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Abstract 

ANDERS PLAN 

Plan, A., 2020: Resolving temporal links between the Högberget granite and the Wigström tungsten skarn deposit 

in Bergslagen (Sweden) using trace elements and U-Pb LA-ICPMS on complex zircons. Dissertations in Geology 

at Lund University, No. 580, 58 pp. 45 hp (45 ECTS credits). 
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con, hydrothermal zircon, LA-ICPMS, SEM, skarn, tungsten, wolfram, scheelite, deposit, ore, critical raw material. 

 

Supervisor(s): Ulf Söder lund (LU), Edward Lynch (SGU) 

Subject: Bedrock Geology 

Anders Plan, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 

plan.anders@gmail .com  

Abstract: Combined U-Pb and REE trace element LA-ICPMS analyses were performed on zircons, from the 

scheelite-bearing Wigström skarn, associated micro-granitic dykes and the highly evolved parental Högberget 

(sensu stricto) granite. Combined systematic of zircon typology and microtextures, trace elements and isotopic 

chemistry suggest the presence of several diverse zircon types, spanning from early- to late- magmatic stage into a 

hydrothermal stage. Early stage magmatic zircons (type M1 and M2-S) have high concentrations of U (3300–11500 

ppm), Th (1500–7300 ppm), REEs (average ΣREEn: 11500) and Pb-C signatures and yield highly discordant data. 

Typological features are varying, but the majority consists of prismatic crystals with oscillatory zonations. In com-

parison, late stage magmatic zircons (type M2) have lower concentrations of U (200–3000 ppm), Th (100–1900 

ppm), REEs (average ΣREEn: 7600) and Pb-C signatures (e.g. average 204Pb CPS: 300). Typological features in-

clude irregular, quasi-smooth forms which lack internal zonations. Geochronological analyses yield concordant 

data, after interpretation an 207Pb/206Pb weighted mean age of ~1.8 Ga is achieved. Hydrothermal zircon (skarn 

hosted, type H) associates with hydrothermal quartz, calcite, fluorite and scheelite within the skarn. Type H zircons 

shares similarities with type M2, yielding low concentrations of U (100–6200 ppm), Th (1–1500 ppm), and Pb-C 

signatures (e.g. average 204Pb CPS: 300), but slightly higher concentrations of REEs (average ΣREEn: 17800). Ty-

pological features display various forms, i.e. skeletal, irregular, oblong, and typically lacks prisms. Internal textures 

vary from zoned to homogenous, and spongy textures are common. Geochronological data are scattered, but dis-

play a concordant cluster around 1.8 Ga, calculated as 207Pb/206Pb weighted mean age of 1795±20 Ma (2.0 MSWD). 

The achieved ages further fortify a ~1.8 Ga for the tungsten metallogenesis in Bergslagen. Magmatic (early- and 

late types) and hydrothermal zircon can be distinguished via trace elemental discrimination diagram and in CI-

chondrite normalized spidergrams. For discrimination diagram, Th versus Th/U, U versus Th, and ΣREEn versus Th 

diagrams clearly displays evolutionary transitional trend between the different zircon types. In spidergrams, 

Magmatic zircons have typical patterns for magmatic zircons (but shows LREE enrichments), whereas hydrot-

hermal zircons display a convex pattern, which clearly distinguish the zircon populations apart.  



 

 

Sammanfattning 

ANDERS PLAN 

Plan, A., 2020: Undersökning av den tidsmässiga relationen mellan Högberget-graniten och Wigström-

tungstensmineraliseringen i Bergslagen (Sverige) med hjälp av spårelement och U-Pb LA-ICPMS på komplexa 

zirkoner. Dissertations in Geology at Lund University, No. 580, 58 s. 45 hp (45 ECTS credits). 

Nyckelord:  Bergslagen, Wigström, Högberget, geokronologi, geokemi, U-Pb, REE, spårelement, zirkon, hydro-

termal zirkon, LA-ICPMS, SEM, skarn, tungsten, wolfram, scheelite, fyndighet, malm, kritisk råvara. 

 

Handledare: Ulf Söder lund (LU), Edward Lynch (SGU) 

Ämnesinriktning: Berggrundsgeologi 

Anders Plan, Geologiska institutionen, Lund Universitet, Sölvegatan 12, SE-223 62 Lund, Sverige. E-mail: 

plan.anders@gmail .com  

Sammanfattning: Kombinerade U-Pb och REE-spårelements LA-ICPMS-analyser utfördes på zirkoner från det 

scheelitbärande Wigström-skarnet, mikrogranitiska gångar och Högberget (sensu stricto) graniten. Utifrån kombi-

nerad systematiskt baserat på zirkontypologi och mikrotexturer, spårelement och isotopkemi antyds förekommandet 

utav olika zirkontyper, vars bildningar har tolkats att förekomma från ett tidigt till ett sent magmatiskt stadium, 

samt vid övergången till ett hydrotermalt system. Magmatiska zirkoner i tidigt magmatiskt stadium (av typ M1 och 

M2-S) uppvisar höga koncentrationer av U (3300–11500 ppm), Th (1500–7300 ppm), REEs (medelvärde på 

ΣREEn: 11500) och Pb-C-signaturer, geokronologiskt data plottar diskordant. Typologiska särdrag inkluderar ett 

brett spektrum, dock består populationens främst utav prismatiska kristaller med karaktäristiska tillväxtzoneringar 

internt. I jämförelse har magmatiska zirkoner i ett sent magmatiskt stadie (typ M2) låga koncentrationer av U (200–

3000 ppm), Th (100–1900 ppm), REEs (genomsnitt ΣREEn: 7600) och Pb-C-signaturer (t.ex. genomsnitt 204Pb 

CPS: 300). Typologiska särdrag inkluderar oregelbundna, icke prismatiska former som helt saknar interna zo-

neringar. Geokronologisk data plottar konkordant och lägre diskordant, efter tolkning uppnås ett viktat 207Pb/206Pb 

medelvärde av ~1.8 Ga, vilket anses representera Högberg granitens kristallisations ålder. Den hydrotermala zir-

konpopulationen (skarnzirkoner, typ H) associeras tillsammans med hydrotermala faser (tex. kvarts, kalcit och flu-

orit) och scheelit, de delar likheter typologiskt med typ M2 zirkoner, och likmässigt uppvisar låga koncentrationer 

av U (100–6200 ppm), Th (1–1500 ppm) och Pb-C signaturer (t.ex. genomsnitt 204Pb CPS: 300), men något högre 

koncentrationer av REE (genomsnitt ΣREEn: 17800). Stora variationer förekommer typologiskt, former varierar 

från t.ex. skeltala, oregelbundet, avlångt och är generellt oprismatiska, interna strukturer varierar från zonerade till 

homogena, och ”spongey” texturer är vanliga. Geokronologiska data ger en bred spridning, men med ett representa-

tivt kluster runt 1.8 Ga, som vidare uppnår ett viktat 207Pb/206Pb medelvärde 1795±20 Ma (2,0 MSWD). De magma-

tiska och hydrotermala zirkon populationer kan särskiljas via diverse spårelementsdiagram, och även i CI-chondrit 

normaliserade ”spidergrams”. I bivarata diagram som: Th mot Th/U, U mot Th och ΣREEn mot Th kan man tydligt 

urskilja övergångstrend mellan de olika zirkontyperna (d.v.s. från typ M1 till M2 till H). I CI-normaliserade 

”spidergrams” innehar de magmatiska zirkonerna särtypiska mönster för magmatiska zirkoner (men visar LREE-

anrikning), medan hydrotermala zirkoner uppvisar ett konvext mönster.  
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1  Introduction  
 
Tungsten (W), also known as Wolfram, is notable for 

its material robustness (e.g. Lassner & Schubert 1999 

and the references therein) and is mainly used to man-

ufacture composite materials and alloys for industrial, 

medical and military applications. In the daily life, 

tungsten is commonly recognized as alloys, in form of 

hardmetals (cemented carbides) for manufacturing 

tools. The metal is highly coveted on the global mar-

ket, broadly recognized for having outstanding me-

chanical properties e.g. very high hardness (>9 Mohs), 

ductility and fracture toughness (Hegeman et al. 2001). 

Globally, China accounts for the majority of tungsten 

production (>80%), and also has the largest reserves in 

the world, ~1900000 tons (>50%) (Jifu et al. 2015; 

www.usgs.gov). Currently, the global market is strictly 

regulated, as China has imposed tungsten export quo-

tas, causing the price to skyrocket over the last decade. 

As a response, the European commission has assigned 

tungsten as a critical raw material (CRM) as the metal 

is regarded vital for Europe’s economy and ranks as 

the highest CRM regarding economic importance 

(ec.europa.eu).  This study is part of an EU (European 

Union) founded project, assign to SGU (Geological 

Survey of Sweden), with the aim to investigate tung-

sten potentials around Europe to secure future market 

stabilities. The SGU project aims to constrain and as-

sess potential resources within the extensively W-

mineralized Ludvika area in the Bergslagen region, 

which includes voluminous tungsten occurrences and 

older mined deposits such as e.g. the Yxsjöberg and 

the Wigström deposits. 

  

The study of accessory minerals in rocks can provide 

important information regarding different evolutionary

-stages and processes. Zircon (ZrSiO2) is undoubtedly 

the most widely used accessory mineral due to its 

ubiquitous presence in the geological record, its ability 

to incorporate and retain high abundancy of incompati-

ble elements (e.g. U-Pb-Th and REE), has a low ele-

mental diffusivity and is highly refractory. As a result, 

zircon has chiefly been employed for U-Pb dating, 

yielding accurate and precise emplacement age, and 

for trace element geochemistry (e.g. REEs) whereas 

variable ratios can provide insights of controlling geo-

logical processes (e.g. Wang et al. 2016). As a as-

secory mineral zircon has a strong potential to influ-

ence trace elemental behavior during magmatic crys-

tallization. Therefore, incorporated zircon trace ele-

ments can provide significant information of hydro-

thermal processes, and metallogenesis (Li et al. 2014 

and the reference therein). However, studies from re-

cent decades reveals that refractory elements, such as 

e.g. zirconium (Zr), can be mobilized and re-mobilized 

over a broad range of geological settings—allowing 

zircon to form in early- to late stages in a magmatic 

system, and also forming in later, transit, periods into a 

hydrothermal system, as precipitated “hydrothermal 

zircon” (Hoskin & Schaltegger 2003). The latter, can 

originate from fluid-saturated magma related post-

magmatic fluids. It has further been shown that zircon 

can crystalize and/or be affected at relatively low tem-

peratures of 300–600°C, in hydrothermal systems 

(Schaltegger 2007). Recognition of hydrothermal zir-

cons is however not straightforward as diagnostic 

characteristics differs from location to location. Dis-

crepancy includes typology, morphology, microtex-

tures and geochemistry. The best arguments, so far, for 

zircon of hydrothermal origin are based on constrains 

from petrological- and paragenetic textures i.e. grains 

occurring in hydrothermal phases (e.g. quartz) with 

other hydrothermal minerals (e.g. sulfides), and the 

incorporation of hydrothermal mineral inclusions 

(Schaltegger 2007). Further, hydrothermal zircon and 

hydrothermal overprints commonly display almost 

complete extinction in cathodoluminescence (CL; c.f. 

Kozlik et al. 2016;  Wang et al. 2016), which can fur-

ther be used as an preliminary interpretation tool for 

hydrothermal processes. In the advent of recent ad-

vancements of high spatial resolution techniques (e.g. 

LA-ICPMS, SIMS), hydrothermal zircons have been 

utilized to constrain e.g. ore-emplacement via U-Pb 

ages of mainly metasomatically induced deposits, and 

thus providing ages of hydrothermal events related to 

mineralizations i.e. yielding ages of the deposit (e.g. 

Wang et al. 2016). 

   The main aim of this study is to provide new 

absolute ages of both the Wigström tungsten deposit 

and the Högberget granite, via LA-ICPMS U-Pb zir-

con dating. Supplemented studies include:  zircon geo-

chemistry, zircon systematics, and skarn/ore distribu-

tion within the strata in relation with the Högberget 

granite. This will provide a comprehensive insight in 

skarn genesis at the Wigström deposit, and further 

providing details for better understanding the Bergsla-

gen tungsten metallogenesis.   

 

2 Background 
 

2.1 The Bergslagen region 
The 1.91–1.89 Ga Bergslagen region constitutes a part 

of the 2.0–1.8 Ga the Svecokarelian orogeny (Sk) 

(Fig.1, inset map), which encompass a large portion of 

Sweden and Finland (Fig. 1, inset map). The region is 

delimited by the Archean (A) and Korelian (K) sub-

provinces to the north-east, and the Caledonian- (Ca) 

and Sveconowegian orogeny (Sn) westerly (Fig 1, 

inset map). Geographically, the Bergslagen region 

covers an area of ~320x280 km (Fig 1, red square in 

inset map), approximately from Falun in the north 

down to Motala in the south and from Filipstad in the 

west to Stockholm in the east (Fig. 1). The Bergslagen 
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region is an extensive Proterozoic pluto-volcano-

metallogenic complex comprising an 8–10 km thick 

supracrustal succession of mainly Paleoproterozoic 

metavolcanic rocks with subordinate intercalated mar-

ble, clastic metasedimentary- and intrusive rocks of 

younger ages (Fig. 1). In classic Bergslagen literature 

the metavolcanic-succession refers to the leptite-

hälleflinta formation (e.g. Geijer & Magnusson 1944;  

Oen et al. 1982). In this thesis the nomenclature ad-

opted from Beunk and Kuipers (2012) will instead be 

used; The Bergslagen group (BG). The BG consists of 

crudely sorted mixture of ash-, silt-, pumice- and la-

Fig. 1. Simplified bedrock map of the Bergslagen region (modified after Stephen et al. 2009). Inset map comprise main litho-

units of Scandinavia and Finland (modified after (Bergman et al. 2001; 2012) and highlights the location of the Bergslagen reg-

ion (red and black square). Inset map abbreviations: Br = Bergslagen region, Sk = Svecokarelian orogen, Sn = Sveconorwegian 

orogen, Ca = Caledonian orogen, Pl = Platformal sedimentary cover rocks, A = Archaean rocks, K = Karelian rocks, S = Sveco-

fennian supracrustal rocks and Svecokarelian intrusive rocks, PS = post-Svecokarelian rocks. The Ludvika area (referring to Fig. 

2) are highlighted with a black and white square. Thick dotted lines: major faults and deformation zones.  
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pilli stones, collectively denoted as ignimbrites i.e. 

depositions from pyroclastic flows (Allen et al., 1996). 

Westerly and delimited by the Sveconorwegian frontal 

deformation zone, the region is dominated by felsic 

metavolcanites with superimposed metasediments 

(Fig. 1). Further east, the felsic volume successively 

diminishes (Fig. 1), and mafic to intermediate mafic 

metavolcanics interposed within metasediments 

prevails (Lundström, 1987). This observation was in-

terpreted by Lundström (1987) as a predominant vol-

cano-centre, situated in the west which progressively 

provided the eastern parts with materials. Based on 

Lundströms reasoning, Allen et.al. (1996) interpreted 

the Bergslagen region as evolving during two main 

episodes. The first episode commenced during an ex-

tensional tectonic regime accompanied by explosive 

volcanic eruptions, pyroclastic flows and magmatism. 

