.11 0.12 0.08 0.11 0.10 0.10 
LOI 7.63 6.92 13.51 8.86 10.74 9.34 
Total 100.20 100.10 100.10 100.90 100.10 101.00 

Au < 2 < 2 12 < 2 < 2 < 2 
As < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
Br < 0.5 < 0.5 < 0.5 < 0.5 10 < 0.5 
Cr 69 78 77 80 65 109 
Fe 19.5 17.6 30.5 21.6 22.5 23.2 
Ir < 5 < 5 < 5 < 5 < 5 < 5 
Na 0.78 0.87 0.45 0.62 0.61 0.74 
Sc 13.5 13.9 9.2 12.5 12.4 12.1 
Sb < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 0.4 
Se < 3 < 3 < 3 < 3 < 3 < 3 

Total C 0.95 0.47 0.64 0.89 0.66 0.56 
Total S 13.80 12.70 22.80 16.30 18.40 16.60 

V 192 203 177 204 154 192 
Cr 80 80 70 80 60 100 
Co 101 68 364 102 217 124 
Ni 170 170 270 200 210 200 
Cu 220 230 310 270 310 270 
Zn < 30 50 30 < 30 40 50 
Ga 14 15 9 13 10 13 
Ge 1.1 1 0.6 0.9 0.6 0.7 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 95 91 60 89 86 95 
Sr 178 221 118 164 137 108 
Y 18.6 17.9 11.9 17.4 15.5 17.4 
Zr 76 76 50 70 65 63 
Nb 6.5 6 6.7 6 4.9 4.2 
Mo 18 11 40 13 15 20 
Ag < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 
In < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
Sn < 1 < 1 < 1 < 1 < 1 < 1 
Sb < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
Cs 6.8 6.2 4.3 6.8 5.4 5 
Ba 697 715 366 441 560 609 
La 34.7 34.7 21 33.3 29.1 31.8 
Ce 61.2 61.8 37.9 60 54.1 59.3 
Pr 7.92 7.9 4.75 7.5 6.6 7.25 
Nd 28.6 28.4 17.4 27.2 24.2 26.4 
Sm 5.36 5.26 3.36 5.11 4.58 5.08 
Eu 1.17 1.22 0.756 1.1 1.06 1.19 
Gd 4.57 4.52 2.66 3.99 3.95 4.2 
Tb 0.69 0.68 0.42 0.63 0.58 0.64 
Dy 4.01 3.85 2.44 3.68 3.39 3.7 
Ho 0.76 0.76 0.51 0.72 0.65 0.71 
Er 2.37 2.26 1.51 2.17 1.92 2.16 
Tm 0.362 0.332 0.236 0.32 0.286 0.334 
Yb 2.27 2.23 1.62 2.1 1.98 2.23 
Lu 0.352 0.349 0.245 0.357 0.302 0.365 
Hf 2.1 2.2 1.5 2.1 1.8 1.8 
Ta 0.6 0.56 0.3 0.6 0.51 0.49 
W 1.9 2.3 2.1 2.5 0.8 1.3 
Tl 4.2 4.04 2.42 3.34 2.35 1.8 
Pb 19 17 8 17 15 14 
Th 8.56 8.15 4.81 8.12 7.08 7.17 
U 5.48 5.46 3.51 5.23 6.03 5.07 
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Sample GGU564579 GGU564580 GGU564581 GGU564582 GGU564583 GGU564584 

SiO2 69.74 54.85 69.19 39.54 63.62 52.21 
Al2O3 13.74 15.27 13.69 14.25 16.13 16.03 
Fe2O3(T) 5.36 13.31 5.74 21.53 6.70 13.97 
MnO 0.01 0.16 0.04 0.01 0.05 0.17 
MgO 1.47 5.97 2.11 2.53 1.99 4.68 
CaO 3.63 3.97 3.80 2.95 4.91 6.65 
Na2O 2.63 2.52 2.78 2.81 3.46 3.26 
K2O 1.12 1.66 1.03 1.99 0.72 0.65 
TiO2 0.68 1.47 0.74 0.53 0.86 1.87 
P2O5 0.03 0.06 0.08 0.09 0.25 0.69 
LOI 1.98 1.36 1.78 14.25 1.41 0.61 
Total 100.40 100.60 101.00 100.50 100.10 100.80 

Au    < 2   
As    < 0.5   
Br    < 0.5   
Cr    106   
Fe    15   
Ir    < 5   
Na    2.03   
Sc    13.3   
Sb    < 0.2   
Se    < 3   

Total C 0.02 < 0.01 < 0.01 0.01 < 0.01 0.01 
Total S 1.13 0.36 0.54 13.9 0.46 0.55 

V 141 245 117 185 113 301 
Cr 100 260 130 110 90 60 
Co 14 19 9 110 15 30 
Ni 30 50 < 20 190 < 20 30 
Cu 20 20 30 230 20 20 
Zn 80 300 110 170 110 190 
Ga 19 23 18 17 20 23 
Ge 0.8 1.7 1.2 0.7 1.2 2 
As < 5 < 5 < 5 < 5 < 5 < 5 
Rb 26 42 23 43 6 3 
Sr 359 407 391 290 505 434 
Y 2.8 4.7 3.1 4.1 5.7 21.5 
Zr 478 596 468 120 326 142 
Nb 2.6 7.9 2.8 4.8 4.9 12.3 
Mo 8 2 3 16 < 2 < 2 
Ag 2.2 2.6 2.1 0.7 1.5 0.6 
In < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.1 
Sn < 1 < 1 < 1 < 1 < 1 < 1 
Sb 0.7 0.9 0.7 < 0.2 0.8 0.8 
Cs 0.4 0.3 0.6 0.9 < 0.1 < 0.1 
Ba 780 1600 585 1230 511 514 
La 20.8 22.6 13 7.24 25.1 45 
Ce 29.9 33.5 19.4 11.8 41.6 90.5 
Pr 2.98 3.44 2.02 1.37 4.83 11.8 
Nd 9 11.5 6.91 5 17.8 47.3 
Sm 1.15 1.54 1 0.93 2.88 8.57 
Eu 1.66 1.7 1.29 1.23 1.54 2.09 
Gd 0.72 1.07 0.77 0.94 2.06 6.77 
Tb 0.09 0.15 0.1 0.14 0.23 0.92 
Dy 0.51 0.9 0.59 0.81 1.25 4.9 
Ho 0.11 0.2 0.13 0.16 0.25 0.95 
Er 0.4 0.73 0.44 0.49 0.74 2.71 
Tm 0.069 0.138 0.076 0.074 0.109 0.369 
Yb 0.51 1.04 0.57 0.53 0.71 2.2 
Lu 0.098 0.18 0.114 0.099 0.122 0.34 
Hf 11.4 14.2 11.3 2.9 8 3.4 
Ta 0.12 0.32 0.14 0.39 0.18 0.53 
W 0.6 < 0.5 0.5 < 0.5 < 0.5 < 0.5 
Tl 0.3 0.25 0.27 0.36 < 0.05 < 0.05 
Pb 9 9 10 8 9 7 
Th 1.08 1.95 0.99 5.6 0.63 0.4 
U 0.57 0.53 0.53 0.43 0.39 0.21 
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Sample GGU564585 GGU564586 GGU564587       

SiO2 61.52 94.80 73.18    
Al2O3 16.61 2.91 13.89    
Fe2O3(T) 7.87 1.30 2.73    
MnO 0.07 0.01 0.02    
MgO 2.61 0.13 0.73    
CaO 5.08 0.73 2.35    
Na2O 3.50 0.58 2.35    
K2O 0.77 0.18 3.96    
TiO2 1.16 0.08 0.34    
P2O5 0.20 0.05 0.09    
LOI 0.70 0.23 0.66    
Total 100.10 101.00 100.30    

Au       
As       
Br       
Cr       
Fe       
Ir       
Na       
Sc       
Sb       
Se       
Total C < 0.01 0.01 < 0.01    
Total S 0.13 0.04 0.04    
V 128 25 47    
Cr 80 90 60    
Co 12 2 4    
Ni < 20 < 20 < 20    
Cu 10 < 10 < 10    
Zn 100 < 30 30    
Ga 21 4 14    
Ge 1.4 0.7 1    
As < 5 < 5 < 5    
Rb 5 1 50    
Sr 488 79 333    
Y 5.5 0.6 1.7    
Zr 308 30 56    
Nb 7.6 < 0.2 0.9    
Mo < 2 < 2 < 2    
Ag 1.3 < 0.5 < 0.5    
In < 0.1 < 0.1 < 0.1    
Sn < 1 < 1 < 1    
Sb 0.8 0.7 0.8    
Cs < 0.1 < 0.1 0.1    
Ba 489 105 3340    
La 23.8 3.9 12.5    
Ce 39 6 17.8    
Pr 4.42 0.65 1.86    
Nd 16.5 2.18 6.27    
Sm 2.52 0.33 0.91    
Eu 1.58 0.266 1.53    
Gd 1.85 0.22 0.62    
Tb 0.21 0.03 0.08    
Dy 1.22 0.14 0.37    
Ho 0.24 0.02 0.07    
Er 0.73 0.07 0.21    
Tm 0.111 0.012 0.03    
Yb 0.77 0.08 0.21    
Lu 0.132 0.014 0.032    
Hf 7.7 0.7 1.5    
Ta 0.25 < 0.01 0.05    
W < 0.5 < 0.5 < 0.5    
Tl < 0.05 < 0.05 0.18    
Pb 8 < 5 14    
Th 0.28 0.09 0.14    
U 0.33 0.05 0.11       
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5. Sulphide mineral chemistry 

 

This appendix consists of 5 separate tables corresponding to each of the sulphide minerals 

analysed. The tables contain the chemical content of the minerals measured with SEM-

EDS, their standard deviations, calculated molar proportions of each element in the 

mineral and normalising to stochiometric S-content of the respective minerals. 
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Mineral chemistry of chalcopyrite. 

