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Abstract 

Zinkgruvan is a stratiform Zn-Pb-Ag and Cu sulphide deposit hosted by Paleoproterozoic strata in sout-

hern Bergslagen, Sweden. The deposit underwent medium-high grade regional metamorphism during the 

Svecokarelian orogeny, including partial melting of the host succession. Subordinate zones of semi-

massive to massive magnetite and Fe-rich skarns occur in marble stratigraphically below the stratiform 

Zn-Pb-Ag ore but have so far not been described in detail in the scientific literature.  

This thesis presents results from detailed geological drill core logging, light optical microscopy (LOM) 

and scanning electron microscopy (SEM), which have been integrated with results from electron 

microprobe analysis (FE-EMPA) and whole-rock lithogeochemical analysis to provide a comprehensive 

description of the magnetite mineralization. Samples from the formerly mined magnetite deposits Väs-

terby, Garpa and Åmme - distal to Zinkgruvan - have also been studied to allow for a comparison. The 

combined dataset has been used to 1) discuss the genesis of the magnetite mineralizations, including their 

relationship to base metal sulphide mineralization, and 2) evaluate potential vectors to Zn-Pb-Ag and Cu 

mineralization based on variations in the magnetite deposits.  

The semi-massive to massive magnetite, adjacent and associated Fe-rich skarn at Zinkgruvan are located 

in the stratigraphic upper part of the marble host. Three different varieties of magnetite mineralization 

can be defined: 1) semi-massive to massive magnetite mineralization in marble, 2) magnetite-bearing 

veins and 3) retrograde magnetite after olivine. Detailed optical microscopy has revealed a positive spati-

al correlation between aluminium spinel, apatite, magnetite and graphite. Semi-massive to massive 

magnetite mineralization at Zinkgruvan is enriched in P2O5, ΣREELa-Lu and Mn relative to a carbonate 

precursor. A positive correlation exists between P2O5 and ∑REELa-Lu, suggesting apatite and monazite are 

the primary REE-bearing minerals. The fact that the samples with highest P2O5 and ∑REELa-Lu are all Fe-

rich rocks suggest the enrichment of the latter is related to the event which formed the Fe mineralization. 

Magnetite mineralization from the historic iron mines NW of Zinkgruvan share several key attributes 

with magnetite mineralization at Zinkgruvan. These include: 1) magnetite is the only iron oxide, 2) litho-

logical and mineralogical similarities, including spatial association with marble, 3) equally high whole-

rock Fe content, 4) equally high Mn (1-4 wt.% MnO), 5) equally high Eu anomalies (Eu/Eu* = 1.1- 2.8, 

avg. 1.75), and 6) local presence of sphalerite mineralization. Bending of the tectonic foliation from c. E-

W to NW in the western part of Zinkgruvan suggest these magnetite mineralizations may be located 

along the same trend as those at Zinkgruvan. 

The normal calc-silicate mineralogy in Zinkgruvan marble (e.g. diopside, forsterite, phlogopite) can be 

explained by prograde regional metamorphic reactions between silicates and dolomite or calcite in im-

pure carbonate rocks with a variable content of detrital siliciclastic and volcaniclastic material. However, 

the stratabound magnetite mineralization and associated Fe-rich skarns cannot be fully accounted for by 

this model. It is plausible that the Fe-rich skarns can be explained by similar reactions but involving 

more Fe-rich carbonates (ferrodolomite, ankerite, siderite). In the absence of quartz, siderite is known to 

thermally decompose into magnetite and graphite at temperatures above 465° C, whereby siderite-rich 

rocks may have been precursor to the semi-massive to massive magnetite mineralization. A recent genet-

ic model suggests that the ore-forming fluids which formed Zinkgruvan where similar to those which 

formed McArthur-type SEDEX deposits. The presented results are consistent with this model, since e.g. 

siderite is a common alteration mineral in alteration envelopes to such deposits. Hence, magnetite miner-

alization, Zn-Pb-Ag and Cu-ore may all be related to the same pre-metamorphic hydrothermal system. 

The current genetic model places the magnetite mineralization at Zinkgruvan proximal to a fossil hydro-
thermal vent zone (the Burkland discontinuity). It is plausible that the magnetite mineralization mined at 
surface lay along the northern continuation of the Burkland discontinuity. Based on the assumption that 
the Burkland Cu-mineralization is most proximal and the old iron mines at Åmme are most distal along 
this structure, variations in whole-rock lithogeochemistry, mineral chemistry and mineralogy have been 
used to define nine vectors to economic Zn-Pb-Ag and Cu ore as is mined at Zinkgruvan. 
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1  Introduction 
Zinkgruvan is a stratiform Zn-Pb-Ag and Cu depo-

sit located in the southwestern part of the world-

famous ore district Bergslagen in Sweden. Iron 

oxide mineralization in Bergslagen is common but 

not at Zinkgruvan.  However, a higher frequency 

of magnetite-rich zones and Fe-rich skarns have 

lately been encountered in the marble stratigrap-

hically underlying the currently mined part of the 

stratiform Zn-Pb-Ag ore at Zinkgruvan. A high Fe 

content influences mineral processing negatively.  

This mineralization type is still very poorly 

described in the literature. Therefore, this master 

thesis was initiated at LTU and aims to fill that 

knowledge gap by: 

• Adding data and characterizing the fluora-

patite-bearing magnetite occurrence and Fe-

rich skarns at Zinkgruvan. 

• Comparing the data with historic metallife-

rous iron mines NW of Zinkgruvan, to see if 

they are of the same mineralization type. 

• Investigate possible lithogeochemical, mi-

neralogical and mineral chemical zonation 

patterns for vectoring towards stratiform Zn

-Pb-Ag and Cu-ore. 

• Discussing the genesis of the Fe oxide mi-

neralization. 

2  Geological background 
2.1 The Fennoscandian shield  
Zinkgruvan is located in the Bergslagen region of 

the Fennoscandian shield, which belongs to the 

East European craton by Bogdanova & Gor-

batschev (1993). These authors subdivided the 

Fennoscandian shield into the Archaean-, Sveco-

fennian- and Southwest Scandinavian domains, 

and described a general transition to progressively 

younger rock from northeast to southwest. The 

oldest rocks of the Fennoscandian shield are situa-

ted within the Archaean domain, in the northeast 

and is related to the Lopian orogeny at 2.9 – 2.6 

Ga. The Svecofennian domain – in which Zink-

gruvan is located – formed during an orogeny at 

2.0 – 1.75 Ga. The Southwest Scandinavian do-

main in the southwesternmost part of the shield 

mainly constitute of rocks derived from the Got-

hian orogeny, 1.75 – 1.5 Ga and which were over-

printed by the Sveconorwegian orogeny. The Ar-

chaean domain consists of the Karelian-, Belomo-

rian- and the Kola Peninsula province (Fig. 1). 

The first consist of reworked granite and gre-

enstone. The two latter are however characterized 

by their medium to high grade metamorphic 

gneisses. Prior the Lopian orogen, the Saamian 

orogeny (3.1 – 2.9 Ga) occurred and gave rise to 

the tonalite-trondhjemite-granodiorite series 

which commonly envelopes the greenstone belts 

(Gaál & Gorbatschev, 1987). The Svecofennian 

domain contains the major part of the bedrock in 

Sweden and southwestern Finland. Lathinen et al., 

(2008) attributed the domain into four orogenies: 

(1) Lapland-Savo orogeny, (2) Fennian orogeny, 

(3) Svecobaltic orogeny and (4) Nordic orogeny. 

These orogenies were interpreted as events of 

crustal accretion of metavolcanic-, metasedimen-

tary rock and emplacement of several generations 

of granitoids.           

 An important unit of the Svecofennian domain 

is the 1600 km long and 20 – 150 km wide 

Transscandinavian Igenous Belt (TIB). The TIB 

consist of undeformed granitoids and porphyries. 

The Southwest Scandinavian domain, a.k.a Sout-

hwestern gneiss province, has a complex evolut-

ion as a result of reworking the original Gothian 

rocks (1.75 – 1.5 Ga) by both deformation, 

magmatic-, metamorphic events and allochtho-

nous nappes. First by the Hallandian event (1.5 – 

1.4 Ga), then by the Sveconorwegian-Grenvillian 

orogeny (1.25 – 0.9 Ga) and finally by the Ca-

ledonian orogeny (0.6 – 0.4 Ga) (Gaál & Gor-

batschev, 1987). 

Fig. 1. Outlines the major tectonic units of the Fennoscan-

dian shield as defined by Gaál & Gorbatschev (1987) and 

modified by Lahtinen et al. (2005). These authors divided the 

shield into three major parts 1) Archaean-, 2) Svecofennian 

and 3) Southwest Scandinavian domains. 
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Stephens et al., (2009; 2015) propose an alterna-

tive model to that of Gaál & Gorbatschev (1987) 

and Lahtinen et al. (2008) for the Svecofennian of 

Sweden and Finland; rather than reflecting diffe-

rent orogenies, it is interpreted as reflecting accret-

ion along a single active continental margin during 

the Svecokarelian orogeny. Stephens et al. (2009) 

suggests that the Svecokarelian orogen constitute 

the major part of Sweden. (Fig. 2).   