Later followed waning magmatism, whereas the 

tectonic setting reverted to a compressional state. Al-

len et.al. (1996) interpreted these episodes to occur in 

an extensional back-arc setting on an active continen-

tal margin. These volcanic event were active at ~1.91 

to 1.89 Ga (see the geochronological summary of 

Lundström et.al. (1998 and the reference within) and 

Stephen et.al. (2009 and the reference within)), whe-

reas these eruptions occurred into an unknown Ar-

chean basement. As inferred by Allen et.al. (1996), the 

ejected material was deposited into stagnant and rela-

tively deep water, trailed by immense sedimentation 

and aquatic fluctuations ranging from shallow water to 

sub-aerial. Intercalated marble and limestone units are 

mostly reoccurring in the upper BG-stratigraphy 

(Allen et al., 1996). Isotopic δ13C and δ18O signatures 

imply that they are of marine sedimentary origin, and 

thus probably grew as microbial stromatolites in shal-

low seas coeval with the volcanic eruptions (Allen et 

al. 2003).  

The BG stratigraphy is intruded by voluminous 

granitoidal rock, recognized as three separate suites (i–

iii), distinguishable by their different compositions and 

ages (Fig. 1). These were affected by various degrees 

of deformation and metamorphism owning to the 

Svecokarelian orogeny (Stephens et al., 2009). (i) The 

GDG (granitoid-dioritoid-gabbroid) suite with subor-

dinate (ii) GSDG (granite-syenitoid-dioritoid-

gabbroid) and sub-volcanic meta-intrusive rocks are 

the oldest of the three i.e. 1.90–1.87 Ga (Fig. 1), and 

generally plots as I-type granites (Stephens et al. 

2009). These intrusions occurred coeval with the vol-

canism, thus active during the proposed extensional 

setting by Allen et.al (1996). The GDG suite (i) consti-

tutes the largest area of intrusive rocks within the 

Bergslagen region, and dominates the central- and 

eastern parts (Fig. 1). The GSDG suite (ii) (Fig. 1) 

comprise three episodes of intrusion; late-

Svecokarelian GSDG of ages 1.87–1.84 Ga and 1.81–

1.78 Ga and a post-Svecokarelian GSDG intrusive of 

an age between 1.70–1.67 Ga. These suites are inclu-

ded in the 1.85–1.67 Ga Transscandinavian Igneous 

Belt (TIB; Patchett et al. 1987) which delimits the 

Bergslagen region westerly (Fig. 1). (iii) The 1.85–

1.75 Ga granite-pegmatite (GP) suite occurs as isola-

ted plutonic complex which mainly dominates the 

north-western and central areas in Bergslagen (Fig. 1). 

They are subordinate to the previous two granitic sui-

tes, and are of focus in this study. The GP suite is a 

granite sensu stricto, interpreted to be of crustal ana-

tectic origin, associated with crustal thickening and 

migmatization throughout abated stages of the Sveco-

karelian orogeny. The GP granites occurring as sets of 

intrusions interpreted to have derived from late- and/or 

post-tectonic orogenic activities (Johansson 2019 and 

the reference therein).  As a result, the GP suite associ-

ates with extensive portions of pegmatites, aplites and 

granitic dykes (e.g. micro-granite) which often cross-

cuts the adjacent country rocks, and the granitic further 

associates with W-F-Mo±Cu mineralizations. 

 

2.2 Granite- and skarn-related W-F-

Mo±Cu mineralization in western Bergs-

lagen  
The Bergslagen region is known as one of Europe’s 

oldest and most prosperous ore provinces, hosting se-

veral thousand deposit and mineral prospects: ~7000 

iron oxides- (FeO) and ~1500 base metal sulphide 

occurrences (e.g. Cu, Pb), ~150 special metal 

occurrences (e.g. W, Mo) and a few precious metal 

occurrences (e.g. Au, Ag) of mainly Fe±Mn, Zn-Pb-

Cu-Au-Ag-(W-Mo-REE) mineralizations (e.g. Eilu 

2012). Historically, exploitation of metallic resources 

has primarily occurred from polymetallic base metal 

sulphide deposits (Cu-Pb-Zn; e.g. Falun mine (Zn-Pb-

Ag-(Cu-Au)) and Fe-oxide deposits (i.e. Grängesberg 

mine (Apatite-Fe Kiruna-type)). As of today, Bergsla-

gen has three active mines; Garpenberg (stratabound 

Zn-Pb-Ag-(Cu)-(Au)), Zinkgruvan (stratiform Zn-Pb-

Ag) and Lovisa (Pb-Zn; with additional mining in-

cluding dolomite and limestone for industrial purpo-

ses). The tonnage of the three is relatively small, but 

the two former yield world class ore-grades.  

Western Bergslagen contains numerous W-

Mo-F occurrences (Ohlsson 1979) commonly hosted 

by Orosirian (~1.9 Ga) metasupracrustal rocks (Fig. 2, 

e.g. Stephens et al. 2009). The largest quantity of these 

occurrences are found within the Ludvika area (inset 

square in Fig.1; Fig. 2 geological map for the area). 

Locally, the mineralization occurs adjacent to leuco-

granites assigned to the 1.85–1.75 Ma GP intrusive 

suite (Wilson & Åkerblom 1982;  Baker & Hel-

lingwerf 1988). Mineralization generally occurs as 

intragranitic (e.g. Pingstaberg) and/or as within spati-

ally related calc-silicate skarn horizons within the 

supracrustal succession, neighbouring parental granitic
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-suit(s) (e.g. Wigström and Högberget, Fig. 2 and Fig. 

3). Granite-derived hydrothermal fluids are regarded 

as the source for W-Mo mineralization (Lindroth 

1922;  Magnusson 1940;  Ohlsson 1979;  Hellingwerf 

et al. 1987;  Billström 1990), whereas skarn related 

mineralization insinuate an epigenetic origin induced 

by contact metasomatic processes, with the related 

granites as progenitor (e.g. Bergman et al. 1995; Step-

hens et al. 2009;  c.f. Webster et al. 1997). 

In contrast, the world’s most prominent tung-

sten deposits occur as scheelite-skarn mineralizations 

(Pitfeld et al. 2011 and the references therein), these 

are often associated in space and time with highly 

evolved, metalliferous, peraluminous and F-saturated 

Fig. 2. Simplified bedrock map of the Ludvika area (modified after SGU.se). The star marks the location of the Wigström tung-

sten deposit, Big square marks the Yxsjöberg tungsten deposit, diamonds marks other tungsten occurrences and deposits. Abb-

reviations (GP-suits): M = Malingbo granite suit, P = Pingstaberg granite suit, H = Högberget granite suit. Black and white 

square refers to Fig. 3a  
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parental granites (e.g. Webster et al. 1997;  Wei et al. 

2018;  Zhao et al. 2018), and the related skarn format-

ions are mainly a product of contact metasomatism 

(see Meinert et al. 2005 for skarn review)—as seen in 

the many W-occurrences within the Ludvika area in 

Bergslagen. The Bergslagen W-Mo-rich parental gra-

nites, such as the investigated Högberget granite (and 

the GP suite in general) commonly display relative 

enrichments of F, U, Th, Pb, Sn, Rb, Cs, Ta, Au and 

LREE and are relatively depleted of Zr in comparison 

with non-related W-Mo granites within the region 

(Wilson & Åkerblom 1982;  Baker & Hellingwerf 

1988;  Billström et al. 1988;  Stephens et al. 2009). 

Geochemical analyses of Bergman et. al. (1995) study 

indicate that the Högberget granite has a composition 

attributed to that of an evolved fractionated S-type 

granite, with a peraluminous character. The Högberget 

granite also display enrichments of incompatible ele-

ments such as U, Th, Ga, Ce, Y, Nb and LREE and has 

a low Zr saturation. Accessory mineral phases within 

the granite includes fluorite, molybdenite, pyrite and 

ilmenite (Bergman et al. 1995), thus intragranitic F-

enriched and Mo-Py-Ilm bearing. According to Step-

hens et al. (2009), elevated U and Th content is also a 

distinct signatures for the GP-suites, whereas the Ma-

lingbo-type has amongst the highest granitic U-

enrichments in the Svecokarelian terrane, i.e. 22 ppm 

(Wilson & Åkerblom 1982 and the references therein). 

Uranium analyses from literature yields a content of 

18.54 and 18.70 ppm for the Högberget granite (Baker 

& Hellingwerf 1988)—an uranium content about 5 to 

6 times as high as average granites (U: ~4 ppm accor-

ding to Artemieva et al. 2017). Similar characteristics 

with W-Mo granites in the Ludvika area can be seen in 

the Chinese region Jiangxi, were many of the exten-

sively W-bearing Shimensi granites have similarities 

with the GP suite granites. The Shimensi granites have 

e.g. S-type signatures, are highly fractionated and 

evolved, and are peraluminous, with low Zr contents 

and U-enrichments, and W-mineralizations occurs e.g. 

intragranitic and/or in adjacent skarn assemblage (c.f. 

Wei et al. 2018 and the references therein). This geo-

chemistry is shared with numerous W-deposits and 

parental granites worldwide, thus these characteristics 

further support genetic links between the Högberget 

granite and W mineralization at Wigström deposit. 

 

2.3 Geology of the Wigström-Högberget 

area 
Of the special metal deposits within the Bergslagen 

region, Tungsten has been mined most successfully, 

upon which the Yxsjöberg mine stands pre-eminent 

(Fig. 2). The Yxsjöberg deposit is located ~20 km 

south-west of Ludvika and was discovered in early 

18th century, and during the ongoing century the mine 

produces scarce amounts of Cu. During the 20th cen-

tury production shifted focus towards Tungsten in 

form of skarn-bearing scheelite. A total of 5 Mt W-ore 

was processed during three phases; 1917–1920, 1935–

1963 and 1973–1989, with an average WO3 content of 

0.35% (equivalents to ~15 000 t of pure W). This pro-

duction represents ~92 % of Sweden’s total tungsten 

production, hence proclaimed as Scandinavia’s most 

prolific W-deposits (SGU 2008). The latter regime 

(1973–1989) was orchestrated under LKAB:s affilia-

ted company, AB Statsgruvor (ABSG). In order to 

secure sufficient W-ore for the Yxsjöberg ore-dressing 

plant, an extensive boulder-tracing (UV) and regional 

heavy-mineral geochemistry program was founded. In 

1976, an area ~10 km north from the old mining town 

Kopparberg in Ljusnarsberg municipality was found to 

exhibited high W anomalies. Further investigations 

concluded the finding of a ~3000 m2 skarn-body enve-

loping 1000 m2 scheelite bearing ore with economi-

cally viable W-content. The deposit was later entitled 

the Wigström deposit (Berglind, 1983).  

The Wigström deposit is situated between the 

Ställdalen synclinal and the Maingbo suite (belonging 

to the GP-suite), and closely neighbouring the Högber-

get granite (Fig. 3a, 3b, 3d). The Högberget granite 

occurs as a small plutonic complex with a surface area 

of ~2.5 km2, and is embedded into a biotite-rich felsic 

metavolcanites (Fig. 3a, 3b, 3d). The granite has an 

interpreted age of 1750±10 Ma based on discordant ID

-TIMS-data (Isotopic Dilution- Thermal Ionization 

Mass Spectrometry; Bergman et al. 1995). The granite 

is mainly reddish-grey and with an equigranular tex-

ture consisting of medium-sized grains (<1–2.5 mm). 

The complex has several micro-granitic dykes and 

pegmatite off-shoots from the body. These often have 

the similar textures as the parental granite but with a 

more greyish appearance. At least two of these dykes 

cross-cuts the Wigström ore at surface level. 

The Wigström ore-body (Fig. 3b–3d) is en-

veloped in an intricate stratigraphic sequence belong-

ing to the Wigström group (Parr & Rickard 1987), 

which mainly comprises felsic metavolcanites with 

subordinated metasediments, metabasite, marbles and 

skarns horizons. Age constrains via molybdenite Re-

Os has yielded an age of ~1.8 Ga for the Wigström 

deposit (Stein et al. 1996;  Sundblad et al. 1996; pub-

lished as abstracts only). Excavation and mining, as an 

open-pit, was initiated in 1978 and lasted until 1981, 

during this time the Wigström deposit acted as a satel-

lite deposit to Yxsjöberg ore-dressing plant, and con-

tributed with totally 0.2 Mt of W-ore, with an average 

WO3 content of 0.28 % (Berglind, 1983). The open-pit 

area covers ~350x<50 meters and stretches in a NNE-

SSW direction (Fig. 3b, 4a, 4b). The deposit is divided 

into two pits, here referred to as the main-pit and the 

northern-pit (Fig. 3b, 4a, 4b). Ore-distribution was 

comprehended from ~50 diamond drill holes, which 

was continuously drilled during the mines active years. 
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Some of the drill cores are currently stored at the 

SGU´s drill-core archive in Malå, Sweden. Production 

ceased due to diminishing scheelite amounts within the 

strata, as weathering prevailed with depth. Mining 

excavation extended ~40 m vertical into the bedrock 

(Fig. 3c, 3d). Today the excavation site is drenched in 

water, and skarn outcrops only exist at the NNW-tip of 

the main pit, here entitled “skarn horizon-wall” (Fig. 

4c) and along the SW-borders of the northern-pit (Fig. 

4b).  

The skarn horizon-wall (following text relates 

to Fig. 4c) encompasses the hanging wall which is 

composed of various degree of skarnified country rock 

and several skarn units. A clear paragenetic sequence 

is distinguishable—interpreted to reflect skarn pro-

grade stages and retrograde stages. The retrograde 

stage consists of centimetre to decimetre sized aplitic 

veins infested along the hanging wall. In relation to the 

veins, the skarnification becomes gradually intensified 

and chaotic. The veins mainly contain quartz, calcite, 

fluorite and accessory minerals occurs as disseminated 

molybdenum clasts (<1.5 cm in size), scheelite grains 

(<0.5 mm) and sulfides (e.g. pyrite and chalcopyrite), 

and occasionally inclusions of garnet, pyroxene, and 

hornblende are found within. The prograde stage com-

Fig. 3. 3a: Simplified bedrock map of the Wigström tungsten deposits location (white star), white square refers to figure 3b, 

yellow stars mark the location of this studies samples, diamonds marks W-occurrences in the vicinity. 3b: Simplified geological 

map of the Wigström tungsten deposit. Black lines mark the excavation site of the deposit, which today is partially water filled 

(e.g. Fig 4a, 4b), green dotted line (A–A*) refers to figure 3c. Orange dotted line (B–B*) refers to figure 3d. Grey circles with 

grey lines marks logged drill-holes in this study. Black circles with black lines logged drill-holes by LKAB/ABSG (unpublished 

reports, 1976; 1981) which are interpolated into cross-section B–B* (Fig. 3d). 3c: Cross-section A–A*; excavation depth and 

bedrock units according to unpublished reports LKAB reports (1983). 3d: Cross-section B–B*; interpreted geological sketch 

based on drill-core logs. Grey dots and drill-core name are cores logged in this study. Black dots and drill-core name are cores 

logged in by LKAB/ABSG (unpublished reports, 1983).  
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prises skarn units, mainly garnet-pyroxene skarn with 

various ratios—but generally has a distal increase of 

pyroxene and a decrease of garnet from the hanging 

wall. Wollastonite skarn seems to be tectonically con-

trolled, occuring as semi-brittle horizons in faults in-

between skarn and country rock units. An altered unit 

of, mainly, amphibolite, biotite±scapolite(?) is situated 

aside from the hanging wall and are in contact with the 

garnet-pyroxene skarn. Further, subordinate units of 

impure marble (~1x1 meter) is also present with the 

skarn assemblage, which suggest these to be the skarn 

progenitor. Larger units of impure marble outcrops are 

Fig. 4. 4a: Main-pit, looking SW. 4b: Northern-pit, looking NE. Yellow star marks 
the location of sample 8b1 (garnet-pyroxene skarn, Fig. 7c). 4c: Outcrop of the 
skarn horizon wall (see Fig 3b for location) and the hanging wall with altered 
country rock, looking N. Height of the wall is c. 10 meters. Garnet versus pyroxene 
rations are stated as e.g. grt-px (60/40 = 60% grt and 40% px). Yellow star mark 
the location of samples APW1A and APW1A1 (Fig. 7a-7b). 4d: Located in contact 
with the hanging wall, closer to the main granite. Example of disseminated molyb-
denum clasts (<2 cm) within a skarn-altered vein dyke that cross-cuts skarnified 
country rock. 4e: Northern most dyke (micro-granite) in the main-pit (see Fig 3b 
for location), looking N. Yellow star marks the location of sample APLW0001A 
(Fig. 6B). 4f: Two composite imaged (photo: Edward Lynch); outcrop of an alte-

red, i.e. impure, marble unit, looking N. Notice that the plunge corresponds to the plunge-angle of the skarn ore-body. 4g: Ex-
ample of a remnant carbonite clast incorporated within an impure marble outcrop (photo: Edward Lynch).   
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scatters just NE of the wall, the marble textures there 

suggest a similar plunge angle and orientation as the 

Wigström ore-body (~50–60°; Fig. 4f compared to 

Fig. 3d). Small portions of these outcrops also contains 

preserved rhombohedral carbonates (Fig. 4g) inferred 

to be the precursor unit of the marble. The skarn hori-

zon-wall has a close relationship with one of the two 

micro-granitic dykes that cross cuts the main-pit, and 

the northern dyke is located just ~10 meters SW of the 

wall (Fig. 4e).  