Sample 
number 

GGU563009 GGU564571 GGU564571 GGU564520 GGU564520 GGU563033 

Occurrence 
Along strike 
from profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Cumulate 
rocks 

Mount 5 1 1 1 1 4 

Puck 13 1 1 9 9 25 

Analysis results       
S (wt. %) 35.79 35.87 35.63 35.59 35.59 35.30 
Fe (wt. %) 30.13 31.10 30.90 30.35 30.34 30.19 
Co (wt. %) 0.00 0.23 0.21 0.00 0.22 0.33 
Ni (wt. %) 0.00 0.00 0.00 0.00 0.00 0.00 
Cu (wt. %) 34.08 32.80 33.26 33.91 33.85 34.19 
Pd (wt. %) 0.00 0.00 0.00 0.15 0.00 0.00 
Pt (wt. %) 0.00 0.00 0.00 0.00 0.00 0.00 
Total: 100.00 100.00 100.00 100.00 100.00 100.01 
       
Standard 

deviations       
σS 0.26 0.27 0.27 0.26 0.26 0.26 
σFe 0.28 0.29 0.29 0.29 0.29 0.28 
σCo 0.00 0.19 0.19 0.00 0.19 0.19 
σNi 0.00 0.00 0.00 0.00 0.00 0.00 
σCu 0.37 0.38 0.38 0.38 0.38 0.37 
σPt 0.00 0.00 0.00 0.15 0.00 0.00 
σPd 0.00 0.00 0.00 0.00 0.00 0.00 
       
Molar 

proportions       
S (mole) 1.12 1.12 1.11 1.11 1.11 1.10 
Fe (mole) 0.54 0.56 0.55 0.54 0.54 0.54 
Co (mole) 0.00 0.00 0.00 0.00 0.00 0.01 
Ni (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Cu (mole) 0.54 0.52 0.52 0.53 0.53 0.54 
Pd (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Pt (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Total 2.19 2.20 2.19 2.19 2.19 2.19 
       
Normalisation 

to total molar 

proportions       
Fe 0.25 0.25 0.25 0.25 0.25 0.25 
Co 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.24 0.24 0.24 0.24 0.24 0.25 
Pd 0.00 0.00 0.00 0.00 0.00 0.00 
Pt 0.00 0.00 0.00 0.00 0.00 0.00 
S 0.51 0.51 0.51 0.51 0.51 0.50 
Total 1.00 1.00 1.00 1.00 1.00 1.00 
       
Normalisation 

to stochimetric 

formulae       
Moles of S in 
Ccp 2.00 2.00 2.00 2.00 2.00 2.00 
Normalising 
factor 3.93 3.93 3.94 3.94 3.95 3.97 
Fe 0.97 1.00 1.00 0.98 0.98 0.98 
Co 0.00 0.01 0.01 0.00 0.01 0.01 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.96 0.92 0.94 0.96 0.96 0.98 
Pd 0.00 0.00 0.00 0.00 0.00 0.00 
Pt 0.00 0.00 0.00 0.00 0.00 0.00 
S 2.00 2.00 2.00 2.00 2.00 2.00 
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Sample 
number 

GGU563033 GGU563041 GGU563041 GGU563041 GGU563022 GGU563022 

Occurrence 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Mineralisation 

in contact 
Mineralisation 

in contact 
Mount 4 5 5 5 4 4 
Puck 25 20 20 20 27 27 

Analysis results       
S (wt. %) 35.78 35.68 35.59 35.57 35.75 35.50 
Fe (wt. %) 30.10 30.57 30.97 30.78 30.83 29.97 
Co (wt. %) 0.26 0.00 0.00 0.23 0.00 0.00 
Ni (wt. %) 0.00 0.00 0.00 0.00 0.29 0.29 
Cu (wt. %) 33.86 33.74 33.44 33.43 33.13 34.23 
Pd (wt. %) 0.00 0.00 0.00 0.00 0.00 0.00 
Pt (wt. %) 0.00 0.00 0.00 0.00 0.00 0.00 
Total: 100.00 99.99 100.00 100.01 100.00 99.99 
       
Standard 

deviations       
σS 0.26 0.26 0.26 0.26 0.27 0.26 
σFe 0.29 0.28 0.28 0.29 0.29 0.29 
σCo 0.19 0.00 0.00 0.19 0.00 0.00 
σNi 0.00 0.00 0.00 0.00 0.18 0.18 
σCu 0.37 0.37 0.37 0.37 0.38 0.38 
σPt 0.00 0.00 0.00 0.00 0.00 0.00 
σPd 0.00 0.00 0.00 0.00 0.00 0.00 
       
Molar 

proportions       
S (mole) 1.12 1.11 1.11 1.11 1.11 1.11 
Fe (mole) 0.54 0.55 0.55 0.55 0.55 0.54 
Co (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Ni (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Cu (mole) 0.53 0.53 0.53 0.53 0.52 0.54 
Pd (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Pt (mole) 0.00 0.00 0.00 0.00 0.00 0.00 
Total 2.19 2.19 2.19 2.19 2.19 2.19 
       
Normalisation 

to total molar 

proportions       
Fe 0.25 0.25 0.25 0.25 0.25 0.25 
Co 0.00 0.00 0.00 0.00 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 
Cu 0.24 0.24 0.24 0.24 0.24 0.25 
Pd 0.00 0.00 0.00 0.00 0.00 0.00 
Pt 0.00 0.00 0.00 0.00 0.00 0.00 
S 0.51 0.51 0.51 0.51 0.51 0.51 
Total 1.00 1.00 1.00 1.00 1.00 1.00 
       
Normalisation 

to stochimetric 

formulae       
Moles of S in 
Ccp 2.00 2.00 2.00 2.00 2.00 2.00 
Normalising 
factor 3.93 3.94 3.95 3.95 3.93 3.95 
Fe 0.97 0.98 1.00 0.99 0.99 0.97 
Co 0.01 0.00 0.00 0.01 0.00 0.00 
Ni 0.00 0.00 0.00 0.00 0.01 0.01 
Cu 0.96 0.95 0.95 0.95 0.94 0.97 
Pd 0.00 0.00 0.00 0.00 0.00 0.00 
Pt 0.00 0.00 0.00 0.00 0.00 0.00 
S 2.00 2.00 2.00 2.00 2.00 2.00 
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Sample 
number 

GGU563022 GGU563013 GGU563038 GGU563038 GGU563036   

Occurrence 
Mineralisation 

in contact 
Shear zones Shear zones Shear zones Stringers  

Mount 4 3 5 5 5  

Puck 27 21 19 19 17   

Analysis results       

S (wt. %) 35.66 35.76 35.27 35.90 35.45  

Fe (wt. %) 29.95 30.54 30.32 30.17 30.59  

Co (wt. %) 0.00 0.00 0.20 0.00 0.29  

Ni (wt. %) 0.00 0.00 0.00 0.33 0.00  

Cu (wt. %) 34.19 33.70 34.21 33.60 33.66  

Pd (wt. %) 0.20 0.00 0.00 0.00 0.00  

Pt (wt. %) 0.00 0.00 0.00 0.00 0.00  

Total: 100.00 100.00 100.00 100.00 99.99  

       

Standard 

deviations       

σS 0.26 0.26 0.26 0.27 0.26  

σFe 0.29 0.28 0.29 0.29 0.28  

σCo 0.00 0.00 0.19 0.00 0.19  

σNi 0.00 0.00 0.00 0.18 0.00  

σCu 0.38 0.37 0.38 0.38 0.37  

σPt 0.15 0.00 0.00 0.00 0.00  

σPd 0.00 0.00 0.00 0.00 0.00  

       

Molar 

proportions       

S (mole) 1.11 1.12 1.10 1.12 1.11  

Fe (mole) 0.54 0.55 0.54 0.54 0.55  

Co (mole) 0.00 0.00 0.00 0.00 0.00  

Ni (mole) 0.00 0.00 0.00 0.01 0.00  

Cu (mole) 0.54 0.53 0.54 0.53 0.53  

Pd (mole) 0.00 0.00 0.00 0.00 0.00  

Pt (mole) 0.00 0.00 0.00 0.00 0.00  

Total 2.19 2.19 2.18 2.19 2.19  

       

Normalisation 

to total molar 

proportions       

Fe 0.25 0.25 0.25 0.25 0.25  

Co 0.00 0.00 0.00 0.00 0.00  

Ni 0.00 0.00 0.00 0.00 0.00  

Cu 0.25 0.24 0.25 0.24 0.24  

Pd 0.00 0.00 0.00 0.00 0.00  

Pt 0.00 0.00 0.00 0.00 0.00  

S 0.51 0.51 0.50 0.51 0.51  

Total 1.00 1.00 1.00 1.00 1.00  

       

Normalisation 

to stochimetric 

formulae       

Moles of S in 
Ccp 2.00 2.00 2.00 2.00 2.00  

Normalising 
factor 3.94 3.93 3.97 3.92 3.96  

Fe 0.96 0.98 0.99 0.97 0.99  

Co 0.00 0.00 0.01 0.00 0.01  

Ni 0.00 0.00 0.00 0.01 0.00  

Cu 0.97 0.95 0.98 0.94 0.96  

Pd 0.00 0.00 0.00 0.00 0.00  

Pt 0.00 0.00 0.00 0.00 0.00  

S 2.00 2.00 2.00 2.00 2.00   
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Mineral chemistry of pentlandite. 