2.2 The Bergslagen area  
Bergslagen is a world-famous ore district which 

hosts three currently active mines; Zinkgruvan, 

Garpenberg and Lovisagruvan, all of which are 

polymetallic (Stephens et al., 2009). Its mining 

history reaches back well over 1000 years 

(Frietsch, 1986; Stephens et al., 2009; Allen et al., 

2013). There are over 6000 mineral deposits and 

prospects known within the district, most of which 

are abandoned (Fig. 3). Iron oxide deposits belong 

to the majority in sheer numbers whereas polyme-

tallic deposits are subordinate (Allen et al., 2013). 

Several centuries of mining have led to prosperity 

for Sweden. In 16c, the iron mines in the district 

accounted for 38 % of the world’s iron production. 

Likewise, in the 17c, Falun copper deposit’s yield 

stood for more than half of the world’s copper pro-

duction (Allen et al., 1996). The largest Fe oxide 

deposits - based on production - are Grängesberg 

and Dannemora (Allen et al., 2013). Most mineral 

deposits are hosted by Svecofennian rocks (1.9- 

1.8 Ga) which to a variable extent have been 

reworked by Svecokarelian deformation and me-

tamorphism. The subsequent Sveconorwegian 

orogen have affected western Bergslagen 

(Stephens et al., 2009). The lower part of the stra-

tigraphy consists of turbiditic metasediment, 

followed by quartzite and a thick 1.5 – 7 km 

metavolcanic succession.       

 The majority of the mineral deposits are spati-

ally related with intensely K- or Mg-

hydrothermally altered, felsic (rhyolitic to dacitic) 

metavolcanic rocks, skarn (Fe-, Mg- or Mn-rich) 

and marble. Most deposits are situated in the up-

per part of the metavolcanic succession (Allen et 

al., 1996; Stephens et al., 2009). Another meta-

sedimentary unit consisting of clastic-, turbidic- 

and argillic metasedimentary rock overlies the 

metavolcanic succession (Allen et al., 1996). An 

earlier model interpreted the supracrustal rocks to 

have been deposited in a continental rift setting 

(Oen et al., 1982; Oen, 1987), but since 1996, 

most models suggest that the paleoenvironment 

was a back-arc system associated with an active 

continental margin (Allen et al., 1996; Stephens et 

al., 2009). Bergslagen host a variety of Fe oxide 

Fig. 2. Map of the main geological units which constitute the Fennoscandian shield. The Bergslagen region is highlighted by the 

black frame (modified by Stephens et al., 2009, after Koistinen et al., 2001).  
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deposits including iron oxide deposits in Mn-poor 

or Mn-rich skarn and crystalline carbonate rock, 

apatite-bearing iron ore (AIO) and quartz-rich iron 

oxide deposits including banded iron ore format-

ion (BIF) (Geijer & Magnusson, 1944). In addit-

ion, there are polymetallic sulphide deposits that 

have been sub-divided into two subtypes based on 

their characteristics (Allen et al., 1996; Stephens 

et al., 2009). The first type is the stratiform, sheet-

like Zn-Pb-Ag deposits such as Zinkgruvan 

Fig. 3. A schematic bedrock map over the Bergslagen region. The inliers of metavolcanic rock are the predominant hosts for 

polymetallic- and Fe oxide deposits. Active mines are marked in bold (Zinkgruvan, Garpenberg and Lovisagruvan) with the 

exception of Dannemora, which was abandoned in 2015. From Stephens et al., (2009).  
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(Hedström et al., 1989). This deposit type was for-

merly known as ‘Åmmeberg-type’ but is now re-

ferred to as ‘stratiform ash-siltstone-hosted Zn-Pb-

Ag sulphide deposits’ (SAS-type) (Allen et al., 

1996). Deposits belonging to the group are com-

monly characterized by pervasive K-alteration, 

weak Mg-alteration and are hosted by rhyolitic ash

-siltstone facies in metavolcanic rock, marble and 

skarn (Hedström et al., 1989; Allen et al., 1996; 

Jansson et al., 2017).       The second 

type was earlier referred to as ‘Falun-type’ but is 

nowadays more known as “strata-bound, volcanic-

associated, limestone-skarn Zn-Pb-Ag-Cu 

sulphide deposits” (SVALS-type) (Allen et al., 

1996). It is characterized by stratabound, irregular 

and podiform mineralization. These deposits gene-

rally have pervasive Mg-alteration in the footwall 

in contrast to SAS-type deposits. They are com-

monly associated with Mg-rich skarn, metavolca-

nic rock and marble. The Garpenberg and Sala 

deposit are both examples of this deposits type 

(Christofferson et al., 1986). Finally, Bergslagen 

also host REE, W deposits and industrial minerals 

such as carbonate, feldspar, garnet and alum shale 

(Allen et al., 2013; Stephens et al., 2009).  

 The supracrustal succession was intruded by 

several generations of voluminous plutonic rocks, 

namely (with acronyms in brackets); 1) Granitoid-

dioritoid-grabbroid (GDG), 2) Granite-syenitoid-

dioritoid-gabbroid (GSDG) and 3) Granite-

pegmatite (GP). Subordinate post-Svecokarelian 

intrusive rocks such as e.g. dolerites were empla-

ced subsequently, and there are local post-

Svecokarelian sedimentary rocks, e.g. sandstone 

and shale (Stephens et al., 2009).      

 Stephens et al. (2009) divide the Bergslagen 

region into four subareas (northern-, central-, wes-

tern- and southern area), depending on their 

structural geology and metamorphic history. In 

simplified terms, Bergslagen is affected by predo-

minantly high-temperature, low-pressure amphi-

bolite facies regional metamorphism with subordi-

nate zones of greenschist facies. In addition, there 

are local areas predominantly in the southern 

subaeras where regional metamorphism attained 

granulite facies (Stephens et al., 2009).  

2.3 The Zinkgruvan deposit  
The Zinkgruvan deposit is located in the sout-

hwestern part of the Bergslagen (Fig. 4). The de-

posit is mined by Zinkgruvan Mining AB, which 

is a subsidiary company of Lundin Mining Corpo-

ration. It is situated in Askersund municipality in 

Örebro County, some 260 km from Stockholm. 

Zinkgruvan is the southernmost underground 

mine in Sweden and produces concentrates of 

zinc, lead and copper. The main ore minerals are 

sphalerite, galena and chalcopyrite and subordi-

nate silver minerals.        

 Zinkgruvan has been in continuous operation 

since 1857, when the Belgian mining company 

Vieille Montagne bought the mining field, alt-

hough the mineralization has been known since 

the 16th century. In 1995, the mine was sold to the 

Australian company North Ltd. In 2000, the mine 

was acquired by Rio Tinto Group. In 2004, Lund-

in Mining Corporation bought the mine and con-

temporaneously entered an agreement with Silver 

Wheaton Ltd nowadays better known as Wheaton 

Precious Metals, to sell the silver rights. During 

the same time, North Mining Svenska AB which 

owned Åmmeberg Mining AB was acquired. In 

2005, these companies merged to form Zinkgru-

van Mining AB. In 2010, the Cu ore was taken 

into production and the surface decline ramp was 

completed. In 2015, a new production record was 

achieved of 1.26 Mt ore at a grade of 8.3 % Zn, 

3.8 % Pb, 1.7 % Cu and 68 g/t Ag. As of 30 June 

2017, the proven and probable reserves are 11901 

Kt at 7.2 % Zn, 2.9 % Pb and 63 g/t Ag. In 

parallel are the reserves for the Cu stockwork 

5252 Kt at 1.8 % Cu, 0.2 % Zn and 25 g/t Ag 

(Lundin Mining, 2017).        

 U-Pb dating on zircons from rhyolite in the 

Zinkgruvan area has yielded an age of 1901±18 

and1889±35
24 Ma, which is contemporary with 

volcanic activity in the Bergslagen region 

(Kumpulainen et al., 1996). During the Svecoka-

relian orogeny, the rocks underwent regional me-

tamorphism to upper amphibolite-lower granulite 

facies. Index minerals such as sillimanite (HT-LP) 

and mineral assemblages suggest that a tempera-

ture of 750 ±50°C and a pressure of 5 ±1 kbar 

were reached (Gunn, 2002; Stephens et al., 2009).