 

2.4 Previous geochronology of GP suite 

granites and related mineralization, and 

analytical challenges  
Little is known about the timing of W-Mo mineralizat-

ion at the Wigström deposit, as previous Re-Os geo-

chronology are published in abstract only, and there-

fore should not be seen as absolute. However, these 

ages coincide with recent constrains of the Bergslagen 

W-metallogenesis: ~1.8 Ga (see coming discussion), 

and thus points towards a similar age for the Wigström 

deposit. Further, the only study with a focus on the 

Högberget granite is done by Bergman et. al. (1995), 

age constrains of the granite are however based on 

highly discordant data and should therefore be treated 

with caution. The overall quality of historical geochro-

nological data for GP suite granites in Bergslagen, in 

terms of precision and accuracy, varies somewhat (see 

Table 5 in Stephens et al. 2009). Dating of GP intrus-

ions in the 1980s and 1990s mainly relied on zircon 

multi-grain U-Pb TIMS analyses which typically yiel-

ded discordant and relatively imprecise ages (Stephens 

et al. 2009 and the references therein). Thus, genetic 

links between specific granites and proximal W-Mo-F 

mineralization based on accurate and precise age 

constraints has remained equivocal, although the role 

of ~1.8 Ga Late Svecofennian magmatism as a driver 

of skarn W mineralization in western Bergslagen is 

broadly accepted (Stephens et al. 2009, Stephens 

2013). 

Historical U-Pb TIMS dating utilized multi-

grain isotopic dissolution (ID) where uranium and lead 

extraction followed the methods of Krogh (1973) and 

Manhes et al. (1978) (e.g. Bergman et al. 1995). Basi-

cally, large amounts of zircon grains, up to milligrams 

(>100 grains), were dissolved with hydrofluoric acid 

and all of the extracted U and Pb within the dissolution 

was analysed with a mass-spectrometer. This approach 

neglects possible heterogeneous zircon domains as all 

U, Th and Pb bearing phases (e.g. recrystallized- and 

metamict areas) are included in the solution. Such ana-

lyses could yield data representing the mixing of age 

domains (e.g. Schoene 2014), as these heterogeneities 

could contain variable isotopic composition. Evidently 

this mixing would lead to a disturbed isotopic system 

(e.g. Košler 2007), which can produce erroneous inter-

cepts compared to single grain analyses (c.f. Söderlund 

1996). At best, previously determined U-Pb TIMS 

ages for GP granites in western Bergslagen represent 

an average “mixed” age for all analysed U-Pb isotopes 

contained within the bulk zircon sample (e.g. Larson 

& Tullborg 1998).  

In contrast, modern geochronological techni-

ques like LA-ICPMS and SIMS analyses, combined 

with detailed zircon textural-petrographic studies using 

SEM-BSE and -CL imaging, offer high spatial resolut-

ion analyses such that zircon internal heterogeneities 

can be avoided (e.g. Košler 2007;  Degryse 2012). 

Where performed, re-dating GP granites using modern 

in situ techniques appears to yield older igneous ages 

compared to the previously determined dates. For ex-

ample, Billström et al. (1988) determined an emplace-

ment age of 1781±46 Ma for the Mo-mineralized 

Pingstaberg granite using multigrain zircon U-Pb 

TIMS dating and discordant isotopic data. In compari-

son, re-dating of the Pingstaberg granite by Lynch et 

al. (2019) using zircon U-Pb SIMS dating produced a 

concordant igneous age of 1805±9 Ma, while Re-Os N

-TIMS dating of intragranitic molybdenite from the 

same intrusion yielded an largely identical age of 

1801±10 Ma. The similarity of both dates based on 

independent isotopic systems indicates an accurate 

emplacement age of ~1805 Ma for the Pingstaberg 

granite, some 20 million years older than the previous 

age constraint. These results further demonstrate that 

some GP-suite intrusions may be older than previously 

thought, and that previously reported multigrain zircon 

U-Pb TIMS ages for Late Svecofennian granites in 

Bergslagen should be treated with caution (e.g. Wood-

ward et al. 2009;  Lynch et al. 2019). 

 

3 Study Methods 
 

3.1 Drill-core logging – Documentation 

and sampling 
The Swedish Geological Survey (SGU) facilitates an 

extensive drill-core archive in Malå, Sweden, where 

cores from numerus Swedish mines and prospects are 

stored. Between the years of 1976 to 1981, 51 drill 

core was unearthed at the Wigström prospect, and 

some of these was later shipped to Malå for future 

storage.  

The Wigström prospects original drill core 

text logs, some geochemical analyses of skarn (WO3, 

CaF2, Fe, Mn, Mo, S, Cu) and maps of the claimed 

prospect area; along with geological sketch maps and 

profiles, were acquired from Bergstatens and SGUs 

archive. These documentations were beforehand stu-

died and was used as a reference material for selection 

drill cores of interest i.e. those which contains skarn 

with a high distribution of scheelite. The original logs 

are fairly simple and mainly focus on skarn distribut-
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ion, ore concentration with little denotations on other 

interesting features e.g. sulfides, pegmatites 

(endoskarn) etc. From the available Wigström col-

lection at Malå, seven drill cores were chosen for 

sampling and logging; four with an origin in the main 

pit (DBH-1, DBH-5, WD-8 and WD-16) and three 

originated in the north pit (WD-1, WD-3 and WD-12; 

see Fig. 3b). Throughout ten days, these drill cores 

were sampled and logged with centimetre precision 

(Fig. 5a – core-box example) with the aim of produ-

cing detailed digitalized logs and for better understan-

ding the skarn and ore distribution, and also to get a 

clearer insight on the lithostratigraphy, alternating 

skarn assemblage and other features. Documentation 

and logging was performed according to following 

parameters: distribution of rock type, mineralogy, litho

-transitions and other interesting features and structu-

res (e.g. scheelite, sulfides and alterations). All of the 

cores were examined with a handheld UV-C field 

lamp (Fig. 5b), in order to document scheelite distri-

bution. Based on ocular inspection, fluorite, molyb-

denum and sulfides distribution was also documented. 

The main logging effort was put on skarn assemblages, 

neighbouring and/or cross cutting rocks to these 

assemblages. Additionally, Bergstatens geological 

maps over the Högberget-Wigström area and a newly 

produced cross section leapfrog model done by Ed-

ward Lynch (unpublished), laid the foundation for 

producing this thesis geological map of the Wigström 

prospect and the cross section, were the latter were 

modified according to the drill core logs results from 

this study.  

 

3.2 Rock samples, zircon separation and 

thick section production 
Field work was carried out at the Wigström prospect, 

the adjacent Högberget granite and other surrounding 

skarn prospects (Yxsjöberg, Elgfall and Sandudden) 

over six days in June 2018. Field samples were col-

lected from the Wigström skarn deposit, adjacent 

country rocks, and Högberget granite, and two cross-

cutting granitic dykes. Geographical positions of col-

lected samples were recorded using a hand held GPS. 

 

Three granitic samples, were obtained from fresh 

outcrops: sample APLH0001A (6647325°N 0499942°

E; Fig. 6a) from the Högaberget granite, and samples 

APLW0001A (6648079°N 0499440°E; Fig. 6b) and 

APLW0004A (6647962°N 0499309°E; Fig. 6c) from 

two microgranitic dykes that crosscut the Wigström-

skarn. Representative and non-weathered rock samples 

were selected and crushed with a sledge hammer on a 

clean steel block. The crushed fragments were placed 

in a grind-barrel of chromium steel and milled into a 

fine powder. Heavy mineral from the fine powder was 

separated using a Wilfley-Holman 700 water shaking 

table, following the procedure of Söderlund & Johans-

son (2002). Magnetic minerals in the heavy mineral 

fraction were removed using a neodymium hand mag-

net. In general, zircons were rather scarce, but approxi-

mately 90 zircons were separated from the three 

samples via handpicking under binocular microscope. 

The grains were transferred onto adhesive tape and 

cast into three standard size (25.4 mm) epoxy-resin 

pucks, followed by conventional grinding and po-

lishing techniques to expose zircon mid-section.  

 

Field samples of skarn were acquired from both fresh 

outcrops and mine dumps at Wigström. Four garnet-

pyroxene skarn hand-samples were selected for further 

investigation. These samples were sawed, grinded and 

polished into eight standard-sized rock chips (3x1.8 

cm) i.e. “thick sections”, two for each sample. Initi-

ally, titanite was the main target mineral for U-Pb geo-

chronology in order to date the skarn mineralization, 

similar to the approach for the Yxsjöberg tungsten 

deposit by Romer and Öhlander (1994). However, 

only a few grains of titanite were discovered during 

SEM-analyses and imaging. Instead, skarn-hosted zir-

cons were discovered, and thus chosen as a replace-

ment for titanite since their relationship indicate that 

they crystallized co-genetic with the skarn assemblage 

(see chapter 4.1). Three of the original eight thick sec-

tions were selected for further analyses, as these con-

Fig. 5. 5a: Example of a drill-core box at Malå, Sweden. 5b: Scheelite ”glow” under UV-C light. 
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tained the most prominent and abundant zircon and 

scheelite populations of the eight investigated samples. 

Two of these thick sections were derived from one 

hand-sample, collected at the “skarn-horizon wall” 

within the main-pit; APW1A and APW1A1 (6648087°

N 0499465°E; Fig. 7a and 7b), while another was de-

rived from a hand sample collected at the south-

western side of the northern-pit; 8B1 (6648117°N 

0499489°E; Fig. 7c).  

 

 

3.3 Analytical techniques – SEM and LA-

ICPMS 
Imaging of zircon and skarn were performed at the 

Department of Geology, Lund University using a 

Tescan Mira3 High Resolution Schottky Field Emis-

sion (FE)-scanning electron microscope (SEM) 

equipped with Oxford backscattered electrons (BSE), 

cathodoluminescence (CL) and energy-dispersive X-

ray spectroscopy (EDS) detectors (full analytical pro-

cedure can be found in appendix 1). Combined zircon 

U-Th-Pb isotopes and REE trace element analyses 

were carried out at Lund University in-house Laser 

Ablation Inductively Coupled Plasma Mass Spectrom-

etry (LA-ICPMS) laboratory, and followed similar 

analytical protocol as Chaves et al. (2019). The anal-

yses involved ablation of both zircon crystals cast in 

epoxy-pucks (granitic separates) and in situ embedded 

(skarn thick sections). All acquired geochronological 

data are quoted with ratio errors at a ± 2σ confidence 

level. LA-ICPMS set-up are listed in table 1, and de-

tailed analytical methodology can be found in appen-

dix 1. 

 

Fig. 6. 6a: Outcrop and sampling site for the Högberget 
granite, and thicksection (inset picture) – sample 
APLH0001A. 6b: Outcrop and sampling site of the northern 
most dyke within the main-pit (sample APW0001A) and 
thicksection (inset picture), 6c: Outcrop and sampling site of 
the southern most dyke within the main-pit (sample 
APW0004A) and thicksection (inset picture). 

Retrograde 

phase 

Retrograde 

phase 

cal 

Fig. 7. Investigated thick sections of the garnet-pyroxene 
skarn. 7a: Sample APLW1A from the main-pit, 7b: Sample 
APLW1A1 from the main-pit and 7c: Sample 8b1 from the 
northern-pit. 



17 

 

 

 

 

 

4 Results 
 

4.1 Skarn petrology 
Based on results from drill-core logging (appendix 2) 

and field work, four main lithologies are recognized at 

the Wigström deposit. These are: (1) intermediate to 

felsic metavolcaniclastic wall rocks (mainly various 

degree of skarn altered BG; Fig. 4c, 8a and appendix 

2), (2) a remnant marble horizon or zones that is inter-

calated with the metavolcaniclastic sequence in the 

deposit footwall (see Fig. 4c, 4f, 4g), (3) biotite granite 

(Högberget granite) and microgranitic dykes which 

display various degrees of phyllic alteration (Fig. 6a–

6c, appendix 2), and (4) calc-silicate skarn rocks com-

prising four sub-types: (1) endoskarn, (2) garnet-

pyroxene skarn, (3) pyroxene-scapolite skarn and (4) 

wollastonite skarn (Fig. 8b–8e, respectively and ap-

pendix 2). 

(1) endoskarn (~20 vol.% of the skarn (based on drill-

core logging); Fig. 8b) occurs in the country rock, as 

thin (<1–3 m) horizons, in close relationship with the 

main skarn assemblages and pegmatites. The main 

mineralogy consists of quartz, plagioclase, hornblende 

and calcite with variable amounts of fluorite, scheelite, 

molybdenum and sulfides. The unit is strongly serici-

tized, suggesting phyllic alteration.  

(2) the garnet-pyroxene skarn (Fig. 8c) accounts as the 

most abundant skarn type (~40 vol.% of the skarn 

(based on drill-core logging)). The matrix is massive 

with a granoblastic texture and mainly consists of gar-

net, pyroxene, fluorite, quartz and calcite. Scheelite, 

sulfides and molybdenum mainly associates with the 

retrograde phase which cross-cuts the matrix and 

disassociates minerals (e.g. garnet) at contact. 