Sample 
number 

GGU563033 GGU563033 GGU563033 GGU563041 GGU563010 GGU563010 

Occurrence 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Stringers Stringers 

Mount 4 4 4 5 4 4 
Puck 25 25 25 20 23 23 

Analysis 

results 
      

S (wt, %) 33,61 33,59 34,08 33,91 34,36 34,06 
Fe (wt, %) 23,36 23,96 23,41 29,05 29,66 30,47 
Co (wt, %) 0,22 0,43 0,00 2,53 0,00 0,24 
Ni (wt, %) 42,49 42,02 42,51 34,50 35,74 35,23 
Cu (wt, %) 0,32 0,00 0,00 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,00 100,00 99,99 99,76 100,00 
       
Standard 

deviations 
      

σS 0,25 0,24 0,23 0,24 0,23 0,24 
σFe 0,26 0,25 0,25 0,27 0,27 0,27 
σCo 0,19 0,19 0,00 0,22 0,00 0,20 
σNi 0,34 0,33 0,32 0,33 0,33 0,33 
σCu 0,25 0,00 0,00 0,00 0,00 0,00 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
1,05 1,05 1,06 1,06 1,07 1,06 

S (mole) 0,42 0,43 0,42 0,52 0,53 0,55 
Fe (mole) 0,00 0,01 0,00 0,04 0,00 0,00 
Co (mole) 0,72 0,72 0,72 0,59 0,61 0,60 
Ni (mole) 0,01 0,00 0,00 0,00 0,00 0,00 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 2,20 2,20 2,21 2,21 2,21 2,21 
Total       
       
Normalisation 

to total molar 

proportions 

0,19 0,20 0,19 0,24 0,24 0,25 

Fe 0,00 0,00 0,00 0,02 0,00 0,00 
Co 0,33 0,33 0,33 0,27 0,28 0,27 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,48 0,48 0,48 0,48 0,48 0,48 
S 1,00 1,00 1,00 1,00 1,00 1,00 
Total       
       
Normalisation 

to stochimetric 

formulae       

Moles of S in 
Pnt 

8,00 8,00 8,00 8,00 8,00 8,00 

Normalising 
factor 

16,79 16,80 16,61 16,71 16,51 16,66 

Fe 3,19 3,28 3,16 3,94 3,97 4,11 
Co 0,03 0,06 0,00 0,32 0,00 0,03 
Ni 5,53 5,47 5,45 4,45 4,55 4,52 
Cu 0,04 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 8,00 8,00 8,00 8,00 8,00 8,00 
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Mineral chemistry of pyrrhotite. 

Sample 
number 

GGU563017 GGU564816 GGU564816 GGU564517 GGU564517 GGU564520 

Occurrence 
Along strike 
from profile 

Bt-Grt-Gneiss Bt-Grt-Gneiss 
Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Mount 5 4 4 1 1 1 
Puck 14 26 26 15 15 9 

Analysis results       

S (wt, %) 39,23 40,74 40,23 40,26 39,52 39,82 
Fe (wt, %) 60,04 58,53 59,53 59,18 59,98 59,59 
Co (wt, %) 0,54 0,47 0,25 0,56 0,30 0,00 
Ni (wt, %) 0,19 0,27 0,00 0,00 0,20 0,31 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,00 0,28 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,01 100,01 100,00 100,00 100,00 
       
Standard 

deviations 
      

σS 0,24 0,25 0,24 0,23 0,24 0,24 
σFe 0,27 0,28 0,26 0,25 0,28 0,28 
σCo 0,22 0,23 0,23 0,22 0,23 0,00 
σNi 0,18 0,19 0,00 0,00 0,18 0,18 
σCu 0,00 0,00 0,00 0,00 0,00 0,23 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,22 1,27 1,25 1,26 1,23 1,24 
Fe (mole) 1,08 1,05 1,07 1,06 1,07 1,07 
Co (mole) 0,01 0,01 0,00 0,01 0,01 0,00 
Ni (mole) 0,00 0,00 0,00 0,00 0,00 0,01 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,31 2,33 2,32 2,32 2,32 2,32 
       
Normalised to 

total molar 

proportions 

      

Fe 0,47 0,45 0,46 0,46 0,46 0,46 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,53 0,55 0,54 0,54 0,53 0,54 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,89 1,83 1,85 1,85 1,88 1,87 

Fe 0,88 0,82 0,85 0,84 0,87 0,86 
Co 0,01 0,01 0,00 0,01 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1 1 1 1 1 1 
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Sample 
number 

GGU564571 GGU564571 GGU564572 GGU564572 GGU564574 GGU564575 

Occurrence 
Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Mount 1 1 1 1 2 3 
Puck 1 1 2 2 4 5 

Analysis results       
S (wt, %) 39,93 39,05 39,59 39,13 39,72 39,97 
Fe (wt, %) 59,59 60,41 59,84 60,54 59,60 59,73 
Co (wt, %) 0,48 0,55 0,24 0,32 0,45 0,00 
Ni (wt, %) 0,00 0,00 0,00 0,00 0,00 0,30 
Cu (wt, %) 0,00 0,00 0,33 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,23 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,01 100,00 99,99 100,00 100,00 
       
Standard 

deviations       
σS 0,23 0,23 0,25 0,23 0,24 0,23 
σFe 0,25 0,25 0,29 0,25 0,27 0,24 
σCo 0,23 0,22 0,23 0,23 0,23 0,00 
σNi 0,00 0,00 0,00 0,00 0,00 0,18 
σCu 0,00 0,00 0,23 0,00 0,00 0,00 
σPt 0,00 0,00 0,00 0,00 0,15 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,25 1,22 1,23 1,22 1,24 1,25 
Fe (mole) 1,07 1,08 1,07 1,08 1,07 1,07 
Co (mole) 0,01 0,01 0,00 0,01 0,01 0,00 
Ni (mole) 0,00 0,00 0,00 0,00 0,00 0,01 
Cu (mole) 0,00 0,00 0,01 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,32 2,31 2,32 2,31 2,32 2,32 
       
Normalised to 

total molar 

proportions 

      

Fe 0,46 0,47 0,46 0,47 0,46 0,46 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,54 0,53 0,53 0,53 0,53 0,54 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,86 1,90 1,88 1,89 1,87 1,86 

Fe 0,86 0,89 0,87 0,89 0,86 0,86 
Co 0,01 0,01 0,00 0,00 0,01 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1,00 1,00 1,00 1,00 1,00 1,00 
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Sample 
number 

GGU564575 GGU564575 GGU564576 GGU564577 GGU564578 GGU564578 

Occurrence 
Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Mount 3 2 2 2 3 3 
Puck 5 5 6 7 8 8 

Analysis results       
S (wt, %) 39,84 39,52 39,60 39,90 39,98 39,56 
Fe (wt, %) 59,83 59,90 59,18 59,71 59,37 59,60 
Co (wt, %) 0,34 0,58 0,58 0,39 0,45 0,52 
Ni (wt, %) 0,00 0,00 0,47 0,00 0,20 0,32 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,16 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,01 100,00 99,99 100,00 100,00 100,00 
       
Standard 

deviations 
      

σS 0,23 0,23 0,25 0,23 0,24 0,24 
σFe 0,25 0,26 0,29 0,25 0,27 0,27 
σCo 0,23 0,23 0,22 0,23 0,22 0,22 
σNi 0,00 0,00 0,18 0,00 0,18 0,18 
σCu 0,00 0,00 0,00 0,00 0,00 0,00 
σPt 0,00 0,00 0,15 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,24 1,23 1,23 1,24 1,25 1,23 
Fe (mole) 1,07 1,07 1,06 1,07 1,06 1,07 
Co (mole) 0,01 0,01 0,01 0,01 0,01 0,01 
Ni (mole) 0,00 0,00 0,01 0,00 0,00 0,01 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,32 2,31 2,31 2,32 2,32 2,32 
       
Normalised to 

total molar 

proportions 

      

Fe 0,46 0,46 0,46 0,46 0,46 0,46 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,54 0,53 0,53 0,54 0,54 0,53 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,87 1,88 1,87 1,86 1,86 1,88 

Fe 0,86 0,87 0,86 0,86 0,85 0,87 
Co 0,00 0,01 0,01 0,01 0,01 0,01 
Ni 0,00 0,00 0,01 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1,00 1,00 1,00 1,00 1,00 1,00 
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Sample 
number 

GGU564580 GGU564580 GGU564580 GGU564584 GGU564584 GGU564584 

Occurrence 
Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Mount 3 3 3 3 3 3 
Puck 16 16 16 12 12 12 

Analysis results       
S (wt, %) 41,97 40,71 40,49 40,27 40,16 40,05 
Fe (wt, %) 57,51 58,59 58,59 59,09 59,42 59,32 
Co (wt, %) 0,52 0,37 0,41 0,40 0,41 0,40 
Ni (wt, %) 0,00 0,34 0,51 0,23 0,00 0,00 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,00 0,23 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,01 100,00 99,99 99,99 100,00 
       
Standard 

deviations 
      

σS 0,25 0,25 0,25 0,25 0,23 0,25 
σFe 0,27 0,28 0,28 0,28 0,26 0,29 
σCo 0,24 0,23 0,23 0,23 0,23 0,23 
σNi 0,00 0,19 0,18 0,18 0,00 0,00 
σCu 0,00 0,00 0,00 0,00 0,00 0,23 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,31 1,27 1,26 1,26 1,25 1,25 
Fe (mole) 1,03 1,05 1,05 1,06 1,06 1,06 
Co (mole) 0,01 0,01 0,01 0,01 0,01 0,01 
Ni (mole) 0,00 0,01 0,01 0,00 0,00 0,00 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,35 2,33 2,33 2,32 2,32 2,32 
       
Normalised to 

total molar 

proportions 

      

Fe 0,44 0,45 0,45 0,46 0,46 0,46 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,56 0,54 0,54 0,54 0,54 0,54 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,79 1,84 1,84 1,85 1,86 1,86 