 The Zinkgruvan deposit occurs on the overtur-

ned northern limb of a semi-regional E-W tren-

ding synclinal and N dipping fold structure 

(Hedström et al., 1989; Malmström et al., 2009; 

Jansson et al. 2017). Due to stratigraphic invers-

ion, the structural hanging wall is the stratigraphic 

footwall (Hedström et al., 1989). Besides folding, 

the area is affected by mainly NNE-SSW trending 
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faults, all with northward offset. The most 

conspicuous fault is the Knalla fault, which forms 

a natural boundary between the Knallagruvan in 

the west and the Nygruvan in the east (the two 

parts of the Zinkgruvan mine). East of the mine, 

the Sinsberg fault is located and according to 

Gunn (2002), the area east of the fault has been 

displaced c. 1500 m northwards. West of the 

mine, the Dalby fault is located, with unknown 

offset (Gunn, 2002).         

 At least three generations of plutonic rocks are 

present in the area; early-, late- and post-

Svecokarelian, all of which are predominantly of 

granitic composition (Hellingwerf, 1996) and 

which most likely correspond to the GDG, GSDG 

and GP in the division of Stephens et al. (2009). 

West of Zinkgruvan, the porphyritic Askersund 

granite of ‘Filipstad-type’ borders the 

supracrustal succession and is part of the GSDG 

suite. Additionally, there are two generations of 

post-Svecokarelian diabase dikes in the area;1) E-

W trending (1.6-1.47 Ga) and 2) N-S trending 

(1.0-0.91 Ga). The E-W trending dikes are offset 

by faults that are probably associated with the 

Vättern fault system (Karis & Wikström, 1991). 

The near-mine stratigraphy at Zinkgruvan can be 

divided into three main parts (1) the Isåsen form-

ation, (2) the Zinkgruvan formation and (3) the 

Viksjö formation (Gunn, 2002). The Isåsen form-

ation, which is the oldest part of the stratigraphy, 

consist of hydrothermally altered metavolcanic 

rock and is referred to as ‘quartz-microcline rock’ 

or ‘KFL’ in the local terminology. This unit cover 

an area of approximately 7 km2 at surface and is 

recognized by its red color, caused by hematite-

staining. Stratigraphically upwards, the unit pro-

gressively attains a gray color (Hedström et al., 

1989; Jansson et al., 2017). The geochemistry of 

rocks in the Isåsen formation reveal intense alte-

ration with enrichment in inter alia K, Ba. In con-

trast, there is depletion in Na, Fe, Mg and Mn 

(Hedström et al., 1989).        

 The Isåsen formation is stratigraphically over-

lain by the Zinkgruvan formation and can be 

viewed as a transition zone between the underly-

ing metavolcanic- and an overlying metasedimen-

Fig. 4. Zinkgruvan is located in the southwestern part of Bergslagen some 20 km from Askersund. The mine west of the Knalla 

fault are called Knallagruvan and the mine east of the Knalla fault are called Nygruvan. From TT Nyhetsbyrån, (2017).  
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tary sequence. It consists of a mixture of calcite 

and dolomite marble beds, beds of reworked 

metavolcanic rock (metatuffite), quartzite and 

calc-silicate reaction skarns as well as metamafic 

rocks (Jansson et al., 2017). The marble hosts a 

stratabound, polymetallic Cu mineralization in 

the Burkland area at Zinkgruvan, where chal-

copyrite and cubanite are the main ore minerals 

(Fig. 5). For a detailed mineralogical description 

of the Cu mineralization, see Andersen (2009) 

and Bjärnborg (2009).        

 Besides Cu mineralization, the marble also 

hosts undeformed sporadic magnetite-serpentine 

pseudomorphs as retrograde products after oli-

vine. These zones are locally gradational into 

semi-massive to massive magnetite occurrences 

that are the topic of this thesis. Characteristic for 

the magnetite mineralization is the contemporane-

ous elevated contents of Mn, P and ∑REE in 

magnetite mineralization at Burkland (Jansson et 

al., 2017). The marble borders metatuffite at both 

the upper- and lower contact. In detail, the meta-

tuffite consist of metasiltstone, metasandstone 

and is biotite-rich (Hedström et al., 1989; Jansson 

et al., 2017). The local terminology refers to this 

quartzofeldspathic gneisses (metatuffite) as 

‘leptite’ and it is interpreted that the protolith 

contained volcaniclastic material of rhyolitic-

dacitic composition (Allen et al., 1996; Hedström 

et al., 1989). The stratiform Zn-Pb-Ag mine-

ralization is hosted by the metatuffite-dominated 

part of the succession stratigraphically above the 

thickest marble beds (Fig. 5). Stratigraphically 

above the ore horizon, there are several 

conspicuous units comprising skarn and marble. 

These units are in the local terminology known as 

‘Liggskarn’ and ‘KSL’. The ‘Liggskarn’ is com-

posed of diopside-grossular-rich marble and 

subordinate sphalerite-galena-pyrrhotite impreg-

nation is commonly encountered. This unit is 

overlain by a marker horizon which is known 

locally as ‘KSL’, and which is characterized by a 

conspicuous banding defined by wollastonite, 

grossular, vesuvianite, diopside and calcite 

(Jansson et al., 2017).         

 This unit is followed by another interval of 

metatuffite. Stratigraphically above is another 

distinct marker unit at the boundary to the overly-

ing Viksjö formation, consisting of a variably 

thick pelitic rock with stratabound pyrrhotite, 

locally known as ‘FES’ (Gunn, 2002; Hedström 

et al., 1989; Jansson et al., 2017). The Viksjön 

formation consist of migmatized, originally fine-

grained metasedimentary rock, in the local termi-

Fig. 5. Vertical geological cross-section of Burkland, showing the position of stratabound Cu mineralization, stratiform Zn-Pb-

Ag mineralization and subordinate magnetite mineralization. Note that the stratigraphy is inverted, whereby the stratigraphic 

footwall is the geometric hangingwall. The positions of the two drill cores ‘DBH 2417’ and ‘DBH 2851’ that were logged for 

this study are also shown. Modified after Jansson et al. (2017). 
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nology known as ‘BLE’ and consisting of 

migmatized pelitic rock with centimetre-sized 

feldspar porphyroblasts (Gunn, 2002: Jansson et 

al., 2017). Close to the lower the contact, there is 

the ‘GBK’ unit, which is a metasedimentary rock 

with garnet porphyroblasts and biotite.  There 

are stratigraphic differences in different parts of 

the mine. East of the Knalla fault, there is an ap-

proximately 500 m sequence of metatuffite un-

derlying the mineralization with several interlaye-

red marble units. In contrast, west of the Knalla 

fault, the metatuffite sequence beneath the strati-

form Zn-Pb-Ag ore is much thinner and generally 

only one thick marble unit occurs. Furthermore, 

parts of Nygruvan host two adjacent ore horizons 

known as ‘main ore’ and ‘parallel ore’, whereas 

Knallagruvan generally contain one; the ‘main 

ore’ (Jansson et al., 2017). The stratiform ore 

body varies in thickness between 5 – 25 m, with 

an average of 7 m and is situated in the upper part 

of Zinkgruvan formation. The stratiform Zn-Pb-

Ag ore in the proximal part of the deposit 

(Burkland in Knallagruvan) occurs directly above 

the stratabound copper mineralization, which is 5 

- 40 m thick and hosted by marble (Jansson et al., 

2017). One can also note a conspicuous metal 

zonation in the ‘main ore’ from proximal to distal 

parts. There is a gradual increase in Zn/Pb ratio 

from proximal to distal that is particularly clear at 

Nygruvan (Hedström et al., 1989).  Jansson et al. 

(2017) showed that Burkland, Sävsjön and Mel-

lanby ore bodies are part of the same trend and 

should be interpreted as proximal whereas Ceci-

lia, Borta bakom and the old Knalla mine are in-

terpreted as more distal (Fig. 6). This zonation 

was shown to be anchored at the ‘Burkland di-

scotinuity’, an elusive feature which form a 

northern boundary where several key lithological 

facies vanish, such as the stratiform Zn-Pb-Ag 

mineralization and ‘KSL’ the marker unit (Fig. 

5). This discontinuity was interpreted as a syn-

sedimentary fault, which functioned as a principal 

conduit for mineralizing fluids during the ore-

forming event. Several different genetic models 

have been proposed for Zinkgruvan. It was 

previously suggested that the deposit was formed 

Fig. 6. Schematic illustration of the Zn/Pb zonation in Zinkgruvan. Due to more structural complexity at the Knalla mine, the 

zonation is most clear at Nygruvan, where the Zn/Pb ratio steadily increase towards SE. Burkland-Sävsjön-Mellanby are consid-

ered to be equally proximal relative to the Burkland discontinuity and hence have similar Zn/Pb ratios. Figure from Jansson et 

al. (2017).  
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as a result of metasomatism coupled with 

migmatization (Magnusson, 1960). However, 

nowadays the ore is considered to have formed at 

syn-sedimentary stages by hydrothermal fluids in 

a marine basin distal to volcanism (Hedström et 

al., 1989). Despite a plethora of studies, the gene-

tic model of Zinkgruvan is controversial. Broken 

Hill-type (BHT), sedimentary exhalative deposit 

(SEDEX) and volcanogenic massive sulphide 

deposit (VMS) have all been proposed. The most 

recent study by Jansson et al., 2017) concluded 

that the deposits formed from similar ore-forming 

fluids as are involved in the formation of McArt-

hur-type SEDEX deposits and sediment-hosted 

copper deposits. Meanwhile the tectonic setting 

shows more features related to Broken Hill-type 

and felsic-bimodal VMS (Jansson et al., 2017).