(3) the pyroxene-scapolite skarn (Fig. 8d) accounts for 

~35 vol.% of the skarn (based on drill-core logging) 

and display a patchy granoblastic texture of pyroxene, 

scapolite and fluorite. Fluorite, quartz, calcite associa-

tes with the accessory minerals; scheelite, sulfides and 

Laser ablation sys-

tem 
  

Make, Model & type Photon machines, Analyte G2 excimer 

laser 
Ablation cell & volume HelEx 2-volume sample cell with eQC 

Laser wavelength 193 nm 

Pulse width <4 ns 

Fluence ~2.5 J/cm2 

Repetition rate 9 and 12 Hz 

Spot size 20x20 µm, 15x27 µm and 14x29 µm 

Carrier gas He carrier gas; N2 and Ar make-up gas 

added down-stream from sample cham-

ber 
Background collection 30 seconds 

Ablation duration 30 seconds 

Cell carrier gas flow 0.8 l/min He and 6.5 ml/min N2 

ICP-MS Instrument   

Make, Model & type Bruker Aurora Elite Quadrupole ICP-MS 

Sample introduction Via 2 mm ID PFTE tubing with insert 

“squid” 
RF power ~1300 W 

Make-up gas flow ~0.95 l/min Ar 

Detection system Single collector discrete dynode electron 

multiplier or DDEM 
Masses measured 

(dwell time in millisec-

onds) 

29Si(6), 90Zr(7), 139La(9), 140Ce(9), 141Pr

(9), 146Nd(9), 147Sm(9), 153Eu(8), 157Gd

(7), 163Dy(7), 172Yb(7), 202Hg(6), 204Pb(9), 
206Pb(9), 207Pb(12), 232Th(7), 238U(7) 

Total scan time 150 milliseconds 

Tabel 1. LA-ICPMS set-up 

Fig. 8. Main litholigie examples within the Wigström deposit. 8a: Country rock. 8b: Endoskarn, a mixture of quartz, calcite and 
fluorite with subordinate portions of extensivly altered country rock, pyroxene, garnet, plagioclase, hornblende, sulfides (e.g. 
pyrite), molybdenum and scheelite. 8c: Garnet-pyroxene skarn with subordinate portions of quartz and calcite. 8d: Pyroxene-
scapolite skarn with subordinate portions of calcite, pyroxene, sulfides (e.g. pyrite), molybdenum and scheelite. 8e: Wollastonite 
skarn with subordinate portions of quartz, pyroxene and garnet. 
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molybdenum. Sulfides can locally be abundant, occur-

ring as disseminated network between gauge crystals.  

(4) Subordinate wollastonite skarn (~5 vol.% of the 

skarn (based on drill-core logging); Fig. 8e) occurs as 

<2 m horizon within the country rock, and occurs just 

before and/or after the main skarn units in drill cores 

(appendix 2). The mineralogy consists of wollastonite, 

quartz and disseminated garnet, and are completely 

Fig. 9. Example of garnet-pyroxene skarn-hosted zircons and their petrological context, note that zircons always associates with 
the retrograde phase i.e. quartz and/or calcite and/or fluorite and zircon inclusions consists of mainly quartz, garnet. 9a: Zircons 
occurs here as an isolated grains and as clusters within quartz. 9b: Isolated zircons and scheelite in association with fluorite, 
calcite and quartz. One scheelite grain are intergrown with zircon. 9c: Clusters of garnet mainly occurring in veinlets of calcite. 
Note that sphalerite and zircon occurs paragenetically. 9d: Densely stacked zircon clusters in quartz and calcite veinlets. 9e: 
Garnet inclusion rich zircon, occurring as an isolated grain within quartz. 9f: Garnet inclusion rich irregular zircon, occurring as 
an isolated grain in association with fluorite and quartz.      
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barren of fluorite, sulfides and ore minerals. 

Based on UV-C light fluorescence, scheelite 

is typically associated with garnet-pyroxene-, pyrox-

ene-scapolite- and endoskarn (appendix 2). Locally, 

violet fluorite constitutes a major part of the skarn 

matrix together with quartz and calcite, i.e. the retro-

grade phase, which occasionally can constitute up to 

40 vol.% of a sample, and share the same afore-

mentioned skarn affiliations (appendix 2), similar to 

the observation at the skarn horizon-wall (chapter 2.3). 

Molybdenite occurs as small (<2 mm) disseminated 

grains mainly in endo- and pyroxene-scapolite skarn 

(appendix 2). Other sulfides (e.g. chalcopyrite and 

pyrite) occur in endo-, garnet-pyroxene- and pyroxene-

scapolite skarn (appendix 2) and are generally associa-

ted with retrograde phase accession, but are also pre-

sent in granite and the country rock which is however 

uncommon and mainly dependent on the degree of 

phyllic alteration. Wollastonite skarn appears to be 

completely barren of scheelite (appendix 2). 

Based on SEM-analyses, the mineralogy of 

the prograde stage consists of garnet and pyroxene as 

intergrown assemblages, which locally occupy approx-

imate 60–90 vol. % (Fig. 9a–9f), accommodating 

slightly greater amounts of garnet over pyroxene on 

average. The retrograde stage consists of quartz, cal-

cite and fluorite which accommodate many of the 

Wigström skarns ore and other minerals e.g. scheelite, 

zircon, sphalerite, chalcopyrite, pyrite, molybdenite 

(Fig. 9a–9f). This retrograde mineral assemblage 

mainly occurs as veinlets (similar to previous obser-

vations) which cross-cuts the matrix and/or as cavities-

, pore-filling and/or interstitial between gauge (Fig. 

9ab–9f). Zircons are recurrently encompassed by 

quartz or calcite and often appears in clusters (Fig. 9a–

9d), while other zircon in the skarn regularly occurs as 

isolated grains within the skarn matrix (Fig. 9b–9f), 

but always associates with retrograde minerals (i.e. 

quartz, calcite and fluorite) and contains skarn pro-

grade (e.g. garnet) inclusions (Fig. 9a–9f) and skarn 

retrograde (sulfides) inclusion (Fig. 12). Scheelite 

grains are disseminated within assemblage and mainly 

occurs as cavities and/or as pore-fillings (Fig. 10a–

10c), but also within quartzitic veinlets similar to zir-

cons (Fig. 10d). Scheelite occurs as elongated anhedral 

and/or ovoid subhedral crystals with sizes between 

~20–300 µm. Inclusions of garnet, quartz, calcite and 

fluorite occurs frequently in scheelite. Scheelite and 

zircon can occur as intergrowth (Fig. 10c). Molybde-

nite inclusions are also present in some scheelite 

grains and are mostly confined to the crystal grain 

boundaries (Fig. 10a, 10b). Hand specimens under UV

-C light fluorescence in white-yellow to blue, whereas 

a yellow(ish) fluorescence implies the presence of the 

calcium molybdate powellite (CaMoO4) in solid solu-

tion with scheelite (Hsu & Galli 1973 and the refer-

ence therein), as observed in SEM imaging (as Mo-

inclusions: Fig. 10a and 10b).    

 

4.2 Zircon characterization 
Zircons characterization from granite samples 

Fig. 10. Example of garnet-pyroxene hosted scheelite grains and their petrological 
context. 10a: ~1mm scheelite grain in association with quartz, note the high distri-
bution of Mo, cal, fl, qz inclusions. 10b: ~0.3 mm scheelite grain in association with 
quartz, note inclusions of qz, cal, Mo and grt. 10c: Inclusion rich (mainly grt) skeltal 
scheelite grain (from Fig. 9b) intergrown with zircon, note grt inclusion in zircon. 
10d: irregular scheelite grain sharing similar petrographical context as cluster zircon 
(Fig. 9) i.e. occurring in cal-qz-fl veinlets.  
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APLH0001A, APLW0001A and APLW0004A was 

performed on mineral separates only, thus disregarding 

any petrological context. Thick-section studies perfor-

med on zircons hosted within garnet-pyroxene skarn 

(samples 8B1, APW1A, APW1A1) have documented 

the petrological context in addition to zircon morpho-

logy. From the six granite and skarn samples, five dif-

ferent zircon types have been identified based on vari-

ation of morphology and geochemistry. Four types are 

of magmatic origin (granite-hosted), denoted here as 

type M. Based on morphology and internal textures 

further sub-divisions of type M zircons have been 

Fig. 11. Examples of representative granite-hosted zircons (Type M) for the three respective localities. 11a: Type M1 zircons, 
having typical prismatic shapes and internally has oscillatory zonations, due note the high degree of inclusions, fractures and 
bright BSE areas. 11b: Type M2 and M2-S (in APLH0001A only). Inclusions are lesser compared to M1, interior texture are 
ambiguous and patchy to featureless. 11c: Type M3 zircons are heavily altered/reworked with high degrees of fractures, inclus-
ions and spongey textures. Their shape is either quasi-prismatic (remnant prisms) or irregularly oblong. 11d: Representative 
cathodoluminescence response for Type M zircons. 

 

M2-S 

(and M2-S) 
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made, denoted as types M1, M2, M2-S and M3 (see 

below). The fifth zircon type, denoted as type H, are 

interpreted to be of hydrothermal origin. Further di-

scussion of zircons respective origin is presented in the 

discussion chapter (chapter 5). 

 

4.2.1 Type M1 – granite-hosted zircon 

(APLH0001A, APLW0001A)  

Type M1 zircons range from 25 to 120 µm (60–100 

µm are the common range) along the c-axis, and have 

an aspect ratio (length/width) of ~1.5:1 to 3:1 (Fig. 

11a). In general, they are grey, pale brown and pale 

yellow with a cloudy- and almost opaque interior, ho-

wever a minority of the population is colourless with a 

semi-clear interior. A distinguishable feature of type 

M1 zircons is their elongated euhedral to subhedral 

prismatic form (Fig. 11a), which typically give a 

bright cathodoluminescence response (Fig. 10d). Inter-

nally, M1 zircons display well developed core- and 

rim domains with the cores displaying dark to medium 

grey responses in BSE images. Rim domains comprise 

densely stacked consecutive oscillatory zoning from 

core to rim (Fig. 11a). In rare occasions, oscillatory 

zoning is disrupted by internal boundaries which ter-

Fig. 12. Examples of representative garnet-pyroxene skarn-hosted zircons (Type H). Note that the grains have mainly a patchy 
interior of mottled and dark areas to brighter areas, radiant fractures are common, inclusions are mainly garnet (dark inclusions) 
and sulfides (red arrows). Some zircons from clusters (Fig. 9a, 9c, 9d) consists of bead zircons (crystals stacked onto another) 
and can have zonation pattern. Note the faint cathodoluminescence response. 
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minate the zonation pattern and leaving a homogenous 

broad BSE area (Fig. 11a). Indication of alteration and 

dissolution are apparent, as bright BSE patches (<20 

µm) are irregularly dispersed and/or occur along grain 

boundaries. Fractures and inclusions (<30 µm, e.g. 

apatite) occur frequently and occasionally associates 

with local micro-scale recrystallization within rim do-

mains (Fig. 11a). A minority of M1 zircons display 

bright BSE widely-spaced rims, which from the core 

are fractured in a radiant manner (Fig. 11a).   

  

4.2.2 Type M2 and M2-S – granite-hosted zircon 

(APLH0001A, APLW0001A and APLW0004A) 

Type M2 and M2-S zircons range between 20 and 70 

µm along their longest axis with aspect ratios of ~1:1 

to 2.5:1 (Fig. 11b). Crystal morphologies vary from 

elongated, ovoid, spherical to fragmental-like. Inter-

nally, rim- and core domains are indistinguishable 

(Fig. 11b). The grains either produce BSE dark con-

trast (Fig. 11b; sample APLW0001A, APLW0004A) 

or contrasting bright white and dark BSE patches (Fig. 

11b; sample APLH0001A). For the latter, the bright 

BSE patches dominate, occupying up to 95% of the 

grains interior and are irregularly dispersed (Fig. 11b). 

All grains have brighter cathodoluminescence respon-

ses (Fig. 11d). Relative to type M1 zircons, fractures 

and inclusions are less common. A sub-set of M2 zir-

cons, denoted as type M2-S, are recognized in sample 

APLH0001A have a more spherical crystal form (Fig. 

11b). These grains constitute the smallest fraction of 

the sample i.e. 20–30 µm and display generally display 

ovoid morphologies (Fig. 11b). Internally, M2-S zir-

cons are similar to M2 zircons and show either con-

trasting dark to light patches or are dark in BSE ima-

ges. However, fractures are common which can cross-

cut the entire crystal (Fig. 11b), and further variation 

include geochemistry (chapter 4.3, 4.4.). 

 

4.2.3 Type M3 – granite-hosted zircons 

(APLW0004A) 

Type M3 zircons are brown, dark grey to opaque with 

a murky interior. They range in size from 20 to 60 µm, 

have aspect ratios of ~1:1 to 2.5:1 and are elongated 

prismatic or irregular crystals (Fig. 11c). Five grains 

display remnant prismatic morphologies comparable 

with type M1 zircons (Fig. 11c). Cathodoluminescence 

responses are varying but similar to type M1 and type 

M2 zircons (Fig. 11d). The interior textures of M3 

zircons are somewhat ambiguous, lacking coherent 

core- rim domains, and consists of chaotic mosaic ag-

gregates of contrasting BSE-patches (Fig. 11c). A mi-

nority of grains gave a homogenous, dark BSE re-

sponse with both faint and small bright BSE-patches. 

Fractures, inclusions, cavities, micro-pores and spongy

-textures are common (Fig. 11c).  

 

4.2.4 Type H – Skarn-hosted zircons (8B1, 

APLW1A, APLW1A1) 

Type H zircons are highly complex with variations in 

size, morphology and internal textures (Fig. 12). Com-

monly, they lack a distinct prismatic form and range 

from anhedral to subhedral with irregular, oblong, 

ovoid, rectangular to skeletal morphologies, and occur 

as isolated grains or as clusters in or in contact with 

quartz and/or calcite and/or fluorite. Crystal size 

ranges from 10 to 200 µm and their aspect ratios range 

from ~1:1 to 4:1. The CL response is weak to none 

(Fig. 12). Main features of Type H zircons share simi-

larities with Type M3: irregularly shaped crystals, and 

interiors comprising aggregates of contrasting BSE 

signals. Other zircon variation exists and have dark 

BSE cores with faint-, broad- or patchy zonings, 

followed by a homogenous concentric zone of zircon 

outgrowth with bright BSE-intensity, which accommo-

dates faint parallel zonings (Fig. 12). Boundary zones 

are generally fractured in a radiating manner (Fig. 12). 

Dark BSE areas are common features and generally 

propagate inwards from grain boundaries and/or are 

frequently associated with fractures and/or inclusions. 

These dark areas are defined by their mottled ap-

pearances with dendritic-like textures. Micropores and 

spongey textures are common and exist in both dark 

and bright BSE-domains. Skarn prograde minerals 

(e.g. garnet) and retrograde stage mineralogy (e.g. 

quartz, calcite, fluorite, sulfides) are present as inclus-

ions in all grains and are erratically dispersed (e.g. Fig. 

9e, 9f). 

 

4.3 Zircon REE geochemistry 
The results of zircon REE analyses are presented in 

table 2 (appendix 3). Zircon REE abundances with 

anomalously high or low values are considered to re-

present analytical artefacts thus rejected. Three analy-

ses from APLH0001A and one analyses from 

APLW0004A have been omitted due to these factors 

but are presented in table  2 (appendix 3).  

 

CI-chondrite normalized plots for Type M zircons 

show characteristic patterns for magmatic zircons (Fig. 

13a–13c) such as inclined positive slopes due to 

HREE enrichment relative to LREE, positive Ce and 

negative Eu anomalies (e.g. Hinton & Upton 1991;  

Hoskin & Schaltegger 2003). Individual analyses of all 

samples exhibit parallel to sub-parallel patterns (Fig. 

13a–13c), whereas ƩREE abundances vary and range 

between 686–14625 ppm, and Ce and Eu anomalies 

range between 1.066–16.68 and 0.08–0.61, 

respectively (table 2 in appendix 3). C1-chondrite nor-

malized plots for Type H zircon have convex patterns 

with varying positive to negative Ce and Eu anoma-

lies, and are relatively depleted of LREE and HREE 

(Fig. 13d–13f). The ƩREE varies largely and range 

between 122–33229 ppm, and Ce and Eu anomalies 
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range between 1.01–5.64 and 0.26–5.51, respectively 

(table 2 in appendix 3). The degree of REE fractionat-

ions and oxygen fugacity differ between the granite-

hosted and the skarn-hosted zircons (Fig. 14a–14e) 

and further distinguish the two zircon populations 

(Type M and Type H) apart. For Type M zircons REE 

fractionation ratios range from: (La/Yb)n:0.0004–

0.2262, (Sm/La)n: 0.2726–28.7877, (Gd/Yb)n: 0-0226–

0.3854, and for Type H zircons the ratios range from: 

(La/Yb)n: 0.0027–13.2155, (Sm/La)n: 1.0598–61.1005, 

(Gd/Yb)n: 0.1248–28.764 (table 2 in appendix 3, Fig. 