Fe 0,79 0,83 0,83 0,84 0,85 0,85 
Co 0,01 0,00 0,01 0,01 0,01 0,01 
Ni 0,00 0,00 0,01 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1,00 1,00 1,00 1,00 1,00 1,00 
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Sample 
number 

GGU563041 GGU563041 GGU563032 GGU563032 GGU563041 GGU563022 

Occurrence 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Cumulate 

rocks 
Mineralisation 

in contact 
Mount 5 5 4 4 5 4 
Puck 20 20 24 24 20 27 

Analysis results       
S (wt, %) 40,40 40,22 40,15 40,07 39,90 40,47 
Fe (wt, %) 58,85 58,61 58,75 58,47 59,14 59,29 
Co (wt, %) 0,00 0,40 0,53 0,59 0,40 0,00 
Ni (wt, %) 0,76 0,77 0,57 0,86 0,56 0,24 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,01 100,00 100,00 99,99 100,00 100,00 
       
Standard 

deviations 
      

σS 0,23 0,24 0,25 0,25 0,24 0,23 
σFe 0,24 0,28 0,28 0,28 0,28 0,24 
σCo 0,00 0,22 0,23 0,23 0,22 0,00 
σNi 0,19 0,19 0,19 0,20 0,19 0,18 
σCu 0,00 0,00 0,00 0,00 0,00 0,00 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,26 1,25 1,25 1,25 1,24 1,26 
Fe (mole) 1,05 1,05 1,05 1,05 1,06 1,06 
Co (mole) 0,00 0,01 0,01 0,01 0,01 0,00 
Ni (mole) 0,01 0,01 0,01 0,01 0,01 0,00 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,33 2,32 2,32 2,32 2,32 2,33 
       
Normalised to 

total molar 

proportions 

      

Fe 0,45 0,45 0,45 0,45 0,46 0,46 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,01 0,01 0,00 0,01 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,54 0,54 0,54 0,54 0,54 0,54 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,85 1,85 1,86 1,86 1,86 1,84 

Fe 0,84 0,84 0,84 0,84 0,85 0,84 
Co 0,00 0,01 0,01 0,01 0,01 0,00 
Ni 0,01 0,01 0,01 0,01 0,01 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1,00 1,00 1,00 1,00 1,00 1,00 
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Sample 
number 

GGU563022 GGU563038 GGU563037 GGU563010 GGU563037 GGU563010 

Occurrence 
Mineralisation 

in contact 
Shear zones Stringers Stringers Stringers Stringers 

Mount 4 5 5 4 5 4 
Puck 27 19 18 23 18 23 

Analysis results       
S (wt, %) 40,01 39,28 40,40 40,74 40,35 40,18 
Fe (wt, %) 59,16 60,27 58,39 59,26 58,54 58,80 
Co (wt, %) 0,46 0,46 0,81 0,00 0,35 0,37 
Ni (wt, %) 0,37 0,00 0,39 0,00 0,44 0,41 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,32 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,25 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,01 99,99 100,00 100,00 100,01 
       
Standard 

deviations 
      

σS 0,24 0,23 0,24 0,22 0,25 0,25 
σFe 0,28 0,25 0,27 0,22 0,30 0,29 
σCo 0,23 0,23 0,22 0,00 0,22 0,22 
σNi 0,18 0,00 0,18 0,00 0,17 0,19 
σCu 0,00 0,00 0,00 0,00 0,22 0,00 
σPt 0,00 0,00 0,00 0,00 0,00 0,15 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,25 1,22 1,26 1,27 1,26 1,25 
Fe (mole) 1,06 1,08 1,05 1,06 1,05 1,05 
Co (mole) 0,01 0,01 0,01 0,00 0,01 0,01 
Ni (mole) 0,01 0,00 0,01 0,00 0,01 0,01 
Cu (mole) 0,00 0,00 0,00 0,00 0,01 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,32 2,31 2,33 2,33 2,33 2,32 
       
Normalised to 

total molar 

proportions 

      

Fe 0,46 0,47 0,45 0,46 0,45 0,45 
Co 0,00 0,00 0,01 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,54 0,53 0,54 0,54 0,54 0,54 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00 1,00 
Normalising 
factor 

1,86 1,89 1,85 1,84 1,85 1,85 

Fe 0,85 0,88 0,83 0,84 0,83 0,84 
Co 0,01 0,01 0,01 0,00 0,00 0,01 
Ni 0,01 0,00 0,01 0,00 0,01 0,01 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 1,00 1,00 1,00 1,00 1,00 1,00 
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Sample 
number 

GGU563010 GGU563036 GGU563036 GGU563036 GGU563010   

Occurrence Stringers Stringers Stringers Stringers Stringers  

Mount 4 5 5 5 4  
Puck 23 17 17 17 23   

Analysis results       
S (wt, %) 40,31 40,25 39,86 39,87 39,69  
Fe (wt, %) 58,68 59,27 58,79 58,99 59,54  
Co (wt, %) 0,00 0,00 0,71 0,58 0,27  
Ni (wt, %) 0,65 0,47 0,63 0,56 0,50  
Cu (wt, %) 0,36 0,00 0,00 0,00 0,00  
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00  
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00  
Total: 100,00 99,99 99,99 100,00 100,00  
       
Standard 

deviations 
      

σS 0,25 0,22 0,24 0,24 0,24  
σFe 0,28 0,24 0,27 0,27 0,28  
σCo 0,00 0,00 0,22 0,22 0,22  
σNi 0,19 0,18 0,18 0,18 0,19  
σCu 0,23 0,00 0,00 0,00 0,00  
σPt 0,00 0,00 0,00 0,00 0,00  
σPd 0,00 0,00 0,00 0,00 0,00  
       
Molar 

proportions 
      

S (mole) 1,26 1,26 1,24 1,24 1,24  
Fe (mole) 1,05 1,06 1,05 1,06 1,07  
Co (mole) 0,00 0,00 0,01 0,01 0,00  
Ni (mole) 0,01 0,01 0,01 0,01 0,01  
Cu (mole) 0,01 0,00 0,00 0,00 0,00  
Pd (mole) 0,00 0,00 0,00 0,00 0,00  
Pt (mole) 0,00 0,00 0,00 0,00 0,00  
Total 2,32 2,32 2,32 2,32 2,32  
       
Normalised to 

total molar 

proportions 

      

Fe 0,45 0,46 0,45 0,46 0,46  
Co 0,00 0,00 0,01 0,00 0,00  
Ni 0,00 0,00 0,00 0,00 0,00  
Cu 0,00 0,00 0,00 0,00 0,00  
Pd 0,00 0,00 0,00 0,00 0,00  
Pt 0,00 0,00 0,00 0,00 0,00  
S 0,54 0,54 0,54 0,54 0,53  
Total 1,00 1,00 1,00 1,00 1,00  
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Po 1,00 1,00 1,00 1,00 1,00  
Normalising 
factor 

1,85 1,85 1,87 1,87 1,87  

Fe 0,84 0,85 0,85 0,85 0,86  
Co 0,00 0,00 0,01 0,01 0,00  
Ni 0,01 0,01 0,01 0,01 0,01  
Cu 0,00 0,00 0,00 0,00 0,00  
Pd 0,00 0,00 0,00 0,00 0,00  
Pt 0,00 0,00 0,00 0,00 0,00  
S 1,00 1,00 1,00 1,00 1,00   

 



185 

 

Mineral chemistry of pyrite. 

Sample 
number 

GGU563017 GGU564571 GGU564572 GGU564572 GGU564520 GGU564576 

Occurrence 
Along strike 
from profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Mount 5 1 1 1 1 2 
Puck 14 1 2 2 9 6 

Analysis results       
S (wt, %) 53,71 53,82 53,38 54,02 54,13 53,94 
Fe (wt, %) 45,44 44,68 45,58 44,80 45,56 45,47 
Co (wt, %) 0,85 1,50 1,04 1,18 0,32 0,41 
Ni (wt, %) 0,00 0,00 0,00 0,00 0,00 0,19 
Cu (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,00 100,00 100,00 100,01 100,01 
       
Standard 

deviations 
      

σS 0,27 0,28 0,28 0,28 0,28 0,29 
σFe 0,27 0,27 0,27 0,27 0,27 0,28 
σCo 0,22 0,23 0,23 0,23 0,22 0,22 
σNi 0,00 0,00 0,00 0,00 0,00 0,18 
σCu 0,00 0,00 0,00 0,00 0,00 0,00 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,67 1,68 1,66 1,68 1,69 1,68 
Fe (mole) 0,81 0,80 0,82 0,80 0,82 0,81 
Co (mole) 0,01 0,03 0,02 0,02 0,01 0,01 
Ni (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,50 2,50 2,50 2,51 2,51 2,51 
       
Normalised to 

total molar 

proportions 

      

Fe 0,33 0,32 0,33 0,32 0,33 0,32 
Co 0,01 0,01 0,01 0,01 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,67 0,67 0,67 0,67 0,67 0,67 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Py 2,00 2,00 2,00 2,00 2,00 2,00 
Normalising 
factor 

2,99 2,98 3,00 2,98 2,97 2,98 

Fe 0,97 0,95 0,98 0,95 0,97 0,97 
Co 0,02 0,03 0,02 0,02 0,01 0,01 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 2,00 2,00 2,00 2,00 2,00 2,00 
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Sample 
number 