 Besides Zinkgruvan, a series of historic iron 

mines are situated along a south-southeast trend 

north-northwest of Zinkgruvan (Fig. 7). Listed 

accordingly to their proximity to Zinkgruvan, 

these are the Västerby-, Hilda-, Garpa-, Björke- 

and Åmme mines. Geijer & Magnusson, (1944) 

reported that the mined magnetite ores were 

hosted by manganese-rich skarn composed of 

knebelite, pyroxene, hornblende, biotite, garnet 

and dannemorite. The latter mineral is discredited 

by the International Mineralogical Association, 

IMA, and is at present referred to as 

manganogrunerite.         

 The Fe-ore was commonly of low grade (40-

45%) and heavily contaminated by sphalerite and 

pyrrhotite. These mines were mainly in operation 

during the 18
th century and most are only a few 

tens of meters deep. The Åmme mines were the 

most important in the district and consisted of c. 

25 mines and prospects which together constitute 

and area of approximately 9000 m2 (Geijer & 

Magnusson, 1944). Northeast of Åmmeberg, the 

Vena field is located, consisting of 204 mines and 

prospects with a total yield of 430 metric ton Cu-

Co ore during 18th and 19th century (Tegengren et 

al., 1924; SGU PM, 1987:3).  

3 Methodology 
3.1 Drill core logging  
During two weeks in late January 2017, three drill 

cores ‘DBH 2417’, ‘DBH 2851’ and ‘DBH 4214’ 

were made available by Zinkgruvan Mining AB 

and logged in detail, with the use of a tungsten 

carbide scriber, neodymium magnet pen, 10X 

hand lens, hydrochloric acid, coloured pencils 

and logging paper. The logging was done to un-

derstand textural and lithological relationships 

associated with the magnetite and skarn mine-

ralogy. Parts of the drill cores hosting such mine-

ralization were logged in more detail.  Two of 

these drill cores ‘DBH 2417’ and ‘DBH 2851’ are 

situated proximal to currently mined Cu mine-

ralization at Burkland, whereas ‘DBH 4214’ is 

from Mellanby in the westernmost part of the de-

posit. ‘DBH 2417’ was initially chosen and log-

ged due to that it has most of the characteristic 

units observed in the host stratigraphy and thus 

provided an overall picture of the lithologies. A 

total of 345 m was logged, photographed and la-

ter digitized with the help of Adobe Illustrator CC 

2015.  

3.2 Whole-rock lithogeochemistry  
In order to get representative samples for litho-

geochemistry, homogenously parts were selected 

with at least 0.5 kg. The aim was to take samples 

from the same rock type but from different locali-

ties in order to allow a comparison. In total, 13 

samples were sent for analysis. Three samples 

from semi-massive to massive magnetite, three 

from marble with varying magnetite content, five 

from skarn and finally two from biotite/

phlogopite schist. Six out of the 13 lithogeoche-

mistry samples derived from the old iron mines 

Västerby and Åmme. These were collected by 

Zinkgruvan’s consultant Anders Zetterqvist 

(Zetterqvist Geokonsult AB) and were provided 

to the author during the visit in Zinkgruvan. The 

sites were visited during the study to get a grasp 

of the localities.        

 Previous research in the area (Jansson et al., 

2018) provided an additional 11 analyses which 

were utilized in this thesis and includes inter alia 

background composition for the marble hosted 

distal to Zinkgruvan, devoid of magnetite and 

sulphides and semi-massive to massive magnetite 

from Västerby and Garpa.  A total of 24 lithogeo-

chemistry analyses were studied. The samples 

may be somewhat biased to low-grade material, 

since the samples were collected from mine 

dumps. All field samples were cut with a dia-

mond saw to eliminate the impact from weathe-

ring and parts with abundant sphalerite were 

avoided. For a detailed description of the field 

samples, see thin section in appendix. Samples 

were prepared by Prep-31 at ALS Minerals, Öje-
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Fig. 7. Geological map over the Zinkgruvan area, showing the position of iron oxide deposits in relation to the Zinkgruvan de-

posit. The stars show the position of deposits sampled for this study.  
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byn, Sweden. The pulp as well as two disguised 

internationally certified reference samples for 

quality assurance and quality control (QA/QC) 

were forwarded to Acme Analytical Laboratories, 

Vancouver, Canada for whole-rock analysis using 

the LF202 program. The samples were digested 

in acid and fusion before getting analysed with 

ICP-ES and ICP-MS in order to cover a wider 

spectrum of trace elements and major oxides. 

Samples with especially high contents of Zn, Pb 

or Ag were run with AQ370-X.  Samples which 

yielded P2O5 under the detection limit have been 

replaced with half the detection limit in the tables 

and plots. ACME’s lower detection limit P2O5 

increased 0.001 to 0.01 from the time of the ana-

lyses by Jansson et al., (2017) to the time of 

current project. However, as none of the previous 

analyses yielded values between 0.001 – 0.005, 

all analyses below the detection limit have been 

replaced with the value 0.005.   

3.3 Light optical microscopy (LOM)  
Sample pieces were sent to Vancouver Petrograp-

hics LTD, British Columbia, Canada for thin 

section production. In total, 21 polished thin sect-

ions were prepared with a thickness of 30 μm and 

a size of approximately 25x45 mm and an addit-

ional nine thin sections from the study of Jansson 

et al. (2017) were re-investigated. The primary 

objective was to densify the sampling near skarn 

and magnetite mineralization previously noted in 

‘DBH 2417’ by Jansson et al., (2017). The drill 

cores were split in order to keep one part as a re-

ference and the other part for thin section prepa-

ration.            

 The petrographic study was carried out at Lu-

leå University of Technology by the help of two 

optical microscopes, namely: Leica DM750 P 

(4X, 10X, 20X and 40X objectives) and Nikon 

ECLIPSE LV100 POL (1X, 5X, 10X, 20X and 50 

X objectives) coupled to a Nikon DS-Fi1 U2 

colour camera with a resolution of 2560X1920. 

The samples were investigated with transmitted- 

and reflected light, in both plane-polarized light 

and cross-polarized light. The thin sections were 

thoroughly investigated with respect to colour, 

pleochroism, relief, cleavage, crystal habit, bire-

flectance, anisotropy, ore mineral reflectance, 

internal reflections, mineral association, alterat-

ion, chronoscopic view and hardness with the 

help of ‘Pseudo-Becke line’ etc.                  

3.4 Scanning electron microscopy 
(SEM)  

Out of the 29 thin sections, 15 were carbon-

coated at the pilot plant lab of Boliden Mineral in 

Boliden. Five samples were investigated in a 

Zeiss Merlin High-resolution (0.8 nm) FEG-SEM 

EDS/WDS scanning electron microscope (SEM) 

at Luleå University of Technology. An accelerat-

ion voltage of 20 kV was applied with a beam 

current of 1 nA. The working distance was ap-

proximately 8.5 mm. This SEM is equipped with 

double BSE–detectors, double SE–detectors, 

Energy Dispersive System (EDS) and Wave-

length-dispersive spectroscopy (WDS). The soft-

ware used was Inca and Aztec, Oxford Instru-

ments.             

 The measurements were conducted by at-

taching a sample in a vacuum chamber and then 

irradiating it with an electron beam. The electrons 

interact with the sample in question and generate 

signals where X-ray, backscattered electron and 

secondary electrons are the most prominent. 

These deflected signals are then collected in a 

detector and count all the X-rays at once to gene-

rate an image. Backscattered electron imaging is 

based on density differences between atoms. A 

mineral with higher mean atomic number thus 

yields a brighter colour than a mineral with a lo-

wer mean atomic number. In contrast, the se-

condary electron method is based on repulsion 

between electrons and yields an image showing 

topographic differences (Reed, 2005). SEM al-

lows semi-quantitative analysis where EDS 

measure elements with an atomic number higher 

than sodium simultaneously, in contrast to WDS. 

The advantage is less time-consuming measure-

ments compared to an electron microprobe analy-

sis, yet the measurements are less precise, and the 

detection limit is not as low as in WDS (Hoek & 

Koolwijk, 2007). Furthermore, SEM can be seen 

as a verification tool of what is seen in optical 

microscopy. Thus, it is good to have idea of the 

mineral analysed since overlaps of peaks can 

occur.  