15a–15d). 

4.4 Zircon U-Pb geochronology 
U-Pb zircon data are listed in table 3 (appendix 4). The 

geochronology results (Concordia plots) are here pres-

ented as separate free regressions of uncorrected data 

and common lead corrected (PbC) for each locality 

(Fig. 15–18). Analyses that are between 95–105% con-

cordant at the upper intercept have been used to calcu-

late a weighted mean age. 

 

4.4.1 Granite hosted zircons 

4.4.1.1 Högberget granite (sample APLH0001A)  

A total of 45 LA-ICPMS analyses on 33 zircon grains 

Fig. 13. C1-chondrite normalized spidergrams for each locality. 13a–13c: Type M zircons. 13d–13f: Type H zircons. Note the 
main differences between Type M and Type H zircons, Type M have convex pattern and distinct negative Ce and positive Eu 
spikes, Type H have convex patterns with, mainly, flatter negative Ce and positive Eu spikes.  
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from Högberget granite were performed. 22 are of 

Type M1, six are of Type M2 and the remaining five 

are of Type M2-S zircons. Overall, the analytical spots 

yielded high Pb, U and Th contents ranging from 86 to 

2460 ppm (avg. = 560 ppm), 234 to 11 520 ppm (avg. 

= 5810 ppm) and from 96 to 7290 ppm (avg. = 3023 

ppm), respectively (table 3 in appendix 4). Th/U ratios 

vary from 0.125 to 0.837 (avg. = 0.509; table 3 in ap-

pendix 4). For the PbC signatures, 206Pb/204Pb ratios 

range from 197 to 16412 (avg. = 6785) and 204Pb 

counts per seconds (CPS) range from 66 to 5880 (avg. 

= 704; table 3 in appendix 4). Type M2 zircon have 

the lowest U and Th content, and range between: U: 

234–3000 ppm and Th: 96–1900 ppm (table 3 in ap-

pendix 4), while Type M1 zircons range between: U: 

3260–11520 ppm and Th: 1460–7000 ppm (table 3 in 

appendix 4). Type M2-S zircons have a U and Th 

range similar to Type M1; U: 1660–11200 ppm and 

Th: 890–6310 ppm (table 3 in appendix 4). 

 On the Concordia diagrams (Fig. 15a, 15b), two 

analyses plot concordant, H2-1 and H2-13 (Type M2 

zircons) with 207Pb/206Pb uncorrected ages of 1864±35 

Ma and 1854±13Ma respectively, and has 207Pb/206Pb 

PbC-corrected ages of 1804±69 Ma and 1835±19 Ma, 

respectively (table 3 in appendix 4). Uncorrected data 

yields upper and lower intercept ages of 1829±57 Ma 

and 366±47 Ma (MSWD 63.0, n = 45), respectively 

(Fig. 15a), with an age distribution from 633±30 Ma to 

2202±67 Ma (table 3 in appendix 4). PbC-corrected 

data yields an upper intercept of 1778±22 Ma and a 

lower intercept age of 414±17 Ma (MSWD 10.2, n = 

45), respectively (Fig. 15b), with an age distribution 

from 518±42 Ma to 1835±19 Ma (table 3 in appendix 

4). The two concordant analyses produce an uncorrec-

Fig. 14. Selection of bivariate diagrams plots for Type M and Type H zircons, note that the respective zircon type deviates from 
each other. Subscript of “n” indicate C1-normalized values, respective ratios are listed in table 2 (appendix 3). 14a–14c: degree 
of REE, LREE and HREE fractionation. 14d: total REE fractionation against HREE fractionation. 14e: Oxygen fugacity dia-
gram, Eu/Eu* and Ce/Ce* ratios are listed in table 2 (appendix 3).  
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ted weighted mean age of 1856±12 (MSWD 0.28, Fig. 

15a) and PbC-corrected data yields a weighted mean 

age of 1833±18 Ma (MSWD 0.74, Fig. 15a). 

 

4.4.1.2 Northern microgranite dyke (sample 

APLW0001A) 

A total of 13 zircon grains yielded 14 LA-ICPMS ana-

lyses from the northernmost dyke. 11 of these zircons 

are of Type M1 and the remaining 3 are of Type M2. 

Overall, the analytical spots yielded exceedingly high 

Pb, U and Th concentrations ranging from 355 to 1996 

ppm (avg. = 1050 ppm), 3580 to 16 360 ppm (avg. = 

8751 ppm) and from 2920 to 8520 ppm (avg. = 4694 

ppm), respectively (table 3 in appendix 4). Th/U ratios 

range from 0.339 to 1.036 (avg. = 0.568; table 3 in 

appendix 4). For the PbC signatures, 206Pb/204Pb ratios 

range from 54 to 18 899 (avg. = 1856) and the 204Pb 

CPS range from 139 to 43 100 (avg. = 13919; table 3 

in appendix 4).  

 Data plot extremely discordantly for both un-

corrected- and PbC-corrected data (Fig. 16a, 16b). 

Ages based upon uncorrected data obtain a variety of 

implausible ages ranging from 784±42 to 3752±35 Ma 

(table 3 in appendix 4). The age distribution for PbC-

corrected data are more geologically realistic and 

range from 367±263 to 1714±245 Ma (table 3 in ap-

pendix 4). Isoplot was unable to produce calculated 

intercept ages for the uncorrected data due to the se-

vere scatter (Fig. 16a). However, in PbC-corrected 

data, intercepts were obtained, yielding upper- and 

lower intercept ages of 1882±360 Ma and 389±83 Ma, 

respectively (MSWD = 7.7, n = 14; Fig. 16b). As the 

analyses are far from the upper intercept (severely 

discordant) the upper intercept age should be treated 

with caution. 

 

4.4.1.3 Southern microgranite dyke (sample 

APLW0004A) 

A total of 22 LA-ICPMS analyses on 21 zircon grains 

from the southernmost microgranite dyke was perfor-

med. Two of these zircons are of type M2 and the 

remaining 20 are of type M3. Zircon U and Th con-

centrations are approximately within the same range as 

sample APLH0001A with U ranging from 381 to 

11110 ppm (avg. = 4399 ppm) and Th ranging from 

184 to 8280 ppm (avg. = 2101 ppm; table 3 in appen-

Fig. 15. a: Concordia diagram, uncorrected data. b: Concor-
dia diagram, PbC-corrected data. The weighted mean age 
consists of the two concordant (95–105% concordant) analy-
ses.  

Fig. 16. a: Concordia diagram, uncorrected data. b: Concor-
dia diagram, PbC-corrected data.  
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dix 4). Pb concentrations are relatively low and range 

from 117 to 873 ppm (avg. = 444 ppm). Correspon-

ding zircon Th/U ratios vary from 0.080 to 1.308 (avg. 

= 0.459 ppm; table 3 in appendix 4). For the PbC sig-

natures, 206Pb/204Pb ratios range from 151 to 5042 

(avg. = 901) and the 204Pb CPS range from 71 to 9740 

(avg. = 2851; table 3 in appendix 4). 

 As with sample APLW0001A, the zircon popu-

lation for APLW0004A are severely discordant on a 

Wetherill Concordia plot for both uncorrected- and 

PbC-corrected data (Fig. 17a, 17b) with intercept ages 

ranging from 949±38 to 2492±69 Ma and from 

571±48 to 1779 Ma, respectively. For the uncorrected 

data, Isoplot was unable to produce intercepts and cal-

culate ages due to the severe analytical scattered (Fig. 

17a). The scatter becomes lesser in PbC-corrected 

data, but mainly clustering towards the lower intercept, 

but with a few ellipses closer towards the upper inter-

cept (Fig. 17b). The regression line produces upper- 

and lower intercept age of 1724±93 Ma and 356±56 

Ma (MSWD = 16, n = 22), respectively (Fig. 17b). 

Similar to APLW0001A U-Pb analyses, the analyses 

plot far from the upper intercept, and thus the upper 

intercept age should also be treated with caution. 

 

4.4.2 Skarn hosted zircons (Samples APW1A1, 

APW1A and 8B1) 

In total, 31 Type H zircon analyses were made on the 

three skarn samples, these comprised one analysis 

from APW1A1, 22 analyses from APW1A and 8 ana-

lyses from 8B1. Compared to Type M zircons, analy-

ses of the Type H zircons yielded relatively low Pb, U 

and Th concentrations ranging from 23 to 1119 (avg. = 

324 ppm), 146 to 6170 ppm (avg. = 1402 ppm) and 

from 2 to 1500 ppm (avg. = 85 ppm), respectively 

(table 3 in appendix 4). Th/U ratios varies from 0.003 

to 0.303 (avg. = 0.038 ppm, table 3 in appendix 4). For 

the PbC signatures, 206Pb/204Pb ratios spans from 93 to 

38 700 000 (avg. = 3 092 043) and the 204Pb CPS are 

below the detection limit (b.d) to 2360 (avg. = 212; 

table 3 in appendix 4).  

 For the uncorrected data, ages ranging from 

1331±36 to 3259±41 Ma (table 3 in appendix 4; spot 

8B1-2 (~3.2 Ga) were excluded from figure 18a and 

from age calculation in figure 18b due to the large 

error limits) and produced upper and lower intercept 

ages of 1724±49 Ma and 359±150 Ma, respectively 

(MSWD = 94.0, n = 31; Fig. 18a). Seven analyses are 

concordant (table 3 in appendix 4; Fig. 19a) at the up-

per intercept (Fig. 18b), these analyses achieve a 

weighted mean age of 1771±31 Ma (MSWD 13.0), a 

lower MSWD (2.0) and a weighted mean age of 

1795±20 Ma is achieved by selecting analyses with the 

four oldest ages (table 3 in appendix 4). For the PbC-

corrected data, ages range from 1202±47 to 1864±206 

Ma (table 3 in appendix 4) and they yielded upper and 

lower intercept ages of 1709±54 Ma and 403±150 Ma 

(MSWD = 39.0, n = 31), respectively (Fig. 18b). Six 

analyses are concordant (table 3 in appendix 4) at the 

upper intercept (Fig. 18b), these analyses achieve a 

weighted mean age of 1762±35 Ma (MSWD 10.8), a 

lower MSWD (0.62) and a weighted mean age of 

1784±10 Ma is achieved for the same four analyses as 

above (table 3 in appendix 4; Fig. 18b).    

 

5 Discussion 
 

5.1 Timing of intrusion, skarn mineralizat-

ion and Pb loss  
The age constrains in this study yields relatively poor 

results with low statistically robustness due to high 

degree of discordance and few concordant analyses. 

For example, Analyses from the granitic dykes 

(samples APLW0001A and APLW0004A; table 3 in 

appendix 4, Fig. 16a–17b) show a severe degree of 

discordance and mainly plots around to the lower in-

tercept. In uncorrected data for the 2 dykes (Fig. 16a, 

17a) age calculations were unattainable due to lacking 

concordant analyses and the severe analytical spread. 

In PbC-corrected data, ages were attained (Fig. 16b, 

Fig. 17. a: Concordia diagram, uncorrected data. b: Concor-
dia diagram, PbC-corrected data.  
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17b), but the upper intercepts are considerate to be 

imprecise due to the low degree of concordance which 

makes precise constrains harder for upper intercepts 

(Fig. 16b, 17b). Thus the geochronological results 

from the dykes are interpreted to present no geological 

meaning regarding their emplacement age (i.e. upper 

intercepts). The high degree of discordance present 

within the dykes are regarded to be the result of meta-

mictization, as many of the zircons in this study are 

highly enriched in U and Th (table 3 in appendix 4). In 

zircon U-Pb geochronology, metamictization via self 

irradiation is the resultant of internal α-decay bom-

bardment during the natural decay chain of U and Th 

to Pb (Krogh & Davis 1975). With time, the deteriorat-

ion will alter or damage the crystal structure causing 

cell-swelling and eventual fracturing the crystal in a 

radiating manor. These fractures likely provides 

structural pathways for Pb leaching, inducing episodic 

Pb-loss which typically cause isotopic disturbances, 

and in return can give high degrees of discordance in 

zircon U-Pb analyses (e.g. Mezger & Krogstad 1997). 

Further, this effect will be elevated for U-enriched 

zircons, as bombardment from α-particles are ampli-

fied (Silver 1991;  Horie et al. 2006). As seen within 

all raw discordias (Fig. 15a–18b), metamictization is 

present for many of the analyses as they fall below the 

concordia, and therefore demonstrates that Pb loss 

have occurred (at various degrees) within the Wig-

ström-Högberget area. 

Although a precise emplacement age of the 

dykes is unattainable from the data, the lower intercept 

of the dykes can provide geological significant, as 

these intercepts can indicate a time of a geological 

event that promoted initial Pb-loss. In Bergslagen, 

Larson and Tullborg (1998) argued that Pb-

mobilization could have been induced in the upper 

Paleozoic via extensional erosion covers (~3 km thick) 

derived from the Caledonides erosion front. Högdahl 

et al. (2001) study also suggest that the Caledonian 

orogeny could have induced extensive fluid flow 

causing Pb mobility at ~385 Ma, and also concluded 

that Pb-loss would be more apparent in metamict, high 

U and Th Paleoproterozoic zircons within the 

Fennoscandian shield. These remarks coincide with 

Fig. 18. a: Concordia diagram, uncorrected data. b: Seven analyses that are 95–105 concordant (uncorrected data) and are inclu-
ded in the weighted mean age calculation (inset in Fig. 18a). c: Concordia diagram, PbC-corrected data. d: Six analyses that are 
95–105 concordant and are included in the weighted mean age calculation (inset in Fig. 18c).  
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the lower intercepts of the dykes: 389±83 Ma for and 

356±56 Ma, and thus supports Pb mobility and loss 

around the upper Paleozoic within the Bergslagen reg-

ion. 

 Zircon U-Pb data for the Högberget granite 

yields two concordant analyses (Fig. 15), where the 

weighted mean ages are regarded as the best interpre-

tation for the emplacement age (Fig. 15b). For the 

Högberget granite, PbC-corrected data align spots clo-

ser to the discordia (Fig 15b compared to 15a), de-

monstrating that PbC correction in this case is favou-

red over uncorrected data. Therefore, the weighted 

mean age of 1833±14 Ma is regarded as the best 

constrain for the emplacement age of the Högberget 

Fig. 19. Zircon systematic of the Högberget granite. Emphasising the correlation between discordance and larger trends for U, 
Th, Th/U, PbC signatures and REE. Discordance and these trends also correlates with zircon sub-classes i.e. Type M1 and M2-S 
zircons plots further down the discordia (red and yellow group) compared to Type M2 zircons (green group). Enrichment trends 
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granite. 

Regarding Pb loss for the Högberget granite. 