GGU564577 GGU564575 GGU564578 GGU563033 GGU563041 GGU563031 

Occurrence 
Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Cumulate 
rocks 

Cumulate 
rocks 

Shear zones 

Mount 2 3 3 4 5 2 
Puck 7 5 8 25 20 22 

Analysis results       
S (wt, %) 53,84 53,80 53,72 54,16 53,75 54,06 
Fe (wt, %) 45,03 44,86 45,07 45,60 44,99 45,34 
Co (wt, %) 1,13 1,35 0,93 0,00 1,06 0,60 
Ni (wt, %) 0,00 0,00 0,00 0,24 0,20 0,00 
Cu (wt, %) 0,00 0,00 0,29 0,00 0,00 0,00 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 100,00 100,01 100,01 100,00 100,00 100,00 
       
Standard 

deviations 
      

σS 0,27 0,27 0,30 0,27 0,29 0,27 
σFe 0,27 0,27 0,28 0,26 0,28 0,27 
σCo 0,23 0,23 0,22 0,00 0,23 0,22 
σNi 0,00 0,00 0,00 0,18 0,18 0,00 
σCu 0,00 0,00 0,23 0,00 0,00 0,00 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,68 1,68 1,68 1,69 1,68 1,69 
Fe (mole) 0,81 0,80 0,81 0,82 0,81 0,81 
Co (mole) 0,02 0,02 0,02 0,00 0,02 0,01 
Ni (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Cu (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,50 2,50 2,50 2,51 2,50 2,51 
       
Normalised to 

total molar 

proportions 

      

Fe 0,32 0,32 0,32 0,33 0,32 0,32 
Co 0,01 0,01 0,01 0,00 0,01 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,67 0,67 0,67 0,67 0,67 0,67 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Py 2,00 2,00 2,00 2,00 2,00 2,00 
Normalising 
factor 

2,98 2,98 2,99 2,97 2,99 2,98 

Fe 0,96 0,96 0,96 0,97 0,96 0,96 
Co 0,02 0,03 0,02 0,00 0,02 0,01 
Ni 0,00 0,00 0,00 0,00 0,00 0,00 
Cu 0,00 0,00 0,01 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 2,00 2,00 2,00 2,00 2,00 2,00 
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Sample 
number 

GGU563031 GGU563013 GGU563038 GGU563010     

Occurrence Shear zones Shear zones Shear zones Stringers   

Mount 2 3 5 4   
Puck 22 21 19 23     

Analysis results       
S (wt, %) 54,41 54,11 53,99 53,87   
Fe (wt, %) 45,59 45,89 45,73 45,12   
Co (wt, %) 0,00 0,00 0,28 0,70   
Ni (wt, %) 0,00 0,00 0,00 0,00   
Cu (wt, %) 0,00 0,00 0,00 0,31   
Pd (wt, %) 0,00 0,00 0,00 0,00   
Pt (wt, %) 0,00 0,00 0,00 0,00   
Total: 100,00 100,00 100,00 100,00   
       
Standard 

deviations 
      

σS 0,25 0,25 0,27 0,30   
σFe 0,25 0,25 0,27 0,28   
σCo 0,00 0,00 0,22 0,22   
σNi 0,00 0,00 0,00 0,00   
σCu 0,00 0,00 0,00 0,23   
σPt 0,00 0,00 0,00 0,00   
σPd 0,00 0,00 0,00 0,00   
       
Molar 

proportions 
      

S (mole) 1,70 1,69 1,68 1,68   
Fe (mole) 0,82 0,82 0,82 0,81   
Co (mole) 0,00 0,00 0,00 0,01   
Ni (mole) 0,00 0,00 0,00 0,00   
Cu (mole) 0,00 0,00 0,00 0,00   
Pd (mole) 0,00 0,00 0,00 0,00   
Pt (mole) 0,00 0,00 0,00 0,00   
Total 2,51 2,51 2,51 2,50   
       
Normalised to 

total molar 

proportions 

      

Fe 0,32 0,33 0,33 0,32   
Co 0,00 0,00 0,00 0,00   
Ni 0,00 0,00 0,00 0,00   
Cu 0,00 0,00 0,00 0,00   
Pd 0,00 0,00 0,00 0,00   
Pt 0,00 0,00 0,00 0,00   
S 0,68 0,67 0,67 0,67   
Total 1,00 1,00 1,00 1,00   
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in Py 2,00 2,00 2,00 2,00   
Normalising 
factor 

2,96 2,97 2,98 2,98   

Fe 0,96 0,97 0,97 0,96   
Co 0,00 0,00 0,01 0,01   
Ni 0,00 0,00 0,00 0,00   
Cu 0,00 0,00 0,00 0,01   
Pd 0,00 0,00 0,00 0,00   
Pt 0,00 0,00 0,00 0,00   
S 2,00 2,00 2,00 2,00     
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Mineral chemistry of marcasite. 

Sample 
number 

GGU563017 GGU564517 GGU564574 GGU564575 GGU564576 GGU563031 

Occurrence 
Along strike 
from profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Channel-
sampled 
profile 

Shear zones 

Mount 5 1 2 2 2 2 
Puck 14 15 4 5 6 22 

Analysis results       
S (wt, %) 53,52 54,00 53,82 53,31 53,40 53,61 
Fe (wt, %) 45,39 45,62 46,18 46,44 45,79 43,80 
Co (wt, %) 0,00 0,38 0,00 0,26 0,48 0,38 
Ni (wt, %) 0,32 0,00 0,00 0,00 0,00 1,91 
Cu (wt, %) 0,24 0,00 0,00 0,00 0,33 0,31 
Pd (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (wt, %) 0,00 0,00 0,00 0,00 0,00 0,00 
Total: 99,47 100,00 100,00 100,01 100,00 100,01 
       
Standard 

deviations 
      

σS 0,29 0,27 0,25 0,28 0,30 0,32 
σFe 0,28 0,27 0,25 0,27 0,28 0,30 
σCo 0,00 0,22 0,00 0,23 0,22 0,22 
σNi 0,18 0,00 0,00 0,00 0,00 0,21 
σCu 0,23 0,00 0,00 0,00 0,22 0,23 
σPt 0,00 0,00 0,00 0,00 0,00 0,00 
σPd 0,00 0,00 0,00 0,00 0,00 0,00 
       
Molar 

proportions 
      

S (mole) 1,67 1,68 1,68 1,66 1,67 1,67 
Fe (mole) 0,81 0,82 0,83 0,83 0,82 0,78 
Co (mole) 0,00 0,01 0,00 0,00 0,01 0,01 
Ni (mole) 0,01 0,00 0,00 0,00 0,00 0,03 
Cu (mole) 0,00 0,00 0,00 0,00 0,01 0,00 
Pd (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Pt (mole) 0,00 0,00 0,00 0,00 0,00 0,00 
Total 2,49 2,51 2,51 2,50 2,50 2,50 
       
Normalised to 

total molar 

proportions 

      

Fe 0,33 0,33 0,33 0,33 0,33 0,31 
Co 0,00 0,00 0,00 0,00 0,00 0,00 
Ni 0,00 0,00 0,00 0,00 0,00 0,01 
Cu 0,00 0,00 0,00 0,00 0,00 0,00 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 0,67 0,67 0,67 0,67 0,67 0,67 
Total 1,00 1,00 1,00 1,00 1,00 1,00 
       
Normalisation 

to stochimetric 

formulae 

      

Moles of S in 
Mar 

2,00 2,00 2,00 2,00 2,00 2,00 

Normalising 
factor 

2,99 2,98 2,99 3,01 3,00 2,99 

Fe 0,97 0,97 0,99 1,00 0,98 0,94 
Co 0,00 0,01 0,00 0,01 0,01 0,01 
Ni 0,01 0,00 0,00 0,00 0,00 0,04 
Cu 0,00 0,00 0,00 0,00 0,01 0,01 
Pd 0,00 0,00 0,00 0,00 0,00 0,00 
Pt 0,00 0,00 0,00 0,00 0,00 0,00 
S 2,00 2,00 2,00 2,00 2,00 2,00 

 

.
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6. Multiple sulphur isotope analyses 

 

This appendix includes the reduced multiple sulphur isotopic analyses with uncertainties given as 2σ values. The paragenesis (P and H) corresponds 

to, whether the grains were primary magmatic or hydrothermal based on petrography. The analysis name for each sample includes the mount- and 

puck numbers along with what sulphide mineral was analysed.   
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU563017 
Along strike from 

profile 
P S_M5_puck14_po1 -9,57 0,18 -18,96 0,27 -36,50 0,96 0,25 0,09 -0,78 0,66 

GGU563017 
Along strike from 

profile 
P S_M5_puck14_po2 -9,49 0,18 -18,67 0,27 -35,81 0,95 0,17 0,08 -0,64 0,65 

GGU563017 
Along strike from 

profile 
P S_M5_puck14_po3 -9,72 0,18 -18,97 0,27 -36,75 0,96 0,10 0,09 -1,01 0,67 

GGU563017 
Along strike from 

profile 
P S_M5_puck14_po4 -9,60 0,17 -18,77 0,27 -36,27 0,97 0,11 0,08 -0,91 0,68 

GGU563009 
Along strike from 

profile 
P S_M5_puck13_ccp1 -8,54 0,14 -16,73 0,19 -32,08 0,66 0,11 0,16 -0,54 0,66 

GGU563009 
Along strike from 

profile 
P S_M5_puck13_ccp2 -8,42 0,12 -16,57 0,15 -31,49 0,55 0,15 0,12 -0,24 0,50 

GGU563009 
Along strike from 

profile 
P S_M5_puck13_ccp3 -8,38 0,12 -16,35 0,15 -31,51 0,60 0,07 0,12 -0,67 0,55 

GGU563009 
Along strike from 

profile 
P S_M5_puck13_ccp4 -8,48 0,12 -16,49 0,15 -32,04 0,55 0,04 0,12 -0,95 0,50 

GGU563009 
Along strike from 

profile 
P S_M5_puck13_ccp5 -8,44 0,13 -16,41 0,15 -31,48 0,63 0,04 0,12 -0,53 0,59 