3.5 Electron microprobe analysis (FE-
EMPA)  

Quantitative mineral chemistry analyses were 

carried out on 11 polished thin sections at Centre 

for experimental mineralogy, petrology and geo-

chemistry (CEMPEG) at the Department of Earth 

Sciences, Uppsala University. The JEOL JXA – 
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8530F Superprobe is a field emission electron 

probe microanalyser equipped with four crystals 

spectrometers (TAP, PETJ, PETH and LIFH), 

secondary and backscattered electron detectors 

and cover up to 90 % of the periodic table. An 

acceleration voltage of 15 kV was applied with a 

probe current of approximately 10 nA (1.066e-008 

A). The beam shape was circular and the diameter 

varied depending on the mineral analysed. A 

probe diameter of 1 μm was used for olivine, 

pyroxene, aluminium spinel, magnetite and gar-

net. Whereas carbonate, amphibole, serpentine 

and mica were analysed using a probe diameter 

varying between 3-5 μm.        

 The analytical programs were optimized de-

pending on mineral groups with regards to which 

elements the crystals should analyze and which 

crystals that should be active. The electron probe 

microanalyzer allow both Energy-dispersive X-

ray Spectroscopy (EDS) and Wave-length disper-

sive X-ray Spectroscopy (5WDS). WDS is based 

on the same technique described above, with the 

difference that it yields quantitative composition-

al data. All elements have their own characteristic 

sets of X-rays that it emits. By programming the 

X-rays of interest in the WDS prior to the analy-

sis, the crystals align in order to generate different 

incidence that generate specific wavelengths. 

This phenomenon utilizes Bragg's law. (Love & 

Scott, 2001). The crystals are tuned for specific 

elements in the periodic table in order to cover 

the full X-ray spectrum, in this case e.g. thallium 

acid pthalate (TAP) analysed Na, Si, Al and Mg. 

Thus, WDS has a spectral resolution and sensiti-

vity one order of magnitude higher than EDS as a 

result of higher peak to background ratio. 

Consequently, the analyses are more time-

consuming compared to a regular SEM (Hoek & 

Koolwijk, 2007).  

4  Results 
4.1 Logging and sample     

characterization  
4.1.1 Burkland 

Two drill cores ‘DBH 2417’ and ‘DBH 2851’ 

were logged in detail to understand textural- and 

lithological relationships and are situated proxi-

mal to the Cu-mineralization and the Burkland 

discontinuity (Fig. 5).  Both drill holes are drilled 

from stratigraphically older to stratigraphically 

younger rocks on the same fold limb. There are 

no sharp contacts between the studied rock types 

marble, skarn and semi-massive to massive mag-

netite mineralization, instead they are commonly 

gradational into one another.      

 The first part of ‘DBH 2417’ consists of a 

grey, fine- to medium grained, microcline-quartz 

rock, i.e. a pervasively K-altered metavolcanic 

rock (Fig. 8). It is crosscut by fine-grained 

networks of clinozoisite, scapolite and diopside 

with a pale green appearance. The microcline-

quartz rock has a sharp contact towards a clin-

opyroxene-biotite-rich dolomite marble. Stra-

tigraphically above, metatuffite is interbanded 

with clinopyroxene skarn which hosts abundant 

angular patches. Jansson et al., (2017) and Hed-

ström et al., (1989) argued that the metatuffite is a 

hybrid volcanic-sedimentary rock consisting of 

fine-grained biotite, quartz and feldspar. The me-

tatuffite is followed down-core by a locally brec-

ciated metatuffite which is interfingering with 

dolomite marble. This succession grades stra-

tigraphically upwards/down-core into a 45 m 

thick interval of marble.        

 The stratigraphic lower part of the marble is of 

dolomitic composition but grades into a calcitic 

and Mg silicate-rich composition near the stra-

tigraphic upper contact. The marble hosts black 

serpentine-magnetite spots that resemble pseudo-

morphs after undeformed olivine porphyroblasts. 

These spots are aligned and defines a weak ban-

ding. The magnetite and serpentine are likely 

retrograde products after olivine. Dark green bio-

tite is another common accessory mineral in the 

marble and occurs as schlieren. Locally, there is 

impregnation to semi-massive zones of sphalerite 

and impregnation of pyrrhotite in the marble.  

 The magnetite content increase towards the 

stratigraphic upper part of the marble unit, in the 

form of serpentine-magnetite pseudomorphs after 

olivine and magnetite-bearing veins, and locally 

grades into a semi-massive to massive magnetite 

mineralization associated with Fe-rich skarns. 

Thus, magnetite occurs in three different varieties 

in Burkland; 1) semi-massive to massive mine-

ralization, 2) magnetite-bearing veins and 3) as a 

retrograde alteration product after olivine porphy-

roblasts. Results from subsequent microscopy 

(further described below) show that the semi-

massive to massive magnetite mineralization is 

accompanied by elevated contents of apatite and 

aluminium spinel. Apatite could not be observed 
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in the drill core during logging whereas alumi-

num spinel could be observed as 1-2 mm dark 

green porphyroblasts.         

 Olivine skarn occurs stratigraphically above 

the zone hosting semi-massive to massive magne-

tite mineralization. The marble also hosts the po-

lymetallic Burkland Cu mineralization, where 

chalcopyrite and cubanite predominates. The con-

tent of Cu minerals increases towards the stra-

tigraphic upper contact of the marble. Locally, 

cobaltite has been observed spatially associated 

with the Cu minerals.         

 The marble grades stratigraphically upwards 

into clinopyroxene skarn interbedded with meta-

tuffite and with local sphalerite and galena lami-

nae. The skarn content gradually increases 

upwards and has a sharp contact towards the c. 6 

m thick Zinkgruvan semi-massive to massive 

stratiform Zn-Pb-Ag ore, which is stratigrap-

hically overlain by metatuffite with neosome of 

medium-grained granitoid. As shown in the grap-

hic log (Fig. 8), another c. 1.5 m thick occurrence 

of semi-massive to massive sphalerite and subor-

dinate galena occur. This occurrence consists of 

‘ball ore’, in contrast to the stratigraphically un-

derlying stratiform Zn-Pg-Ag ore. Ball ore textu-

res consist of rounded gangue fragments embed-

ded in ductile ore minerals. These textures are a 

result of remobilization and usually occur in areas 

that are affected by penetrative planar fabric in 

high-grade metamorphic conditions and near fault 

zones (Craig & Vaughan, 1994).     

 The ball ore borders another metatuffite with 

numerous thin skarn occurrences down-core, in 

turn passing down-core into a garnet-biotite rock 

which can be correlated with the ‘GBK’ unit of 

the stratigraphic hangingwall. Here, the ‘GBK’ 

hosts up to 1 cm garnet porphyroblasts. Sub-

sequent graphic core logs visualize where thin 

sections and whole rock lithogeochemistry 

samples are taken.          

 Drill hole ‘DBH 2851’ occurs in the same pro-

file (Fig. 5; Fig. 9) and intersected the same stra-

tigraphic units as ‘DBH 2417’. Both drill cores 

contain a c. 5 m thick zone of strata-bound semi-

massive to massive magnetite mineralization 

hosted by olivine-porphyroblastic marble, which 

is altered to magnetite and serpentine. Further-

more, magnetite mineralization in both drill cores 

is spatially associated with Fe-rich skarn. The 

main difference between the drill cores is that 

‘DBH 2851’ also intersects the ‘KSL’ unit and a 

thin succession of quartzite. Furthermore, the Cu 

mineralization is much poorer here than in ‘DBH 

2417’ and restricted to local weak impregnations 

of cubanite and chalcopyrite. The lower meta-

tuffite is not as well-developed here as in ‘DBH 

2417’. However, there is a distinct c. 1.5 m thick 

garnet porphyroblastic metatuffite interbed in the 

marble. Moreover, there is a weak-moderate im-

pregnation of sphalerite in the marble.   

 Another difference is the presence of magnet-

ite-rich biotite schist, which can be observed in 

several intervals in the core (Fig. 9). Unlike in 

‘DBH 2417’, there is a marble unit stratigraph-

ically above the stratiform, semi-massive to mas-

sive Zn-Pb-Ag ore. Finally, the stratiform Zn-Pb-

Ag ore is more galena-rich in ‘DBH 2851’. The 

marble unit is thicker in ‘DBH 2417’ (c. 60 m) 

compared to ‘DBH 2851’ (c. 35 m). Based on the 

vertical cross-section over the Burkland ore body 

(Fig. 5), it appears that the marble is thinning out 

near the Burkland discontinuity which possibly 

explains the difference in the marble thickness. 

4.1.2 Mellanby 

One drill core (DBH 4214) from the Mellaby area 

was logged for the project, but no geological 

cross-section has been drawn. As shown on Fig. 