As previously discussed, Bergslagen zircons with high 

U and Th has presumably experienced Pb loss as the 

result of metamictization, whereas Pb mobilisation 

occurred at ~380 Ma. Within the Högberget granite 

three sub-classes of zircons have been assign: Type 

M1, M2-S and M2 (chapter 4.2). These sub-classes 

share a systematic in correlation with U, Th, Th/U 

ratio, common Pb signatures, Ce/Ce*, Eu/Eu* and 

REE enrichments against the degree of discordancy 

(i.e. metamictization; table 2 in appendix 3 and table 3 

in appendix 4). Type M1 magmatic zircons in the 

Högberget granite represent the highest degree of di-

scordance (table 3 in appendix 4, Fig. 15), and have 

the largest enrichments of U, Th and common Pb sig-

natures (table 3 in appendix 4), and generally incorpo-

rate more REEs compared to least discordant zircon 

sub-class, Type M2 (table 2 in appendix 3). Within the 

Concordia space the coincidence is clear, as analyses 

with elevated U, Th, Th/U values, common Pb signa-

tures, REE enrichments and oxygen fugacity (Ce/Ce* 

and Eu/Eu*) are placed further down along the Discor-

dia (see Fig. 19 and inset tables). Based on these syste-

matic arrangements, analyses can be divided into three 

groups: green-, yellow- and red group (Fig. 19). The 

red group consists of ~95% Type M1 zircons (n = 23) 

and ~5% Type M2-S zircons (n = 3) which together 

show the highest degree of discordancy (Fig. 19), with 

radiogenic element ranges (table 3 in appendix 4, Fig. 

19) between:  U: 1660–11520 ppm (avg. = 6080 ppm), 

Th: 890–7000 ppm (avg. = 3190 ppm), 206Pb/204Pb 

ratio: 197–11039 (avg. = 5070) and 204Pb CPS: 115–

5880 (avg. = 630 CPS). The yellow area consists of 

~95% Type M1 zircons (n = 11) and ~5% Type M2-S 

(n = 1) zircons, yielding slightly less discordance (Fig. 

19). For data in the yellow array, the elemental and 

isotopic ratio values (table 3 in appendix 4, Fig. 19) 

are similar to those of the red group: U: from 3280–

10650 ppm (avg. = 6950 ppm), Th: 1460–7290 ppm 

(avg. = 3590 ppm), 206Pb/204Pb ratio: 636–36412 (avg. 

= 8840) and 204Pb CPS: 105–4870 (avg. = 1100 CPS). 

The least discordant analyses are found in the green 

area (Fig. 19), consisting of ~85% Type M2 zircons (n 

= 6) and ~15% Type M2-S (n = 1). The elemental and 

isotopic ratio values (table 3 in appendix 4, Fig. 19) 

ranges from: U: 234–11200 ppm (avg. = 2830 ppm), 

Th: 96–6310 ppm (avg. = 1430 ppm), 206Pb/204Pb ratio: 

3399–17065 (avg. = 9590) and 204Pb CPS: 66–1150 

CPS (avg. = 300 CPS). Noteworthy, the high values in 

the green area belongs to H2S-10, a Type M2-S zircon 

(table 3 in appendix 4, Fig. 19). Overall, Type M1 

zircons yield an average REE enrichment of ~10–

100%, compared Type M2 (Fig. 19 inset table). As for 

timing of Pb loss, by plotting the Type M sub-classes 

as separate sets—variable free regression upper inter-

cept ages are achieved: 1659±31 Ma (Type M1), 

1752±140 Ma (Type M2-S) and 1823±50 Ma (Type 

M2) (Fig. 20). The resultant of these intercept varian-

ces is however not an indication of a diverse zircon 

population, but are an outcome of difficulties to 

constrain linearity i.e. making intercepts more impre-

cise the further away the least discordant spots is from 

the concordia intersect (e.g. Demirer 2012), similar to 

the Högberget dykes (as discussed). Consequentially, 

highly discordant analyses (i.e. red and light green 

discordia in Fig. 21) provides better constrains for the 

lower intercept, i.e. initial Pb-loss (e.g. Schoene 2014), 

as seen with Type M1 (384±13 Ma) and Type M2-S 

(386±97 Ma) (Fig. 20), which shares similar lower 

intercepts as the two dykes (Fig. 16a, 17b) and sup-

ports the argument of Pb mobilisation in Bergslagen 

during the upper Paleozoic (Larson & Tullborg 1998;  

Högdahl et al. 2001). The Type M2 constrains the up-

per intercept better (Fig. 20) compare to Type M2 and 

M2-S, but with a deviating constrain for the lower 

intercept (609±200 Ma). As demonstrated, Pb loss 

(lower intercepts) are interpreted to have occurred 

around ~380 Ma for the Högberget granite as well. 

 

Zircons from the Wigström garnet-pyroxene skarn 

(samples APW1A1, APW1A and 8B1) yields similar 

weighted mean ages for both datasets (Fig. 18a, 18b), 

1795±20 (MSWD 2.0, uncorrected data) and 1784±10 

Ma (MSWD 0.62, PbC-corrected data), and the 

MSWD values are both around 1 (statistically robust). 

This could be a consequence of relatively lower degree 

of metamictization and Pb loss for the skarn hosted 

zircons compared to the granite hosted zircons. Type 

H zircon also has severely lower U, Th, Th/U ratio and 

PbC signatures compared to Type M1 and M2-S zir-

cons (table 3 in appendix 4) and in return could there-

fore have experienced minor metamictization relative 

to Type M1 and M2-S zircons. Therefore, the uncor-

rected data are favoured as PbC corrections, in this 

case, could lead to analytical overcompensation. The 

age with an MSWD close to 1 are in favour (i.e. 

weighted mean age of the four oldest ages). Thus, an 

age of 1795±20 Ma is regarded as the best interpretat-

ion for the Wigström deposit. Regardless which datas-

et that are favoured, within the error limits both data-

sets points towards an age of ~1790 Ma for the Wig-

ström deposit.  

 

The age of the Högberget granite are constrained from 

two analyses and can therefore be considered to lack 

statistical robustness. However, the age of the granite 

and the mineralization overlaps within the error, i.e. 

1833±14 Ma for the granite and 1795±20 Ma for the 

mineralization. Overall, the granite age constrains in 

this study points toward and older emplacement age of 

the Högberget granite then the previous study: 

1750±10 Ma (Bergman et al. 1995), and the mine-

ralization achieves an age similar to previous studies, 
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~1.8 Ga (Stein et al. 1996;  Sundblad et al. 1996). Ge-

nerally, this further supports a ~1.8 Ga age for the 

Bergslagen W-Mo metallogenesis (e.g. Romer & 

Öhlander 1994;  Stein et al. 1996;  Sundblad et al. 

1996;  Lynch et al. 2019).  

 

5.1.1 Age constrain by forced regression 
In other geochronological studies (e.g. French & Hea-

man 2010;  Demirer 2012), anchoring of the lower 

intercept to a known geological events (e.g. tectonot-

hermal, hydrothermal) responsible for Pb loss has pro-

ven useful for better age constrains of discordant data. 

Forcing regression thru lower intercepts can accor-

dingly circumvent errors represented by discordant 

data, and therefore in the Högberget case can produce 

a compliment age from more analyses compare to the 

weighted mean age (constrained by two analysis). As 

indicated by results from the lower intercept from the 

Högberget granite (384±13 Ma Type M1, 386±97 Ma 

Type M2-S), the two dykes (389±83, 356±56 Ma) and 

the Wigström deposit (359±150 Ma) (chapter 4.2), Pb 

loss seems to have occurred around 380 Ma within the 

Wigström-Högberget area (chapter 5.1), and these 

results are in agreement with other studies e.g. Larson 

& Tullborg (1998) and Högdahl (2001; lower intercept 

= 384±15 Ma) around the Fennoscandian shield. Furt-

her, the most recent geochronological study on W-Mo 

granites in Bergslagen by Lynch et al. (2019) also 

yield a similar lower intercepts: 387±23 Ma. This furt-

her supports Pb loss at ~380 Ma within Bergslagen. A 

calculated average lower intercept age of 381±62 Ma 

is achieved from the of previously mentioned studies 

and from this study (see above). Anchoring the lower 

intercept to 381±62 Ma and forcing regression thru the 

least discordant analyses of the Högberget granite: H2-

1, H2-10, H2-11, H2-13, H2-3, H2-7and H2-8 

(assigned to the green group in the zircon systematic, 

Fig. 19) yields an upper intercept of 1796±47 Ma 

(MSWD = 7.3) for the Högberget granite. This age 

coincides with the age achieved for the Wigström de-

posit (1795±20 Ma). However, analytical overdispers-

ion are here larger (MSWD = 7.3) compared to the 

weighted mean age, MSWD (0.74), of the granite, but 

this further fortifies relations between the granite and 

the mineralization, and thus strengthen the W-Mo me-

tal logenesis to ~1.8 Ga in Bergslagen, as previously 

discussed. 

 

 

 

Fig. 20. Demonstrating variable ages given by free regression of the different Type M zircon sub-classes. The result of lower 
and upper intercept along the concordia varies and are the result of difficulty in linear constraints i.e. analyses closer (Type M1 
(red line and box) and M2-S (light green line and box)) to the lower intercepts constrains the lower intercept (i.e. timing of Pb-
loss) more precise compared to the upper intercept (i.e. emplacement age). The upper intercepts are best constrained with con-
cordant analyses (Type M2 zircons, dark green line and box) but constrain the lower intercept imprecise.  



31 

5.2 Zircon genesis and the controlling 

factors of zircon geochemistry at the Wig-

ström-Högberget area  
Zircon grains from the Wigström skarn (Type H) and 

Högberget granite (Type M, with their respective sub-

classes) are distinguishable based on their geological 

settings (chapter 2.2 and 2.3) and respective petrograp-

hical and geochemical properties (chapter 4.3), and 

discrepancies further includes morphology, interior 

texture and features (chapter 4.2), cathodolumines-

cence response (chapter 4.2), paragenetic relationship 

(Type H only; chapter 4.1) and isotopic signatures 

(chapter 4.4). These variances points towards different 

origin. Plotting average C1-normalized REE of all 

samples on a spidergram the main-classes (Type M & 

H) revels their distinct differences geochemically (Fig. 

22)—concave pattern for Type H zircons and convex 

pattern for Type M zircons. Further, Eu-anomalies and 

HREE fractionation also vary, Type H are depleted 

with a negative dip (Fig. 22 and high Gd/Yb ratio, Fig. 

14c, 14d) compared to type M which are heavily en-

riched with a rising dip (Fig. 22 and low Gd/Yb ratio, 

Fig. 14c, 14d). Type M zircons have HREE patterns 

typical of unaltered magmatic zircons, which generally 

have a range between 103x and 104x chondrite (Hoskin 

& Schaltegger 2003). In contrast, the Type H zircons 

show declining HREE patterns (Fig. 22) which could 

possibly be a result of the “garnet effect”. This effect 

can cause preferential partitioning of HREE into gar-

nets (Rubatto 2002;  Chen et al. 2010;  Rubatto 2017), 

hence sequestering the limited REE budget within the 

skarn assemblages leading to HREE-depleted zircons. 

This suggests HREE were initially consumed by gar-

net during a skarn prograde-stage, and zircon that 

formed at a later stage (retrograde, Type H) consumed 

the remaining amounts of HREE—leading to deple-

tion.  

In unaltered magmatic zircons, a positive Ce-

anomaly and a negative Eu-anomaly is expected, 

which is the case for Type M zircons, and are com-

monly attributed to oxygen fugacity (Hoskin & 

Schaltegger 2003 and the reference therein). However, 

Eu-anomalies may also be attributed to the presence of 

feldspars (e.g. plagioclase) which can consume large 

amount of Eu, resulting in typical negative Eu-

depletions for granitic hosted zircons (Hoskin & 

Schaltegger 2003 and the reference therein). The posi-

tive Eu-anomaly of the Type H zircons could therefore 

be a function of both oxygen fugacity and the absence 

of feldspar within the garnet-pyroxene skarn 

assemblage—or together, the result as a function of 

proximity to a local growth media (e.g. plagioclase) 

during zircon nucleation, e.g. proximal zircon to 

feldspar achieves Eu-depletion and proximal zircon to 

garnet achieves HREE depletion.      

 

The Type M zircon population from the Högberget 

granite generally display typical traits and geochemi-

cal characteristics (Fig. 22) of magmatic zircons (e.g. 

Hoskin & Schaltegger 2003 and the references the-

rein): e.g. average size along the c-axis is ~70 µm and 

range from subhedral to euhedral prisms with pyrami-

dal terminations, a crystal aspect ratio (L/W) of 2:1–

3:1, oscillatory zonation predominate the interior tex-

ture (Fig. 11), REE signatures includes e.g. inclination 

from LREE to HREE in spidergrams ((La<<Yb and 

Gd/Yb)n <1Fig 13a–13c, 21) and in addition a positive 

Ce-anomaly (Ce/Ce* >1) and a sharp negative Eu-

anomaly (Eu/Eu* <1) (Fig. 13a–13c and 22) and an 

average Th/U ratio of  ~0.5 (Fig. 19). These signatures 

undoubtedly support that Type M zircons are of 

magmatic origin. However, compared to “typical” 

magmatic zircons in litterature (e.g. Hoskin & 

Schaltegger 2003), Type M zircons have about ten-

times more LREEs then avrage granite-hosted zircons 

and also have lagre amouts of U and Th (Fig. 19). As 

Fig. 21. Redefined age of Högberget granite, when forcing 
regression thru the least discordant analyses (green group 
Fig. 19) and anchoring the lower intercept to 381 Ma (time 
of initial Pb loss, average age as calculated). 

Fig. 22. Average C1-normalized spidergram plots of Type M 
and Type H zircons  
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previously discussed, U, Th, REE and especially 

LREE enrichments are a typical feature of GP suite-

related granites (Stephens et al. 2009). Previous work 

has also shown that metamict zircons can become en-

riched in REE and especially LREE (Mathieu et al. 

2001;  Geisler et al. 2003) compared to non-metamict 

zircon. These REE incorporations have been interpret 

to be the result of a complex substitution chains during 

Pb-loss induces by metamictization (Horie et al. 2006), 

whereas non-formula element (Ca, Mn, Al and Fe) 

substituted for Zr and Si and in return REE could then 

substitute with Ca and Mn. This complex series of 

substitutions could perhaps explain the REE enrich-

ment of the Högberget granite, as the preceding zircon 

systematic correlates with REE enrichments, discor-

dancy and high U and Th values (Fig. 19). The syste-

matic of REE enrichment and zircon sub-classes (Type 

M1, M2-S, M2 and M3), which further correlates with 

U and Th enrichments are also valid for all three gra-

nite localities (APLH0001A, ALPW0001A, 

APLW0004A, table 2 in appendix 3 and table 3 in 

appendix 4). By plotting REE average values for the 

different Type M zircon sub-classes from all samples 

reveal relatively similar systematic regarding REE 

enrichment for the high U and Th zircon sub-classes 

(Type M1, M2-S and M3; Fig. 23). Overall, Type M 

zircons have here similar normalized REE patterns 

over each of the three samples, although Type M1 and 

M2-S zircons have higher ƩREE abundances compa-

red to Type M2 variants. These trends may reflect the 

result of metamictization as previously discussed—

where progressive deterioration of the zircon crystal 

structures could have promoted alteration (e.g. 

Pidgeon et al. 1966) and the incorporation of REEs, 

preferentially LREEs, and other non-formula elements 

(e.g. Ca) into the crystal lattice during annealing (e.g. 

Mathieu et al. 2001;  Geisler et al. 2003;  Horie et al. 

2006). Whereas U-enriched zircons (Type M1, M2-S 

and M3) that experienced severer metamictization 

resulted in heavily intake of REE during annealing 

compared to low U-bearing zircons (Type M2), which 

only has suffered minor metamictization and in return 

gained a lower REE intake.  