GGU564582 
Channel-sampled 

profile 
P S_M3_puck11_po1 -8,31 0,13 -16,27 0,15   0,10 0,13   

GGU564582 
Channel-sampled 

profile 
P S_M3_puck11_po2 -8,34 0,13 -16,48 0,15   0,18 0,13   

GGU564582 
Channel-sampled 

profile 
P S_M3_puck11_po3 -8,35 0,13 -16,43 0,16   0,15 0,13   

GGU564584 
Channel-sampled 

profile 
P S_M3_puck12_po1 -3,52 0,13 -6,99 0,15   0,08 0,13   

GGU564584 
Channel-sampled 

profile 
P S_M3_puck12_po2 -3,72 0,15 -7,30 0,16   0,04 0,14   

GGU564584 
Channel-sampled 

profile 
P S_M3_puck12_po3 -3,58 0,13 -6,95 0,15   0,00 0,13   

GGU564584 
Channel-sampled 

profile 
P S_M3_puck12_po4 -3,65 0,15 -7,31 0,15   0,12 0,14   

GGU564580 
Channel-sampled 

profile 
P S_M3_puck16_po1 -7,31 0,13 -14,50 0,16   0,19 0,12   

GGU564580 
Channel-sampled 

profile 
P S_M3_puck16_po2 -7,48 0,13 -14,61 0,16   0,07 0,13   

GGU564580 
Channel-sampled 

profile 
P S_M3_puck16_po3 -7,40 0,13 -14,46 0,15   0,08 0,13   
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU564578 
Channel-sampled 

profile 
P S_M3_puck8_po1 -9,74 0,13 -19,09 0,15   0,13 0,13   

GGU564578 
Channel-sampled 

profile 
P S_M3_puck8_po2 -9,75 0,14 -18,91 0,15   0,04 0,14   

GGU564578 
Channel-sampled 

profile 
P S_M3_puck8_po3 -9,77 0,14 -19,05 0,15   0,09 0,13 

  

GGU564578 
Channel-sampled 

profile 
P S_M3_puck8_po4 -9,63 0,14 -18,99 0,15   0,20 0,14   

GGU564571 
Channel-sampled 

profile 
P S_M1_puck1_po1 -8,06 0,14 -15,82 0,23 -30,55 0,79 0,12 0,09 -0,71 0,49 

GGU564571 
Channel-sampled 

profile 
P S_M1_puck1_po2 -8,19 0,14 -15,98 0,23 -30,87 0,81 0,07 0,09 -0,73 0,52 

GGU564571 
Channel-sampled 

profile 
P S_M1_puck1_po3 -8,15 0,14 -15,96 0,23 -30,74 0,81 0,10 0,09 -0,64 0,53 

GGU564519 
Channel-sampled 

profile 
P S_M1_puck10_po1 -5,88 0,14 -11,37 0,23 -22,10 0,82 0,00 0,09 -0,60 0,54 

GGU564519 
Channel-sampled 

profile 
P S_M1_puck10_po2 -5,54 0,13 -10,95 0,23 -21,08 0,80 0,11 0,08 -0,37 0,50 

GGU564519 
Channel-sampled 

profile 
P S_M1_puck10_po3 -5,59 0,13 -11,12 0,23 -21,30 0,80 0,16 0,08 -0,27 0,50 

GGU564519 
Channel-sampled 

profile 
P S_M1_puck10_po4 -5,63 0,14 -11,14 0,23 -21,52 0,80 0,12 0,08 -0,46 0,50 

GGU564517 
Channel-sampled 

profile 
P S_M1_puck15_po1 -8,02 0,14 -15,88 0,24 -30,81 0,81 0,19 0,10 -0,86 0,53 

GGU564517 
Channel-sampled 

profile 
P S_M1_puck15_po2 -7,99 0,14 -15,68 0,23 -30,75 0,81 0,12 0,09 -1,17 0,52 

GGU564517 
Channel-sampled 

profile 
P S_M1_puck15_po3 -8,01 0,14 -15,58 0,23 -29,89 0,81 0,05 0,10 -0,48 0,53 

GGU564517 
Channel-sampled 

profile 
P S_M1_puck15_po4 -8,05 0,14 -15,64 0,23 -30,60 0,81 0,04 0,09 -1,08 0,52 

GGU564517 
Channel-sampled 

profile 
P S_M1_puck15_po5 -8,04 0,14 -15,63 0,23 -30,20 0,82 0,04 0,10 -0,72 0,54 

GGU564572 
Channel-sampled 

profile 
P S_M1_puck2_po1 -8,24 0,13 -16,12 0,23 -30,98 0,80 0,10 0,08 -0,57 0,50 

GGU564572 
Channel-sampled 

profile 
P S_M1_puck2_po2 -8,11 0,14 -16,04 0,23 -30,98 0,85 0,18 0,09 -0,72 0,58 

GGU564572 
Channel-sampled 

profile 
P S_M1_puck2_po3 -8,19 0,14 -16,01 0,23 -30,74 0,83 0,09 0,09 -0,55 0,56 
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU564572 
Channel-sampled 

profile 
P S_M1_puck2_ccp1 -8,21 0,12 -16,06 0,12 -31,14 0,51 0,09 0,10 -0,84 0,28 

GGU564572 
Channel-sampled 

profile 
P S_M1_puck2_ccp2 -8,21 0,12 -16,09 0,13 -31,43 0,49 0,11 0,11 -1,07 0,26 

GGU564573 
Channel-sampled 

profile 
P S_M2_puck3_po1 -7,92 0,22 -15,55 0,32 -30,20 0,65 0,12 0,11 -0,86 0,52 

GGU564573 
Channel-sampled 

profile 
P S_M2_puck3_po2 -8,07 0,22 -15,88 0,32 -30,83 0,61 0,14 0,11 -0,89 0,47 

GGU564573 
Channel-sampled 

profile 
P S_M2_puck3_po3 -7,88 0,22 -15,48 0,32 -29,64 0,65 0,12 0,11 -0,43 0,52 

GGU564573 
Channel-sampled 

profile 
P S_M2_puck3_po4 -8,14 0,22 -15,89 0,32 -30,53 0,61 0,07 0,11 -0,56 0,47 

GGU564573 
Channel-sampled 

profile 
P S_M2_puck3_po5 -8,06 0,22 -15,81 0,32 -30,56 0,61 0,11 0,11 -0,74 0,47 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po1 -8,40 0,22 -16,47 0,32 -31,76 0,62 0,12 0,11 -0,70 0,48 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po2 -8,31 0,22 -16,27 0,32 -31,62 0,61 0,10 0,11 -0,93 0,47 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po3 -8,34 0,22 -16,19 0,32 -31,36 0,62 0,03 0,11 -0,82 0,48 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po4 -8,47 0,22 -16,48 0,32 -31,52 0,61 0,05 0,11 -0,45 0,47 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po5 -8,53 0,22 -16,54 0,32 -31,77 0,61 0,02 0,11 -0,57 0,47 

GGU564574 
Channel-sampled 

profile 
P S_M2_puck4_po6 -8,48 0,22 -16,52 0,32 -31,81 0,62 0,06 0,11 -0,66 0,48 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po1 -8,66 0,22 -17,03 0,32 -32,71 0,62 0,15 0,11 -0,60 0,49 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po2 -8,60 0,22 -16,99 0,32 -32,95 0,62 0,19 0,11 -0,92 0,49 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po3 -8,58 0,22 -16,82 0,32 -32,35 0,63 0,12 0,11 -0,64 0,50 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po4 -8,58 0,22 -17,09 0,32 -32,71 0,63 0,26 0,11 -0,49 0,50 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po5 -8,64 0,22 -16,96 0,32 -32,51 0,62 0,14 0,11 -0,53 0,48 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po6 -8,59 0,22 -16,94 0,32 -32,77 0,62 0,17 0,11 -0,82 0,48 
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU564575 
Channel-sampled 

profile 
P S_M2_puck5_po7 -8,52 0,22 -16,78 0,32 -32,40 0,61 0,15 0,11 -0,76 0,48 

GGU564576 
Channel-sampled 

profile 
P S_M2_puck6_po1 -8,90 0,22 -17,30 0,32 -33,37 0,64 0,05 0,11 -0,75 0,51 

GGU564576 
Channel-sampled 

profile 
P S_M2_puck6_po2 -8,75 0,22 -17,13 0,32 -33,07 0,62 0,11 0,11 -0,76 0,47 

GGU564576 
Channel-sampled 

profile 
P S_M2_puck6_po3 -8,59 0,22 -16,96 0,32 -32,59 0,61 0,18 0,11 -0,61 0,47 

GGU564576 
Channel-sampled 

profile 
P S_M2_puck6_po4 -8,82 0,22 -17,21 0,32 -32,88 0,63 0,08 0,11 -0,43 0,50 

GGU564577 
Channel-sampled 

profile 
P S_M2_puck7_po1 -9,24 0,22 -18,13 0,32 -34,85 0,62 0,14 0,10 -0,69 0,47 

GGU564577 
Channel-sampled 

profile 
P S_M2_puck7_po2 -9,35 0,22 -18,29 0,32 -35,00 0,61 0,11 0,11 -0,53 0,47 

GGU564577 
Channel-sampled 

profile 
P S_M2_puck7_po3 -9,24 0,22 -18,05 0,32 -34,82 0,62 0,10 0,11 -0,81 0,48 

GGU564577 
Channel-sampled 

profile 
P S_M2_puck7_po4 -9,23 0,22 -18,21 0,32 -34,94 0,62 0,18 0,11 -0,63 0,48 