6, the Mellanby area can be viewed as a west-

wards continuation of Burkland. Drill core ‘DBH 

4214’ intersect the same part of the stratigraphy 

as was logged at Burkland and was logged in de-

tail in order to allow a comparison.   

 ‘DBH 4214’ exhibit complex zonation pat-

terns with respect to the distribution of skarn and 

magnetite. Two main types of skarn are observed: 

1) clinopyroxene skarn and 2) olivine-biotite 

skarn. Magnetite occur as 1) semi-massive to 

massive mineralization together with clinopyrox-

ene, 2) in contact zones to olivine-biotite skarn 

with biotite and diopside 3) in veins with pyrrho-

tite and chalcopyrite and 4) as a retrograde altera-

tion product after olivine porphyroblasts.  

 Commonly the three rock-types skarn, semi-

massive to massive magnetite and marble are gra-

dational into one another. Magnetite is frequently 

intergrown with pyrrhotite in the clinopyroxene 

skarn, e.g. at 236.70 m (Fig. 10). Additionally, 

there are high contents of magnetite at the con-

tacts between marble and olivine-biotite skarn, 

e.g. at 265.30 and 269.00 m (Fig. 10). Similar 

phenomena are observed at 226.45 m but with 
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Fig. 8. Digitized graphic log of drill core ‘DBH 2417’ from Burkland, showing the sample positions (whole-rock lithogeoche-

mistry and thin-sections). Areas proximal to the semi-massive to massive magnetite are logged with a greater resolution and 

with denser sampling.  
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Fig. 9. Digitized drill core log of ‘DBH 2851’ from Burkland 
and the sample positions (whole-rock lithogeochemistry and 
thin-sections).  The interval hosting semi-massive to massive 
magnetite has a higher sampling density. Legend is the same 
as in Fig. 8. 

Fig. 10. Digitized drill core log of ‘DBH 4214’ from Mel-
lanby and the sample positions (whole-rock lithogeochemi-
stry and thin-sections). Areas proximal to the semi-massive 
to massive magnetite has a denser sample taking. Legend as 
in Fig. 8. 
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biotite and magnetite porphyroblasts instead. The 

olivine-biotite skarn ranges from weakly magnet-

ic to strongly magnetic. 

4.1.3 Västerby, Garpa and Åmme 

4.1.3.1 Marble 

Marble occurs in dump material and outcrops 

from the Åmme and Västerby mines. One marble 

sample from each of these locations were col-

lected. Both samples consist of fine- to medium-

grained granoblastic dolomitic marble, with a 

white-grey appearance (Fig. 11). The carbonate 

crystals display a vitreous lustre. Another simi-

larity between the locations is that the marble is 

fairly free from impurities and contain only trace 

quantities of magnetite and serpentine. The speci-

mens range from being mainly non-magnetic to 

locally weakly-(moderately) magnetic in darker 

areas in the hand specimens. No sulphides are 

visible to the naked eye. The main differences 

between the locations are the minerals which 

occur in trace quantities. The marble from Väs-

terby mines ‘FI09’ host fine-grained crystals of 

pyrrhotite, whereas the Åmme sample ‘FI11’ in 

addition to the minerals mentioned (dolomite, 

serpentine and magnetite) also contain minor 

quantities of olivine, aluminium spinel, chlorite 

and biotite.            

 The main difference between the marble 

samples from Åmme and Västerby compared 

with marble from Burkland and Mellanby is the 

abundance of silicates. Marble from Burkland and 

Mellanby is richer in especially olivine, serpen-

tine and magnetite but also chlorite, biotite, alu-

minium spinel, apatite, graphite and sulphide mi-

nerals (e.g. Cu-minerals, sphalerite and pyrrho-

tite). The marble samples from Åmme and Väs-

terby lack several of these minerals. Furthermore, 

the marble is more calcitic in silica-rich parts in 

Zinkgruvan compared to the samples from Väs-

terby and Åmme, which are more dolomitic, as 

suggested by tests using hydrochloric acid. 

4.1.3.2 Skarn 

Three skarn samples from Åmme mines were 

collected (Fig. 12). Unfortunately, no skarn 

sample from Västerby mines was retrieved due to 

a limited sampling campaign. The Åmme mines 

were a priority due to that it hosts a wide range of 

skarn types. The samples share common features; 

they are fine- to medium-grained and contain tra-

ces of magnetite. However, there are several dif-

ferences with respect to the mineralogy. The main 

minerals are clinopyroxene, amphibole, garnet, 

sphalerite, orthopyroxene, olivine and quartz, 

whereas minor minerals are apatite, ‘iddingsite’, 

graphite, covellite, chalcopyrite, pyrrhotite, pyrite 

and arsenopyrite. The mineralogy above is based 

on light optical microscopy (see appendix 9.1 ). 

General description of the skarn samples: 

1. Garnet-amphibole skarn ‘FI12’ (Fig. 12) – 

Fine-grained skarn with a red and green 

colour. Garnet occurs as red translucent 

porphyroblasts with intergranular greenish 

amphibole. The field specimen is non-

magnetic and contains no visible sulphides. 

2. Amphibole-clinopyroxene skarn ‘FI08’ - 

Fine-grained, dark-green skarn which 

locally exhibits a greyish tint. The ground-

mass is too fine-grained to allow individual 

grains and their crystal habitats to be dis-

Fig. 11. Example of granoblastic dolomitic marble from an 

outcrop in Västerby mine.  

Fig. 12. Garnet-amphibole skarn from an outcrop in Åmme 

mines.  
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tinguished. There are however several 

sphalerite veins that are medium-grained. 

The specimen is weakly-moderately 

magnetic. 

3. Olivine porphyroblastic diopside skarn 

‘FI10’ – Fine-to medium-grained granular 

skarn with a green-black tint. The main 

mineral is translucent colourless clin-

opyroxene. However, the hand specimen 

has a black colour due to the presence of 

fine-grained magnetite and ‘iddingsite’. 

Local olivine porphyroblasts show a trans-

parent-translucent light-green colour, with 

a vitreous lustre. The specimen is weakly-

moderately magnetic. There are no visible 

sulphide minerals.  

The skarn samples from the Åmme mines share 

general features with skarn samples from Burk-

land and Mellanby with respect to main mine-

ralogy. Skarn which can be found both in Åmme 

mines and Burkland-Mellanby are 1) clinopyrox-

ene skarn, 2) amphibole skarn, 3) orthopyroxene 

skarn and 4) garnet skarn. The main differences 

are that the samples of skarn from Burkland-

Mellanby are more biotite-rich than the samples 

from the Åmme mines. In addition, the presence 

and abundance of minor minerals differ between 

the locations. Burkland-Mellanby skarn host a 

higher content of aluminium spinel, chlorite and 

Cu-minerals. Also, worth noting is the reoccur-

ring medium-grained sphalerite veins in ‘FI08’, 

which lack galena. However, it is emphasized that 

the similarities surpass the differences. 

4.1.3.3 Semi-massive to massive magnetite 

One semi-massive to massive magnetite sample, 

FI07, was collected from Västerby (Fig. 13). Un-

fortunately, a similarly magnetite-rich sample 

could not be retrieved from the Åmme mines. The 

field sample from Västerby mainly consist of 

magnetite and fine-grained, dark-green clinopy-

roxene. It hosts a 2 cm wide cross-cutting vein of 

medium-grained sphalerite. The vein has a metal-

lic luster with a greyish colour. The specimen is 

weakly-moderately magnetic. The mineralogy in 

the sample from Västerby resemble the semi-

massive to massive magnetite observed in Burk-

land and Mellanby, as all contain clinopyroxene. 

However, the sample from Västerby lack biotite, 

which is commonly found adjacent to the magnet-

ite mineralization at Mellanby and Burkland. The 

magnetite mineralization in Åmme occurs as 1) 

retrograde alteration product after olivine and 2) 

as magnetite-bearing veins in contrast to Burk-

land and Mellanby which also host semi-massive 

to massive magnetite mineralization. 

4.2 Optic microscopy and mineral che-
mistry   

The mineralogy in the different areas (Burkland, 

Mellanby, Västerby and Åmme) has been 

constrained with the help of light optical 

microscopy (Tab. 1). The table only display the 

distribution of the minerals in the different areas 

but not the modal abundances due to statistical 

limitations in the dataset. The modal abundances 

of minerals in individual samples categorized by 

rock types are presented in appendix 9.1.  

 Burkland and to some extent Mellanby appear 

more mineralogically diverse, yet this may reflect 

the more comprehensive sample campaign here. 

This is especially evident at Burkland, where two 

drill cores were sampled. Another factor to take 

into consideration is the polymetallic Cu-

mineralization in Burkland and the occurrence of 

Cu minerals in marble, skarn and semi-massive to 

massive magnetite.         