 

A hydrothermal origin is regarded for Type H zircon 

and are here discussed. Zirconium has long been regar-

ded as an immobile element, but numerous report 

during the past three decades contains zircons interpre-

ted as of hydrothermal origin (e.g. e.g. Rubin et al. 

1989;  Kerrich & King 1993;  Hoskin 2005;  Yang et 

al. 2013). As demonstrated by Rubin et al. (1993), Zr 

and other incompatible elements (e.g U, Th, REE, Mo) 

can be mobilized in hydrothermal system, allowing 

precipitation of hydrothermal zircons and ore-minerals 

in equilibrium. This relationship between hydrot-

hermal zircons and ore depositions has been utilized to 

date timing of mineralization in both W (Wang et al. 

2016), Fe (Xiaodong et al. 2015) and Au deposits (Bao 

et al. 2014). 

To address the origin of Type H zircons, three 

potential sources are proposed: (i) zircons inherited 

from Svecofennian supracrustal units, (ii) transportat-

ion of magmatic zircons via ore-bearing fluid exsolut-

ion, and (iii) Zr was mobile and able to be precipitated 

as zircon from ore-carrying hydrothermal fluids i.e. 

implying a hydrothermal origin.  

 

(i) In terms of their textures and morphologies, Type H 

zircons displays chaotic, dendritic and patchy textures 

(Fig. 11) suggesting relatively intense fluid-mitigated 

alteration. Inherited grains from the supracrustal unit, 

such as xenocrystic cores, would indicate U-Pb ages 

between 1.91–1.88 Ga, however the geochronological 

data lacks such ages >1.88 Ga (table 3). This suggests 

zircon inheritance from the supracrustal units likely 

has not occured.  

 

(ii) If the Type H zircons were magmatic in origin, 

REE patterns similar to Type M zircons may be ex-

pected (Fig. 21). The different average C1-normalized 

values for Type M and Type H zircons suggest their 

mode of crystallization varied. For example, Type M 

zircons typically show concave patterns with positive 

Ce-anomalies, moderate negative Eu-anomalies and 

high degrees of HREE enrichment (Fig. 21). In con-

trast, Type H zircons have convex patterns with flat to 

faintly positive Ce-anomalies, distinct positive Eu-

anomalies and a high degree of HREE fractionation 

(Fig. 21). Bivariate plots also distinguish the two diffe-

rent populationsapart (Fig. 14a–14e). Further, the in-

ternal textures of Type H zircons (Fig. 11) are broadly 

contradictory to archetypal granite-hosted zircons, 

such as oscillatory zonation patterns and Th/U >0.5 

(Hoskin & Schaltegger 2003). 

Fig. 23. Highlighting the relative REE enrichments of Type 
M zircon sub-classes. Type M2 have lower values compared 
to Type M1, M2-S and M3 zircons. These REE trends corre-
lates with high U, Th, Th/U and PbC signature according to 
the zircon systematic (Fig. 19)  
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(iii) A hydrothermal origin for Type H zircons is fa-

voured based on the following considerations. As part 

of the Wigström skarn assemblage has textural relat-

ionships suggesting that Zr acted as a mobile agent. 

Specifically, Type H zircons are intergrown with or 

are included by hydrothermal quartz, calcium and/or 

fluorite i.e. retrograde phase (Fig. 9a–9f, 10c). Schee-

lite, sphalerite, chalcopyrite, pyrite, molybdenite also 

share the same paragenesis with the quartz-calcite-

fluorite-zircon assemblage (Fig. 9–10). The faint ca-

thodoluminescence response for Type H zircons can 

also be a result of hydrothermal association, as previ-

ous studies suggest this to be the case (c.f. Kozlik et al. 

2016;  Wang et al. 2016). Also, the paragenetic associ-

ation of Type H zircons with hydrothermal quartz, 

calcite and fluorite, and their incorporation of hydro-

thermal mineral inclusions such as garnet and sulfides 

(Fig. 9–10) further emphasises their inferred hydro-

thermal origin (c.f. Schaltegger 2007). The same para-

genesis is also shared with scheelite and sphalerite, as 

scheelite and zircon can occur as intergrown (Fig. 9b, 

10c) and together with sphalerite (Fig. 9c), and scheel-

ite also associates with the retrograde phase similar to 

zircon (Fig. 10). This paragenisis suggest that Type H 

zircons and scheelite crystallised concurrently, pre-

sumably shortly the after skarn formation at a retro-

grade stage, as suggested by the presence of garnet 

(from a prograde stage) inclusions (Fig. 9–10) within 

both zircon and scheelite. Furthermore, it seems plau-

sible that the zircons and scheelite precipitated at a last 

stage (retrograde) in the skarn evolution (c.f. Meinert 

et al. 2005), since these phases usually occur as open-

space precipitates or are enclosed by paragenetically 

late hydrothermal quartz-calcite-fluorite veinlets 

which crosscuts the skarn assemblage. However, the 

original source of the Zr cannot be quantified. Zirconi-

um could have either derived from hydrothermal fluids 

of the Högberget and/or by interactions between hy-

drothermal fluids and the wall rocks, where Zr leached 

and saturated the fluids. But regardless of the Zr 

source(s) the Type H zircon is undoubtedly the result 

of hydrothermal precipitates and thus of hydrothermal 

origin.  

 

In the literature, several attempts have been made to 

distinguish magmatic and hydrothermal zircons using 

geochemistry. Hoskin (2005) created discrimination 

diagrams for magmatic and hydrothermal zircons ba-

sed on LREE abundances and the degree of Ce-

anomalies: (Sm/La)n vs. La (ppm) and Ce/Ce* vs. 

(Sm/La)n, which has been widely used in other studies 

since then. However, a new study of Zhong et al. 

(2018) concludes that elevated positive Ce-anomalies 

and LREE enrichments in zircons can be the results of 

unintentional and undetected analysis of REE-bearing 

inclusions such as apatite, titanite, allanite, monazite 

and xenotime (c.f. Bindeman et al. 2014). As de-

monstrated by Zhong et al. (2018), such analysed in-

clusions can severely affect Ce-anomalies and LREE 

patterns, with nm-scale inclusions (<1 µm) and as little 

as 0.05 vol % sufficient to affect zircon REE analyses. 

Thus, Zhong et al. (2018) dispute the validity of zircon 

source discrimination diagrams (i.e. Hoskins dia-

grams) as such minute contaminations can be hard to 

constrain and presumably be undetected in SEM-

imagery prior to ablation. In this study, SEM imaging 

revealed numerous µm-sized inclusions in both Type 

M1, Type M2-S (e.g. apatite, chapter 4.2) and Type H 

zircons (e.g. garnet) (Fig. 9–10). These inclusions 

were carefully avoided during LA-ICPMS analyses. 

However, the depth of the ablation pit reached ~20 

µm, which may have resulted in the inadvertent analy-

sis of nano- to micrometer inclusion with depth. When 

plotting Type M and Type H data onto Hoskins (2005) 

discrimination diagrams (Fig. 24), all analyses congre-

gate in and around the hydrothermal field—indicative 

of high LREE-enrichments and faint Ce-anomalies i.e. 

implying a hydrothermal origin for both Type M and 

H. As concluded from the SEM-imagery and isotopic 

chemistry, Type M zircons are indeed of magmatic 

origin (chapter 5.2), however in Hoskins discriminat-

ion diagram they plot as of hydrothermal origin (Fig. 

24), obviously inaccurately. Evidently these observat-

ions supports Zhong et al. (2018) remarks. However, 

REE analyses from other studies of GP suits granites 

have reached similar results, these REE enrichments 

trends can therefore be related to the actual chemistry 

and not to be a result of inadvertent inclusion analyses. 

Whichever may be the case, the “Hoskins” diagram 

should be used with cation when dealing with hetero-

geneous and inclusion-rich zircon populations hosted 

by Bergslagen GP-suite intrusions, and petrographic 

contexts may be more useful. 

 

5.3 Episodical zircon formation at the 

Wigström-Högberget area  
The Bergslagen GP-type magmatism peaked during 

Late Orosirian (~1.8 Ga), and intruded into the ~1.9 

Ga metasupracrustal succession. The GP-intrusions 

occur during two distinct phases: from 1861 to 1830 

Ma and from 1825 to 1740 Ma (Stephens et al. 2009 

and the references therein), whereas the W-Mo me-

tallogenesis is generally constrained to ~1800 Ma (e.g. 

Romer & Öhlander 1994;  Stein et al. 1996;  Sundblad 

et al. 1996;  Lynch et al. 2019). The Type M1 zircons 

from the Högberget granite crystallised around 1.8 Ga, 

with large prismatic habits displaying oscillatory 

zonation (chapter 4.2). Low Zr content (Stephens et al. 

2009) within the felsic parental magma likely promo-

ted U and Th incorporation into zircon via Zr substitut-

ion, leading to formation of U and Th enriched zircon 

(Type M1 and M2-S) e.g. up to ~11000 ppm U and 

~7000 ppm Th (table 3 in appendix 4). With time, 
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magmatic differentiation processes would have facili-

tated the formation of residual melt and fluids within 

the Högberget magma chamber. Late-stage residual 

magmatic fluids can mobilize incompatible elements 

such as REE, U, Th, and Zr, (Rubin et al. 1993;  Aja et 

al. 1995;  Yang et al. 2013), particularly if the fluid is 

saturated with volatiles such as F (Dietrich 1968;  Ru-

bin et al. 1989;  Keppler 1993;  Kovalenko et al. 1995;  

Salvi & Williams-Jones 2006). As F is also incompa-

tible, the content will thus accumulate with time and 

partly supress zircon nucleation (Keppler 1993) and 

thus promote Zr mobility (Dietrich 1968). This to-

gether with low Zr content could further explain the 

zircon scarcity within the Högberget granite. Keiths 

and Westras (1981) study concludes that F-complexes 

also aids the enhancement of Mo-concentration within 

the magma. In Bergslagens this is supported by Baker 

(1985), which argued that enrichments of W and Mo 

amongst other incompatible elements are dependent on 

F-concentration (Baker & Hellingwerf 1988), and 

Ohlsson (1979) also suggests a correlation between F 

and W in Bergslagen. From field- (chapter 2.3, 4.1) 

and drill core (appendix 2) observations and SEM ima-

gery (e.g. Fig. 9), this is as well the case for the Wig-

ström mineralization, as hydrothermal fluorite, quartz 

and calcite is associated with scheelite (W, Mo), zir-

con and sphalerite and other sulfides within the skarn 

assemblage (Fig. 9). As indicated by oxygen fugacity 

diagram (Fig. 14e) and by the presence of ilmenite 

(Bergman 1995), the Högberget granite developed 

under relatively reduced oxidation conditions (c.f. Wei 

2018). This could have promoted W and Mo to 

fractionate into the residual fluids rather than nucleate 

intragranitic. 

Subsequently and during continuing 

fractionalization, the enriched segregated volatiles 

would ascent towards the magma chambers apical. 

The ascending volatile would build up enough press-

sure towards the cupola to breached the system, di-

scharging off-shoot pegmatites and aplites from the 

body into the surrounding rocks, conveying associated 

ore-forming components and Zr. The volatiles would 

have migrated through the countryrock via pre-

existing fabrics (e.g. tectonic foliations and beddings), 

and eventually forming the cross-cutting dykes at the 

Wigström deposit, and on smaller scale appearing as 

infillings within the skarn assemblages i.e. retrograde 

phase were scheelite and hydrothermal zircon (Type 

H) precipitated.  

 

The origin of Type M2 zircon can be explained by 

their shared isotopic and geochemical signature re-

semblances with the Type H population, i.e. relatively 

low U, Th, Th/U ratios, and ΣREE (chapter 4.3, 4.4)—

this perhaps implies a related origin? The highly evol-

ved nature of the Högberget granite suggests that the 

rock could represent a late-stage magmatic transition-

phase to a hydrothermal system (e.g. Yang et al. 

2013). As discussed, granitic derived hydrothermal 

fluids from the Högberget intrusion are responsible for 

the Wigström mineralization and as well the origin of 

the Type H population. Prior to metasomatism and 

mass-transfer towards the skarn assemblage, these 

fluids circulated within the magmatic system during a 

late magmatic stage, and discharge of granitic fluids 

initialised metasomatism. Perhaps, shortly before and/

or during the late stage some portion of the escaping 

fluids was injected into available pore-space within the 

granite, whereas zircon nucleation occurred and for-

med the Type M2 population. This explains the irregu-

lar, un-prismatic zircon morphologies of Type M2 

(chapter 4.2), which zircon forming in a late magmatic 

stage tend to obtain (Hoskin & Schaltegger 2003), and 

also the low U, Th, and ΣREE (especially LREE) con-

centration (Schaltegger 2007) and low Th/U ratios 

(chapter 4.3, 4.4), which also acquired for late-stage 

magmatic zircons (Hoskin & Schaltegger 2003), and 

could explain these trends. The relative trend of low 

concentrations of U, Th, and ΣREE is also given by 

the Type H (chapter 4.3, 4.4), and presumably reflects 

progressive depletions during fluid- and system tran-

sition from a late-stage magmatic system into a 

Fig. 23. REE analyses plotted onto the “Hoskin” hydrot-
hermal versus magmatic discrimination diagram (Hoskin 
2005). All analyses in this study plots in or around the 
hydrothermal field. Highlights that caution must be made 
when using these diagrams to make distinctions between 
magmatic and hydrothermal zircons.  
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hydrothermal system. By plotting Th, U and ΣREE 

content and lower Th/U ratios onto bivariate diagrams 

(Fig. 25) further distinguish respective zircon populat-

ions (M1, M2-S, M2 and H) apart. These trends are 

interpreted to corresponds to the fluid evolution re-

sponsible for the formation of respective zircon sub-

classes: fluids from the early-magmatic stages formed 

Type M1 and M2-S zircons and consumed large port-

ion U, Th and REE (Fig. 24), and residual fluids at a 

late magmatic-stage are thus relatively depleted of 

these elements and formed Type M2 zircons (Fig. 24). 

Further depletion of these trends occurred during mass

-transfer onto the Wigström skarn, at the hydrothermal 

stage. the fluids were severely depleted of U and Th, 

and formed low U and Th bearing zircons as charac-

terized by the Type H population (Fig. 24, chapter 

4.4).  

 

6 Conclusions 
 

To summarize, Type M zircons are of magmatic origin 

and Type H zircons are of hydrothermal origin. Type 

M1 zircons formed during an early magmatic stage 

and Type M2-S represent highly altered and metamict 

M1 zircons. Type M2 zircons formed during a late 

magmatic stage prior to hydrothermal system develop-

ment. Skarn-hosted hydrothermal Type H zircons for-

med when late-stage granitic fluids transitioned into a 

hydrothermal system. The obtained ages from Type M 

and Type H zircons represent the emplacement age of 

the Högberget granite and to tungsten mineralization 

within the Wigström skarn, respectively. The revised 

age of ~1.8 Ga for the Högberget granite further sup-

ports a temporally and spatially focused ~1.8 Ga W-F-

Mo metallogenic epoch for western Bergslagen. 

 

 Zircon U-Pb LA-ICPMS dating of Type M and 

Type H zircon populations at the Wigström-

Högberget area yields a granitic emplacement 

age and a mineralization age around 1.8 Ga. 

Notwithstanding the relatively large age uncer-

tainties (~at the 2σ-level). These two ages to-

gether support a ~1.8 Ga for the W-Mo me-

tallogenesis in Bergslagen.     