GGU564577 
Channel-sampled 

profile 
P S_M2_puck7_po5 -9,11 0,22 -17,92 0,32 -34,36 0,67 0,16 0,11 -0,59 0,55 

GGU563022 Contact mineralisation P S_M4_puck27_po1 5,83 0,10 11,38 0,14   -0,01 0,10   

GGU563022 Contact mineralisation P S_M4_puck27_po2 5,52 0,10 10,80 0,14   -0,03 0,10   

GGU563022 Contact mineralisation P S_M4_puck27_po3 5,43 0,11 10,81 0,14   -0,12 0,11   

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_po1 -0,65 0,17 -1,39 0,27 -2,74 0,97 0,06 0,08 -0,11 0,68 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_po2 -0,60 0,17 -1,13 0,27 -2,10 0,98 -0,02 0,07 0,05 0,69 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_po3 -0,73 0,18 -1,52 0,27 -2,86 0,98 0,05 0,10 0,02 0,70 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_ccp1 -0,93 0,12 -1,70 0,15 -3,66 0,56 -0,06 0,12 -0,43 0,52 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_ccp2 -0,75 0,13 -1,56 0,16 -2,96 0,59 0,05 0,13 0,01 0,55 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
P S_M5_puck20_ccp3 -0,94 0,14 -1,78 0,19 -3,50 0,66 -0,03 0,16 -0,12 0,67 
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_ccp1 -1,19 0,24 -2,42 0,12   0,05 0,19   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_ccp2 -1,15 0,24 -2,37 0,12   0,08 0,19   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_ccp3 -1,45 0,24 -2,77 0,13   -0,03 0,19   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_pnt1 -0,93 0,13 -1,56 0,14   -0,13 0,14   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_pnt2 -0,80 0,14 -1,60 0,14   0,03 0,15   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_pnt3 -1,01 0,13 -1,66 0,14   -0,16 0,14   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_pnt4 -0,81 0,12 -1,56 0,14   -0,01 0,13   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
P S_M4_puck25_pnt5 -1,00 0,13 -1,86 0,14   -0,04 0,14   

GGU563036 
Mingling zone - 

Stringers 
P S_M5_puck17_po1 -0,76 0,18 -1,58 0,28 -3,42 1,01 0,05 0,10 -0,42 0,74 

GGU563036 
Mingling zone - 

Stringers 
P S_M5_puck17_po2 -0,66 0,18 -1,49 0,28 -2,97 1,02 0,10 0,09 -0,14 0,75 

GGU563036 
Mingling zone - 

Stringers 
P S_M5_puck17_po3 -0,75 0,18 -1,45 0,28 -3,05 1,02 -0,01 0,10 -0,31 0,75 

GGU563037 
Mingling zone - 

Stringers 
P S_M5_puck18_po1 -0,48 0,18 -1,02 0,27 -2,02 1,01 0,05 0,09 -0,08 0,74 

GGU563037 
Mingling zone - 

Stringers 
P S_M5_puck18_po2 -0,45 0,18 -1,19 0,27 -2,69 0,98 0,17 0,10 -0,42 0,70 

GGU563037 
Mingling zone - 

Stringers 
P S_M5_puck18_po3 -0,21 0,18 -0,49 0,28 -1,45 1,00 0,04 0,10 -0,52 0,72 

GGU563010 
Mingling zone - 

Stringers 
P S_M4_puck23_po1 1,99 0,11 3,81 0,14   0,03 0,11   

GGU563010 
Mingling zone - 

Stringers 
P S_M4_puck23_po2 2,48 0,10 4,55 0,14   0,14 0,10   

GGU563010 
Mingling zone - 

Stringers 
P S_M4_puck23_po3 2,68 0,11 4,94 0,14   0,13 0,11   

GGU564816 
Sulphide-bearing 

country rocks 
P S_M4_puck26_po1 -4,56 0,13 -8,99 0,14   0,08 0,12   

GGU564816 
Sulphide-bearing 

country rocks 
P S_M4_puck26_po2 -4,61 0,10 -8,91 0,13   -0,01 0,10   
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU564816 
Sulphide-bearing 

country rocks 
P S_M4_puck26_po3 -4,72 0,10 -9,27 0,13   0,06 0,10   

GGU563017 
Along strike from 

profile 
H (?) S_M5_puck14_py1 -9,32 0,11 -18,20 0,18 -34,90 0,45 0,10 0,09 -0,61 0,37 

GGU563017 
Along strike from 

profile 
H (?) S_M5_puck14_py2 -9,62 0,11 -18,73 0,18 -36,49 0,47 0,07 0,10 -1,21 0,39 

GGU563017 
Along strike from 

profile 
H (?) S_M5_puck14_py3 -9,56 0,11 -18,65 0,17 -35,81 0,47 0,09 0,09 -0,68 0,39 

GGU564571 
Channel-sampled 

profile 
H (?) S_M1_puck1_py1 -8,34 0,11 -16,24 0,17 -31,28 0,56 0,06 0,08 -0,66 0,43 

GGU564571 
Channel-sampled 

profile 
H (?) S_M1_puck1_py2 -8,20 0,11 -16,03 0,17 -31,11 0,56 0,08 0,09 -0,88 0,43 

GGU564571 
Channel-sampled 

profile 
H (?) S_M1_puck1_py3 -8,09 0,11 -16,00 0,17 -30,86 0,55 0,18 0,08 -0,69 0,41 

GGU564582 
Channel-sampled 

profile 
H S_M3_puck11_py1 -5,97 0,12 -11,87 0,15   0,16 0,11   

GGU564582 
Channel-sampled 

profile 
H S_M3_puck11_py2 -6,72 0,12 -13,12 0,15   0,05 0,11   

GGU564582 
Channel-sampled 

profile 
H S_M3_puck11_py3 -6,39 0,12 -12,74 0,15   0,19 0,11   

GGU564575 
Channel-sampled 

profile 
H S_M3_puck5_py1 -8,76 0,16 -16,99 0,14   0,02 0,13   

GGU564575 
Channel-sampled 

profile 
H S_M3_puck5_py2 -8,64 0,15 -16,90 0,14   0,10 0,12   

GGU564575 
Channel-sampled 

profile 
H S_M3_puck5_py3 -8,60 0,15 -16,89 0,14   0,13 0,13   

GGU564575 
Channel-sampled 

profile 
H S_M3_puck5_py4 -8,77 0,15 -17,17 0,14   0,11 0,12   

GGU564575 
Channel-sampled 

profile 
H S_M3_puck5_py5 -8,56 0,15 -16,91 0,14   0,18 0,12   

GGU564578 
Channel-sampled 

profile 
H S_M3_puck8_py1 -9,76 0,14 -18,89 0,14   0,01 0,12   

GGU564578 
Channel-sampled 

profile 
H S_M3_puck8_py2 -9,78 0,15 -19,13 0,14   0,12 0,13   

GGU564578 
Channel-sampled 

profile 
H S_M3_puck8_py3 -9,83 0,14 -19,29 0,13   0,15 0,11   

GGU564572 
Channel-sampled 

profile 
H S_M1_puck2_py1 -8,01 0,11 -15,89 0,17 -30,66 0,55 0,20 0,09 -0,67 0,42 
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU564572 
Channel-sampled 

profile 
H S_M1_puck2_py2 -7,60 0,11 -14,99 0,17 -29,06 0,56 0,15 0,09 -0,77 0,43 

GGU564572 
Channel-sampled 

profile 
H S_M1_puck2_py3 -8,13 0,11 -15,89 0,17 -30,93 0,56 0,09 0,09 -0,96 0,43 

GGU564520 
Channel-sampled 

profile 
H S_M1_puck9_py1 -5,82 0,11 -11,39 0,17 -22,21 0,58 0,06 0,09 -0,69 0,46 

GGU564520 
Channel-sampled 

profile 
H S_M1_puck9_py2 -5,97 0,11 -11,58 0,17 -22,61 0,56 0,01 0,08 -0,73 0,43 

GGU564520 
Channel-sampled 

profile 
H S_M1_puck9_py3 -5,59 0,11 -10,98 0,17 -21,38 0,56 0,08 0,09 -0,62 0,43 

GGU564520 
Channel-sampled 

profile 
H S_M1_puck9_py4 -5,54 0,11 -10,74 0,17 -20,77 0,56 0,01 0,09 -0,47 0,43 

GGU564577 
Channel-sampled 

profile 
H S_M2_puck7_py1 -9,36 0,09 -18,28 0,17 -35,11 0,63 0,10 0,09 -0,65 0,46 

GGU564577 
Channel-sampled 

profile 
H S_M2_puck7_py2 -9,09 0,09 -17,80 0,17 -34,27 0,61 0,11 0,10 -0,73 0,42 

GGU564577 
Channel-sampled 

profile 
H S_M2_puck7_py3 -9,28 0,10 -17,89 0,17 -34,59 0,61 -0,02 0,10 -0,87 0,43 

GGU564577 
Channel-sampled 

profile 
H S_M2_puck7_py4 -9,01 0,09 -17,55 0,17 -33,87 0,63 0,07 0,10 -0,78 0,45 

GGU564576 
Channel-sampled 

profile 
H S_M2_puck6_py1 -8,43 0,09 -16,47 0,18 -31,72 0,63 0,08 0,09 -0,65 0,46 

GGU564576 
Channel-sampled 

profile 
H S_M2_puck6_py2 -8,80 0,09 -17,22 0,18 -33,21 0,62 0,10 0,10 -0,74 0,44 

GGU564576 
Channel-sampled 

profile 
H S_M2_puck6_py3 -8,80 0,09 -17,21 0,18 -33,21 0,64 0,10 0,10 -0,76 0,46 