 Marble in the studied areas areas have a com-

mon main mineralogy in that they all contain ser-

pentine (± ‘iddingsite’) and magnetite. The mar-

ble also hosts frequent biotite/phlogopite, olivine 

and aluminium spinel, which are only lacking in 

one area (Västerby). Even so, it is safe to say that 

olivine porphyroblasts have been present in Väs-

terby as magnetite and various kinds of serpentine  

are observed, commonly outlining round shapes 

comparable to pseudomorphs after olivine. Mine-

Fig. 13. Semi-massive to massive magnetite from an outcrop 

in Västerby.  
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rals that are exclusively found at Burkland are 

apatite, graphite, allanite (verified through SEM), 

sphalerite and minerals associated with the Cu-

mineralization. The marble from Åmme mines 

have a similar mineralogy as at Burkland and to 

some extent Mellanby, if the Cu-mineralization 

and minerals that occur in trace quantities are 

disregarded. There is a continuous increase from 

Åmme towards Burkland with respect to the pre-

sence and abundance of certain minerals such as: 

olivine, serpentine, aluminium spinel, apatite, 

magnetite, graphite, phlogopite/biotite, chlorite 

and trace sulphides.             

 The skarn mineralogy is similar at Burkland, 

Mellanby and Åmme. All areas contain diopside, 

amphibole, garnet, apatite, magnetite, chal-

copyrite, pyrrhotite and arsenopyrite. However, 

the main difference is that Åmme samples lack 

biotite/phlogopite and aluminium spinel, which 

are observed at Burkland and Mellanby. Minerals 

that are exclusively found at Burkland are 

chlorite, cubanite and galena. As revealed by the 

thin sections (appendix 9.1), Burkland and Mel-

lanby have a much higher content of magnetite 

compared to Åmme. However, this may also re-

flect the sampling bias, since magnetite-rich 

samples were presumably not thrown on the 

dump at Åmme. Furthermore, biotite/phlogopite 

and aluminium spinel are common accessory mi-

nerals at Burkland-Mellanby. Orthopyroxene has 

so far only been found at Mellanby and Åmme.

 The character of the magnetite mineralization 

differs between the areas. Semi-massive to mas-

sive magnetite in Burkland is hosted by marble, 

in contrast to at Mellanby, where it is hosted in 

skarn. The exceptionally high content of biotite in 

Mellanby makes it unique relative to the other 

study areas. Burkland-Mellanby have massive 

sections whereas the magnetite in Västerby con-

sist of 1) veins and 2) as a retrograde product af-

ter olivine. Furthermore, apatite is not found in 

Västerby but can be observed at both Burkland 

and Mellanby. There is a continuous increase 

from Västerby towards Burkland in the presence 

and abundance of aluminium spinel, apatite, grap-

hite, chlorite and trace sulphides.   

4.3 Paragenetic relationships 
Since the olivine porphyroblasts locally host car-

bonate inclusions, it is evident that they have 

grown as porphyroblasts in the host marble. The 

olivine porphyroblasts in turn have been retro-

grade altered to serpentine and magnetite. Serpen-

tine commonly occur as fracture infill and along 

the rims together with magnetite (Fig. 14A; Fig. 

14. B). Magnetite surrounding the olivine porphy-

roblasts locally have inclusions of carbonate. In 

some samples, the olivine porphyroblasts have 

been pervasively altered to serpentine. The inhe-

rited rounded shape of the serpentine aggregates 

suggests that they are pseudomorphs after olivine 

(Fig. 14C; Fig. 14D). The carbonate minerals also 

host apatite and phlogopite which occurs as in-

clusions. One sample (DBH 2851@190.81) con-

tain pyroxene crystals that have inclusions of apa-

tite and carbonate. Thus, the pyroxene is parage-

netically younger.         

 Magnetite also occurs as aggregates in areas 

where there is textural evidence of retrograde al-

teration of olivine porphyroblasts, suggesting two 

different types of magnetite with respect to 

occurrence (Fig. 14D). Aluminium spinel is a 

ubiquitous accessory mineral in the marble and 

usually host inclusions of carbonate, which indi-

cate that it formed as porphyroblasts in the mar-

ble. Additionally, the aluminium spinel is usually 

rich in magnetite inclusions, suggesting that 

magnetite is paragenetically older. However, the 

aluminium spinel also appears as inclusions in or 

intergrown with magnetite. Locally the alumi-

nium spinel forms euhedral porphyroblasts up to 

c. 0.6 mm in size (Fig. 15A). Veins carrying 

sphalerite, magnetite, apatite and aluminium spi-

nel have been observed cross-cutting the marble 

(Fig. 15B). The veins have alteration halos whe-

rein e.g. olivine porphyroblasts have been altered 

to serpentine and magnetite.         

 Locally, chlorite is observed in veins cross-

cutting garnet and amphibole crystals (Fig. 15C). 

These relationships suggest that chlorite have for-

med after garnet and amphibole. Furthermore, the 

garnet locally hosts amphibole inclusions, which 

indicate that garnet is younger. Magnetite com-

monly host inclusions of both diopside and 

amphibole, suggesting magnetite is younger than 

these minerals. Inclusions of orthopyroxene in 

biotite can locally be observed. Similar paragene-

tic sequences can be defined for the semi-massive 

to massive magnetite. However, the character of 

the magnetite mineralization varies. In addition to 

the retrograde alteration of olivine mentioned 

above, magnetite also appears in bands and as 

massive aggregates (Fig. 15D; Fig. 15E).  As for 
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the sulphides, cubanite occurs as exsolution la-

mellae in chalcopyrite and is thus interpreted to 

be paragenetically later (Fig. 15F). However, the 

chalcopyrite disease observed in sphalerite are an 

example of a replacement texture, wherein chal-

copyrite replaces sphalerite (Barton & Bethke, 

1987). Locally, there are minute exsolution fla-

mes of pyrrhotite in pentlandite (Fig. 16A). Spha-

lerite veins are found cross-cutting garnet and 

diopside, which indicate sphalerite sits in a para-

genetically later position. In addition, pyrrhotite 

locally occur as inclusions in sphalerite that in 

turn occur as inclusions in magnetite. Finally, 

safflorite porphyroblasts locally have inclusions 

of olivine- and aluminium spinel porphyroblasts, 

suggesting safflorite is paragentically younger 

(Fig. 16B). Furthermore, safflorite has an alterat-

ion rim of cobaltite.      

  
 

 
             

 

 

 
 

 

Fig. 14.  A. 5X magnification, XPL. Olivine porphyroblastic marble, where the olivine has been retrograde altered to serpentine 

and magnetite. Serpentine both veins and rims the porphyroblasts.  B. 5X magnification, RL. Photomicrograph of the olivine 

porphyroblastic marble in reflected light. Retrograde magnetite occurs mainly as rims around the olivine porphyroblasts. C. 5 X 

magnification, XPL. Illustration of a thoroughly altered olivine porpyroblastic marble where rounded serpentine aggregates form 

pseudomorphs after remnant olivine. D. 5X magnification, RL. Magnetite aggregate (bottom) adjacent to olivine porphyroblasts 

(top). Here, there is no obvious relationship between magnetite and retrograde alteration of olivine. 
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Fig 15. A. 10X magnification, PPL. Euhedral porphyroblasts of aluminium spinel hosted in carbonate. The crystals are rich in 

magnetite inclusions that appear as black spots in plane-polarized light. B. 5 X magnification, XPL. A cross-cutting vein carry-

ing sphalerite, magnetite, apatite and aluminium spinel. The olivine porphyroblasts in the halo mineralogy are more altered than 

the distal olivine porphyroblastic in the marble.  C. 5X magnification, XPL. Amphibole crystals cross-cut by chlorite- and car-

bonate veins. D. 1X magnification, RL. A magnetite-rich band cross-cutting diopside skarn. E. 5X magnification, RL. Graphite 

intergrown with semi-massive to massive magnetite hosted in olivine porphyroblastic marble. F. 5X magnification, RL. Ex-

solution lamellae of cubanite in chalcopyrite, intergrown with galena, magnetite and pyrrhotite.    
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4.4 Mineral chemistry 
The most representative samples of the main rock 

types (marble, skarn and semi-massive to massive 

magnetite) were selected with emphasis on con-

tent of minerals which vary in chemical compo-

sition. Calculation are based on Deer et al. 

(1992). 

4.4.1 Garnet 

The manganese content in garnet increases from 

Burkland towards Åmme mines, regardless of 

skarn type (appx. 9.2, tab. 1). Hence, there ap-

pears to exist a chemical zonation in the garnet 

composition in the skarn. The garnet has a spes-

sartine component ranging 6–16 mole.%, with the 

highest value occurring in sample FI12 (Åmme). 