 Magmatic zircons from the Högberget granite 

and hydrothermal zircons from the Wigström 

skarn have different REE signatures, distin-

guishable in REE-normalized spidergrams and 

bivariate plots. Type M population displays 

typical patterns for magmatic zircons, apart 

from high LREE enrichments, while Type H 

population have a convex pattern with positive 

Eu-spikes and high degree of LREE and HREE 

fractionations. 

 High contents of U, Th, PbC and REE correla-

tes with U-Pb isotopic discordancy, as apparent 

from the zircon systematic for the Högberget 

granite. Two zircon populations of the Högber-

get granite, Type M1 and Type M2-S compared 

to M2, have suffered severe metamictization as 

the result of high U and Th contents, which 

over time resulted in great α-particle bom-

bardment during radiogenic decay, and rende-

ring the populations discordant. Structural 

lattice-weaknesses probably introduced pat-

hways for Pb-leaching and as well intake of 

REE (preferentially LREE) during annealing. 

 Within U-Th-enriched areas in Bergslagen, the 

“Hoskins discrimination diagrams” should be 

used with caution when evaluating if zircons 

are of hydrothermal origin. Petrographic 

context and Th/U ratios may be more useful.   

 The evolution of the magmatic system into late-

stage magmatic system and later into a hydrot-

Fig. 24. Discrimination diagram and relative U, Th, Th/U 
and REE trends for Type M1, M2-S, M2 and H zircons. 
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hermal system follows a systematically trend 

by lower Th, U and (generally) REE contents in 

zircon, and can be distinguishable in bivariate 

plots. 

 The Högberget granite and the Wigström skarn 

system evolved under relatively reduced condit-

ions, as indicated by oxygen fugacity plot, but 

also by the presence of ilmenite (Bergman et al. 

1995) in the former. 

 In the Wigström deposit, W-Mo enrichment 

have a strong relationship with F enrichment, as 

suggested from field work, drill core loggings 

and SEM-images. 

 The Wigström skarn evolved during similar 

processes describe in literature (e.g. Meinert et 

al. 2005) i.e. prograde to retrograde stages, and 

were typical proximal garnet and distal pyrox-

ene zonation was observed in the field and pro-

grade typically relates to skarnification (e.g. 

garnet and pyroxene), while the retrograde sta-

ges relates to hydrothermal qz-cal-fl veins to 

veinlets that associates with accessory minerals 

such as sch, mo, zrn and sulfides. 

 

7 Future studies 

 
 Further zircon U-Pb analyses are required in 

order to fortify statistical data regarding the 

emplacement age of the Högberget granite. 

 To verify and strengthen the achieved age of 

the Wigström skarn, an age constrain with anot-

her geochronometer could be useful: e.g. U-Pb 

on skarn-hosted titanite or wolframite, Re-Os 

on skarn-hosted molybdenum and Rb-Sr on 

skarn-hosted sphalerite.   

 For the skarn-hosted retrograde phase, fluid 

inclusion studies with laser Raman could pro-

vide insight of homogenization temperatures 

and fluid salinity. Also, Sulphur isotope studies 

on e.g. pyrite, chalcopyrite can be of interest. 

Both of these could be utilized as a comparable 

proxy to other skarn mineralization, and the 

former could relate temperature to the origin of 

Zr for hydrothermal zircon (e.g. granite, wall 

rocks). 

 Hydrogen and oxygen isotopes studies could be 

utilized to trace the Zr source of the Type H 

zircon (e.g. wall rocks). 
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Appendix 1 – Analytical tech-
niques 
 
Zircon imaging and skarn petrography  
Imaging of zircon and skarn was performed at the De-

partment of Geology, Lund University using a Tescan 

Mira3 High Resolution Schottky Field Emission (FE)-

scanning electron microscope (SEM) equipped with 

Oxford backscattered electrons (BSE), cathodolumi-

nescence (CL) and energy-dispersive X-ray 

spectroscopy (EDS) detectors. Prior to imaging, the 

samples coated with c. 18 nm carbon and then 

mounted on a sample holder. Sample boarders were 

clad in aluminium tape and silver paint in order to 

avoid electrical charging during beam-time. The SEM 

was operated in BSE-, CL- and EDS modes under high 

vacuum with the electron beam voltage set to 15 keV 

and a working distance of c. 15 mm. The main purpose 

was to document internal zircon textures in order to 

secure suitable target area for LA-ICPMS analyses i.e. 

domains free from heterogeneities (e.g. inclusions, 

fractures). Data collected from EDS were mainly 

utilized to identify different mineral inclusions in zir-

cons but also to classify the skarn mineralogy in the 

thick sections e.g. zircon, scheelite, garnet, sphalerite, 

pyroxene, quartz, calcite, fluorite etc.  

 
Zircon U-Pb LA-ICPMS geochronology 
and REE geochemistry 
The analyses involved ablation of both zircon crystals 

cast in epoxy-pucks (granitic separates) and in-situ 

embedded (skarn thick sections). Samples were 

mounted into an HelEx 2-volume sample cell equipped 

with an eQC in-situ energy detector. The sample 

chamber is incorporated in a Teledyne Photon Machi-

nes G2 excimer laser of 193 nm wavelength, delive-

ring ultra-short-pulses <4 ns. The ablated aerosols 

were transferred from the sample cell via 2 mm ID 

PFTE tubing with insert “squid” by a carrier gas-mix 

consisting of helium (0.8 l/min) and nitrogen (6.5 ml/

min), and with argon injected down-stream before 

entering the plasma torch. ICP-MS instrument consists 

of a Bruker Aurora Elite Quadrupole ICP-MS with a 

DDEM (discrete dynode electron multiplier) single 

collector, operating at c. 1300 W, and with argon (0.95 

l/min) as the make-up gas. Prior to zircon analyses, 

instrument tuning was performed, utilizing NIST SRM 

612 reference glass, with aims of achieving high and 

stable signal counts on lead and other relevant isoto-

pes, on low oxide production (<0.5 % monitoring 
238U/238U16O and 232Th/232Th16O) and on Th/U ratios 

around 1. Generally, the ablated spot size was set to 

20x20 µm but depending on the zircons proportions 

and desired ablation area, various sizes (e.g. 20x20 

µm, 15x27 µm and 14x29 µm). Aspect ratios between 

1:1 and 1:2 were utilized, but the ablated area was al-

ways kept close to 400 µm2. Analytical session was 

setup to run automatically with standard-sample-

standard bracketing, approximately with 10 analyses 

between each standard block. In order to monitor in-

strument stability, the natural reference zircon GJ-1 

and certified NIST SRM 610 reference glass were 

used as standard materials for geochronology and trace 

element analyses, respectively. Repeated analyses on 

natural reference zircon 91500 (Wiedenbeck et al. 

1995) and certified NIST SRM 612 reference glass 

were analysed as unknowns for quality check. 90Zr was 

used as internal standard for trace element analyses. 

Zircon REE abundances were determined from the 

same spots as the U-Th-Pb analyses.  

 The samples were analysed in four sequences, 

three of these were done with 270 shots at 9 Hz and 

one sequence was done with 12 Hz and 360 shots, 

constraining a fluency of 2.5 J/cm2 on zircons and 3.5 

J/cm2 on the NIST glass, in all four sequences. Each 

analysis incorporated a background acquirement of 30 

seconds (gas blank) before each measurement, and 

subtraction was done with a step-forward approach. 

Common Pb was monitored by measuring 202Hg and 

mass 204 (204Hg+204Pb), baseline levels on mass 204 

was around 750 counts per seconds (CPS) with a stan-

dard error (SE) around 20 CPS (c. 2-3 %).  

Data reduction was done using the Iolite soft-

ware extension within the Wavemetrics IgorPro soft-

ware; for geochronological data the 

X_U_Pb_Gerchron4 data reduction scheme (DRS) 

was used (Paton et al. 2010;  Paton et al. 2011). Com-

mon Pb correction was done using the VizualAge DRS 

by Petrus and Kamer (2012) and for trace elements the 

X_Trace_Elements_IC DRS was used assuming a Zr 

concentration of 43.14 wt. % for the analysed zircon 

grains. The acquired data was gathered in Microsoft 

Excel spreadsheets, whereas geochronological isotopic 

ratios was processed with ISOPLOT. Interpreted geo-

chronological ages are based on 207Pb/206Pb isotopic 

ratio, which is a commonly applied for zircons excee-

ding 1.0 Ga (e.g. Allen & Campbell 2012).  

C1-normalized data according to Boynton 

(1984) are  recognized by subscript of letter “n” e.g. 

Lan. REE C1-normailized spiderplots was produced 

with R language package (R_Console 3.4.3) in 

GCDkit 5.0 (Janousek et al. 2006). Bivariate trace ele-

ment diagrams were plotted in Microsoft Excel. 

Europium and Cerium geometric means was calcula-

ted from: Eu/Eu* =(Eu)n/√(Sm×Gd)n and Ce/Ce* =

(Ce)n/√(La×Pr)n, respetivly.  
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Appendix 2 – Drill core logging 
results 
 
Northern pit drill holes 
 
WD-12 (1.50–34.60 m; Fig. 9a) 
The upper part of the core consists of pure and mas-
sive quartz which has a yellowish fluorescence under 
UV-light. This is followed by a package of skarn-
altered pegmatite (~4.5 m), interpreted as endoskarn, 
which includes a thin (~1m) pyroxene-scapolite skarn 
horizon. This assemblage yields no response under UV
-C light and contains disseminated fluorite, molybde-
nite and sulfides. From 7.8 m a mix of wollastonite 
skarn and country rock follows, barren of ore-
minerals. The main skarn horizon begins at c. 12 m 
and continues to c. 17 m and mainly consists of pyrox-
ene-scapolite skarn (at the top) and massive quartz 
enclosing skarn alterations and ends with a c. 1 m-
thick garnet-pyroxene skarn horizon. Different degree 
of altered country rock with minor sulfides follows the 
rest of the core (34.6 m), minor areas of skarn occurs 
were sulphide mineralization is more prominent.  
 
WD-1 (0–39.83 m; Fig. 9b)  

The uppermost part consists of granite with thin (<2 

cm) cross-cutting pegmatitic veinlets, whereas the bot-

tom vein act as a transition boundary towards the skarn 

horizon. The skarn assemblage consists of mainly dif-

ferent degrees of altered country rock (exoskarn) with 

minor sulphides, equal amounts of pyroxene-scapolite 

and garnet-pyroxene skarn rich in fluorite and with 

subordinate wollastonite skarn. About 8 m of the core 

towards the end is missing. About 9 m of extensive 

altered country rock occurs at the end of the core, from 

28.76 m to 39.83 m.  

 

WD-3 (0.20–24.96 m; Fig. 9c)  

About 50 % (~13 m) of the core consists of granite 

with minor sulphides erratically scattered, merger 

cross-cutting pegmatitic veinlets are as well present. 

The rest of the core (13.80–24.96 m) consists of skarn. 

The uppermost part a c. 1.5 m endoskarn followed by 

a barren (~1 m) horizon of wollastonite skarn. An 

assemblage of garnet-pyroxene skarn horizon rich in 

fluorite with subordinate pyroxene-scapolite skarn 

neighbours the wollastonite and continues to c. 22 m 

were endoskarn, rich in sulphides. Molybdenite begins 

and follows until core-end at 24.96 m.  

 

Main pit drill holes 
 

DBH-5 (0.70–124.20 m; Fig. 9d)  

The upper part of the core comprises 88 m of granite 

with cross-cutting pegmatitic veins (<5 cm). The gra-

nite becomes gradually coarser towards the contact 

with the country rock (88.07 m). The contact between 

granite and country rock is intensely skarn-altered and 

contains molybdenite, pyrite and chalcopyrite (down 

to 91.24 m), interpreted to be a endoskarn horizon, 

followed by country rock. At c. 101 m the country 

rock becomes skarn-altered and enriched with fluorite, 

followed by increased alteration forming endoskarn 

similar to the alteration at the country rock contact. 

The endoskarn has a strong UV-response and also 

abundant sulphide-networks. This endoskarn horizon 

develops into pyroxene-scapolite skarn between 

105.50 and106.07 m. The main skarn horizon begins at 

c. 108.2 m and continuous for the following c. 8 m. 

This horizon comprises garnet-pyroxene- and pyrox-

ene-scapolite skarn in equal amounts and are relatively 

enriched in fluorite and scheelite. The remaining c. 10 

m consist of various degrees of skarn-altered country 

rock, until the core-end at 124.20 m. 

 
DBH-1 (2.97–125.85 m; Fig. 9e)  

The upper part consists of an 80.03 m granitic package 

with a high distribution of cross-cutting quartz-rich 

pegmatite (<10 cm). Towards the country rock contact, 

quartz becomes more abundant and foliated. The con-

tact zone between the granite and the country rock has 

a mixture of endoskarn with little UV-response and 

altered country rock. The haphazard distribution of 

https://doi.org/10.1016/j.chemgeo.2012.09.038
https://doi.org/10.1016/j.chemgeo.2012.09.038
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endoskarn, pegmatite and alteration continuous until 

108.03 m were the main skarn horizon begins. The 

skarn consists of an even mixture of garnet-pyroxene- 

and pyroxene-scapolite skarn, along with small hori-

zons of weathered and porous skarn that ends at 

122.20 m. Fluorite is present throughout the entire 

skarn package and is associated with the minor schee-

lite, pyrite and molybdenite. Noteworthy, areas with 

molybdenite networks/grains lack UV-response i.e. at 

111.42 m and 113.83 m. Skarn-altered country rock 

and core-loss follows, until the core ends at 125.85 m. 

 
WD-16 (0.45–103.08 m; Fig. 9f) 

The top c. 29 m consist of granite with cross-cutting 

pegmatitic veins (<10 cm). At 3.51 m, inspection with 

a UV lamp yields a green response which may repre-

sent uranyl ions. The main core-volume consists of 

various degrees of skarn-altered country rock (~29.5–

82 m) with subordinate endoskarn horizons and cross-

cutting pegmatitic veinlets. The skarn-altered horizons 

within the country rock have UV-responses, indicative 

of scheelite, and occasionally contains pyrite. The 

main skarn horizon begins at c. 82 m and ends at a 

weathered assemblage of country rock, with subordi-

nate skarn altered horizons. Pyroxene-scapolite skarn 

is the main skarn-type, with subordinate garnet-

pyroxene skarn. This assemblage contains dissemina-

ted scheelite grains (<0.5 cm) which has a strong re-

sponse under UV-light, and are also rich in fluorite, 

with a networks of sulfides between c. 84.7 m. The 

uppermost pyroxene-scapolite assemblage contains 

minor amounts of molybdenite. 

  

WD-8 (8.95–42.85 m; Fig. 9g)  

The uppermost part of the core (8.95–24.35 m) has 

endured extensive weathering and consists of a mix 

between skarn-altered country rock and pegmatite, 

whereas the pegmatite has a yellowish UV-response, 

indicative of powellite. The skarn horizon begins at 

24.35 m with a c. 1 m skarn which is porous with a 

“sugary” texture, probably as a result of weathering. 

Followed by fluorite-rich pyroxene-scapolite 

assemblage with subordinate garnet-pyroxene skarn, 

both with a strong UV- response (c. 24.3–37.5 m). 

Four meters of skarn altered country rock occurs to-

wards the end of the hole (42.85 m). 
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Drill core: WD-12, Northern –pit Drill core: WD-1, Northern –pit Drill core: WD-3, 
Northern –pit 
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Drill core: DBH-5, Main-pit 
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Drill core: DBH-1, Main-pit 
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Drill core: WD-16, Main-pit 
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Drill core: WD-8, Main-pit 
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Appendix 3 (table 2) – Zircon REE LA-ICPMS data 
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Appendix 4 (table 3) – Zircon U-Pb LA-ICPMS data 
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