GGU564576 
Channel-sampled 

profile 
H S_M2_puck6_py4 -8,86 0,09 -17,21 0,18 -33,05 0,63 0,04 0,10 -0,61 0,45 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
H S_M5_puck20_py1 -0,84 0,11 -1,79 0,18 -3,53 0,49 0,09 0,09 -0,13 0,41 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
H S_M5_puck20_py2 -1,08 0,11 -2,09 0,17 -4,44 0,47 0,00 0,09 -0,47 0,39 

GGU563041 
Mafic-ultramafic 

sheets and brecciae 
H S_M5_puck20_py3 -0,35 0,11 -0,74 0,18 -1,86 0,50 0,03 0,10 -0,46 0,42 

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
H S_M4_puck25_py1 -0,96 0,12 -1,89 0,13   0,01 0,11   

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
H S_M4_puck25_py2 -1,03 0,12 -2,07 0,13   0,03 0,11   
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Sample No Occurrence 
Para-

genesis 
Analysis name δ33S 2σ δ34S 2σ δ36S 2σ ∆33S 2σ ∆36S 2σ 

GGU563033 
Mafic-ultramafic 

sheets and brecciae 
H S_M4_puck25_py3 -0,87 0,11 -1,85 0,13   0,08 0,10   

GGU563038 
Mineralised shear 

zones 
H S_M5_puck19_py1 -6,62 0,11 -12,92 0,17 -25,08 0,47 0,05 0,09 -0,69 0,38 

GGU563038 
Mineralised shear 

zones 
H S_M5_puck19_py2 -5,50 0,11 -10,75 0,17 -20,88 0,46 0,05 0,09 -0,56 0,37 

GGU563038 
Mineralised shear 

zones 
H S_M5_puck19_py3 -6,96 0,13 -13,66 0,20 -26,23 0,46 0,10 0,12 -0,44 0,41 

GGU563038 
Mineralised shear 

zones 
H S_M5_puck19_py4 -6,67 0,11 -13,00 0,17 -25,02 0,49 0,04 0,10 -0,46 0,42 

GGU563010 
Mingling zone - 

Stringers 
H S_M4_puck23_py1 2,95 0,11 5,69 0,13   0,03 0,10   

GGU563010 
Mingling zone - 

Stringers 
H S_M4_puck23_py2 3,02 0,11 5,68 0,13   0,09 0,10   

GGU563010 
Mingling zone - 

Stringers 
H S_M4_puck23_py3 2,78 0,11 5,48 0,13   -0,04 0,10   

GGU563013 
Mineralised shear 

zones 
H S_M3_puck21_py1 -4,86 0,15 -9,30 0,14   -0,06 0,13   

GGU563013 
Mineralised shear 

zones 
H S_M3_puck21_py2 -4,40 0,15 -8,61 0,14   0,04 0,13   

GGU563013 
Mineralised shear 

zones 
H S_M3_puck21_py3 -4,62 0,15 -9,04 0,14   0,04 0,12   

GGU563031 
Mineralised shear 

zones 
H S_M2_puck22_py1 -2,25 0,09 -4,50 0,18 -8,51 0,64 0,07 0,10 0,02 0,47 

GGU563031 
Mineralised shear 

zones 
H S_M2_puck22_py2 -1,64 0,09 -3,25 0,18 -6,30 0,65 0,04 0,10 -0,12 0,49 
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7. Calculation of whole rock sulphur content 

 

This appendix consists of the step-by-step calculations for estimating the whole rock sulphur content. How the steps are calculated is mentioned in 

the header for each step. 

  



199 

 

Sample GGU563021 GGU563022 GGU563032 GGU563033 GGU563041 GGU563036 GGU563037 GGU563013 GGU563031 GGU563038 GGU563012 

Occurrence Contact Contact 

Mafic-

ultramafic 

breccia clast 

Mafic-

ultramafic 

breccia matrix 

Mafic-

ultramafic 

sheet 

Mingling Mingling Shear Shear Shear Shear 

Estimated density of the silicate rock 

in g/cm3 (Kearey et al., 2002) 
2.8 3 3.2 3 3 3.2 3 2.8 2.8 2.8 2.8 

            

Silicates (vol. %) 98 99 98 95 85 95 95 99 98 70 96 

Sulphides (vol. %) 2 1 2 5 15 5 5 1 2 30 4 

            

Silicates - wt.% in whole rock (vol. 

fraction multiplied with silicate rock 

density) 

2.74 2.97 3.14 2.85 2.55 3.04 2.85 2.77 2.74 1.96 2.69 

            

Modal mineralogy of 100% sulphides (vol. %)       

Po - density = 4.61 g/cm3 80 80 90 1 55 50 45 20 3 0 60 

Pnt - density = 4.8 g/cm3 0 0 0 10 5 0 0 0 0 0 0 

Ccp - density = 4.19 g/cm3 10 10 5 4 20 10 5 10 7 2 5 

Py - density = 5.01 g/cm3 5 5 5 85 15 2 45 65 90 98 20 

Cc - density = 5.65 g/cm3 0 0 0 0 0 0 0 1 0 0 0 

Cv - density = 4.68 g/cm3 2.5 2.5 0 0 0 0 1 1 0 0 0 

Mar - density = 4.89 g/cm3 2.5 2.5 0 0 5 38 4 3 0 0 15 

Total S (vol%) 100 100 100 100 100 100 100 100 100 100 100 

            

Bulk density (sum of the fraction of 

each mineral multiplied it's density) 
4.60 4.60 4.61 4.95 4.61 4.68 4.78 4.85 4.94 4.99 4.71 

            



200 

 

Sulphides - wt. % in whole rock (vol. 

fraction multiplied with sulphide 

fraction density) 

0.09 0.05 0.09 0.25 0.69 0.23 0.24 0.05 0.10 1.50 0.19 

            

Sum of wt. % silicates and wt. % 

sulphides. 
2.84 3.02 3.23 3.10 3.24 3.27 3.09 2.82 2.84 3.46 2.88 

            

Whole rock silicate in wt. % 

(normalised to 100%) 
96.76 98.48 97.14 92.01 78.67 92.85 92.26 98.28 96.52 56.68 93.45 

            

Whole rock sulphides in wt. % 

(normalised to 100%) 
3.24 1.52 2.86 7.99 21.33 7.15 7.74 1.72 3.48 43.32 6.55 

            

Wt. % of sulphides (vol. % multiplied with bulk density)       

Po 368.80 368.80 414.90 4.61 253.55 230.50 207.45 92.20 13.83 0.00 276.60 

Pnt 0.00 0.00 0.00 48.00 24.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ccp 41.90 41.90 20.95 16.76 83.80 41.90 20.95 41.90 29.33 8.38 20.95 

Py 25.05 25.05 25.05 425.85 75.15 10.02 225.45 325.65 450.90 490.98 100.20 

Cc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.65 0.00 0.00 0.00 

Cv  11.70 11.70 0.00 0.00 0.00 0.00 4.68 4.68 0.00 0.00 0.00 

Mar 12.23 12.23 0.00 0.00 24.45 185.82 19.56 14.67 0.00 0.00 73.35 

Total 459.68 459.68 460.90 495.22 460.95 468.24 478.09 484.75 494.06 499.36 471.10 

            

Moles of sulphide minerals (wt.% divided by mineral molar mass)       

Po (M = 85.12 g/mole) 4.33 4.33 4.87 0.05 2.98 2.71 2.44 1.08 0.16 0.00 3.25 

Pnt (M =771.94 g/mole) 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

Ccp (M =183.53 g/mole) 0.23 0.23 0.11 0.09 0.46 0.23 0.11 0.23 0.16 0.05 0.11 

Py (M =119.98 g/mole) 0.21 0.21 0.21 3.55 0.63 0.08 1.88 2.71 3.76 4.09 0.84 
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Cc (M = 159.16 g/mole) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 

Cv (M = 95.61 g/mole) 0.12 0.12 0.00 0.00 0.00 0.00 0.05 0.05 0.00 0.00 0.00 

Mar (M =119.98 g/mole) 0.10 0.10 0.00 0.00 0.20 1.55 0.16 0.12 0.00 0.00 0.61 

Total 4.99 4.99 5.20 3.76 4.30 4.57 4.64 4.23 4.08 4.14 4.81 

            

Moles of S in sulphide minerals (Moles of minerals multiplied with sulphur-to-metal-ratio).       

Po (1:1) 4.33 4.33 4.87 0.05 2.98 2.71 2.44 1.08 0.16 0.00 3.25 

Pnt (8:9) 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00 

Ccp (2:2 - 1:1) 0.23 0.23 0.11 0.09 0.46 0.23 0.11 0.23 0.16 0.05 0.11 

Py (2:1) 0.42 0.42 0.42 7.10 1.25 0.17 3.76 5.43 7.52 8.18 1.67 

Cc (1:2) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 

Cv (1:1) 0.12 0.12 0.00 0.00 0.00 0.00 0.05 0.05 0.00 0.00 0.00 

Mar (2:1) 0.20 0.20 0.00 0.00 0.41 3.10 0.33 0.24 0.00 0.00 1.22 

Total 5.30 5.30 5.41 7.30 5.12 6.20 6.68 7.05 7.84 8.23 6.26 

            

Sulphur in wt.% (moles of sulphur 

multiplied with S molar mass) 
170.10 170.10 173.35 234.06 164.28 198.83 214.34 226.10 251.35 263.90 200.63 

            

Sulphur content of total sulphide (wt. 

% sulphur divided by total wt. % of 

sulphides)  

37.00 37.00 37.61 47.26 35.64 42.46 44.83 46.64 50.87 52.85 42.59 

            

Whole rock sulphur in wt.% 

(whole rock sulphide content 

multiplied with sulphur content of 

bulk sulphides divided by 100%) 

1.20 0.56 1.07 3.78 7.60 3.04 3.47 0.80 1.77 22.89 2.79 

 