Sample 2417@179.20 was collected from the 

‘Liggskarn’ unit which stratigraphically overlies 

the stratiform ore horizon. The skarn - which is 

dominated by ferroan diopside - was analysed by 

Jansson et al. (2017). Sample 2851@205.70 

occurs in skarn directly associated with the stra-

tabound semi-massive to massive magnetite mi-

neralization in the stratigraphic footwall of the 

stratiform ore. As revealed by the analyses, some 

stratigraphic variations in garnet composition ex-

ist in the Burkland area. The sample connected 

with the semi-massive to massive magnetite mi-

neralization predominantly consists of almandine 

(Alm43Grs30Sps15Py7Adr5) whereas the garnet in 

the ‘Liggskarn’ unit is mainly of grossular com-

position (Grs66Alm15Adr12Sps6). Garnet in sample 

FI06 from Mellanby 4214@287.06 occurs in di-

opside skarn in a similar setting as 2851@205.70, 

i.e associated with magnetite mineralization. The 

mineral chemistry is similar for most elements in 

these two samples, except FeO-calc and CaO; 

garnet from Mellanby have a higher grossular end

-member (Grs41Alm33Sps15Adr7Py4). The skarn 

sample from Åmme mines, FI12, have a different 

skarn mineralogy compared with the other three, 

since it is mainly composed of amphibole. It con-

tains trace quantities of magnetite, similar to 

2417@179.20. Garnet from the skarn in Åmme is 

of almandine composition(Alm68Sps16Grs8Py4 

Adr4), containing the highest contents of manga-

nese and iron and the lowest of calcium content in 

the study area (appx. 9.2, tab. 1). 

4.4.2 Olivine 

The chemical composition of olivine porphy-

roblasts in marble differ between the areas. Oli-

vine in samples from Burkland have a similar 

composition (Fo47-51Fa45-48Tep4-5), in contrast to 

olivine from Mellanby and Åmme, which have a 

considerably higher forsterite component (Fo79-

82Fa14-21Tep1-5; appx. 9.2, tab. 2). The mole.% of 

tephroite is similar at Burkland and Mellanby 

(3.89-4.71 mole. %). However, sample FI11 from 

Åmme mines have a considerably lower manga-

nese content (Tp0.92). As for olivine associated 

with the semi-massive to massive magnetite, the 

forsterite component is higher in Burkland whe-

reas the fayalite component dominates in Väs-

terby, the manganese content being the same. Oli-

vine in the yellow skarn (FI01) from Mellanby 

Fig. 16. A. 5X magnification, RL. Minute exsolution flames of pentlandite in pyrrhotite which in turn has a rim of chalcopyrite. 

Magnetite and sphalerite are intergrown with the chalcopyrite. B. 5X magnification, RL. Aluminium spinel- and olivine porphy-
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hic level (the upper part of the main ore horizon) 

from the ‘Liggskarn’ unit. The ‘Liggskarn’ clin-

opyroxene is dominated by hedenbergite 

(Hd71Di25Jhn4). Iron-rich orthopyroxene was 

identified in Åmme, namely ferrosilite (Fs80En20). 

If the ‘Liggskarn’ sample is excluded, there is a 

weak increase in manganese content from Burk-

land towards Åmme mines. The highest manga-

nese content is observed in the ferrosilite skarn 

from Åmme mines (Mn0.12). The diopside in the 

semi-massive to massive magnetite is relatively 

Mg-rich and Fe-poor, especially compared to the 

skarn samples that contain ferrosilite and heden-

bergite (appx. 9.2, tab. 5).  

4.4.6 Amphibole 

Amphiboles were analysed in two thin sections. 

The amphiboles from Mellanby occurs in clin-

opyroxene skarn stratigraphically above the stra-

tabound semi-massive to massive magnetite, in 

close proximity to the main ore horizon (Fig. 10). 

The other amphibole sample occurs in garnet-

amphibole skarn from Åmme mines. Different 

normalization procedures (NAMP, CAMP, 

KAMP and RAMP) yielded ferropargasite to 

magnesiohastingsite compositions for the Mel-

lanby sample. According to Leake et al., (1997), 

calcic amphiboles should be classified as magne-

siohastingsite if Mg/(Mg + Fe2+) exceed 0.5 and 

VIAl ≤ Fe3+. However, if Mg/(Mg + Fe2+) is 

lower than 0.5 and VIAl ≥ Fe3+, they would be 

classified as ferropargasite. Amphiboles from the 

Mellanby sample yielded Mg/(Mg + Fe2+) = 

0.503 and 0.474, whereby this amphibole straddle 

the boundary of Leake et al. (1997). Likewise, the 

content of Fe3+ and VIAl varies. For simplicity, 

these amphiboles are termed magnesiohastingsite 

and the formula presented in appx. 9.2, tab. 6 is 

based on the Leake (1978), Rock and Leake 

(1984) and Mogessie et al. (1990) normalizations. 

In contrast, the sample from Åmme mines is of 

grunerite composition. The magnesiohastingsite 

amphibole from Mellanby is more Cl-, Al-, Ca- 

and K-rich whereas the grunerite from Åmme is 

more Mn- and Fe-rich.   

4.4.7 Aluminium spinel 

The aluminium spinel composition is similar in 

all marble samples from Burkland, consisting of 

gahnite (Ghn51-53Hc24-27Spl21-24Glx1; appx. 9.2, 

tab. 7). In contrast, spinels in marble samples 

from Åmme have a pleonaste composition, a 

consist predominately of fayalite (Fa81Fo17Tep2), 

which is the highest recorded fayalite component 

in this survey. In addition, this olivine is rather 

manganese poor compared to the other olivines in 

the study area. Olivine in the skarn sample from 

Åmme also consist mainly of fayalite 

(Fa55Fo36Tep9), but with a markedly higher 

manganese content. The manganese content ap-

proaches that of knebelite (Mn-rich fayalite), but 

knebelite require at least 10 mole.% tephroite 

component according to Deer et al. (1992).   

4.4.3 Serpentine 

As a result of retrograde alteration of olivine, ser-

pentine can be observed in several thin sections, 

and two occurrences have been analysed. The 

marble from Burkland host Fe-rich serpentine 

whereas the marble from Mellanby consists of 

crysotile (appx. 9.2, tab. 3). The major difference 

is that the serpentine host abundant Fe2+ compa-

red to Mellanby. In contrast, chrysotile is magne-

sium-rich. 

4.4.4 Biotite-group 

All marble samples in Burkland and Mellanby 

consists of phlogopite. In contrast, the yellow 

skarn (biotite-fayalite) and the semi-massive mas-

sive magnetite in Mellanby consists of biotite. 

The phlogopite in the marble samples have Mg/

(Mg+Fe) = 0.81-0.91 whereas the skarn and semi

-massive to massive magnetite are more proximal 

to a 1:1 Fe-Mg-ratio, Mg/(Mg+Fe) = 0.47-0.48 

(appx. 9.2, tab. 4). The phlogopite in Burkland 

has elevated contents of fluorine (F0.10-0.13) and 

chlorine (Cl0.01), thus better termed fluorphlogo-

pite. The biotite and phlogopite from Mellanby 

totally lacks fluorine but show a greater varia-

bility in chlorine content (Cl0.00-0.05). The highest 

chlorine component was measured in the semi-

massive to massive magnetite (appx. 9.2, tab. 4). 

Furthermore, a higher titanium content was 

measured in the fluorphlogopite from Burkland 

(Ti0.02) compared to Mellanby (Ti0.00-0.01).   

4.4.5 Pyroxene 

Clinopyroxene from Burkland, Mellanby, Väs-

terby and Åmme is dominantly of diopside com-

position and contain a subordinate hedenbergite 

component (appx. 9.2, tab. 5). The diopside com-

position is similar in the different areas (Di61-

69Hd28-38Jhn3-4). Besides diopside, another clin-

opyroxene was analysed at a different stratigrap-
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form of iron-rich spinel (Spl58Hc41Glx1Ghn0). 

Due to problems with zinc standardization during 

analyses, complete analyses could not be obtained 

for FI15 (Burkland) and FI05 (Mellanby). Ho-

wever, since the spinel spots analyses in FI11 

generated totals of ~100 wt.% without Zn being 

analyzed, it is safe to assume that no zinc is pre-

sent. The incomplete analysis from Burkland had 

a total of 87.44 %, whereas the sample from Mel-

lanby generated a raw total of 97.74 %. The 

remaining weight percent can assumed to be zinc 

oxide. The compositional data of all aluminium 

spinels indicate a zonation in Zn from Burkland 

towards Åmme, in particular if the incomplete 

data set is also considered. Burkland aluminium 

spinel host the highest Zn content (appx. 9.2, tab. 

7). In contrast, there is no Zn in the Åmme 

sample. Additionally, the incomplete spinel data 

from Mellanby is consistent with a zinc composit-

ion in between. Consequently, there is an increase 

of the gahnite component in aluminium spinel 

towards Burkland. Furthermore, the Åmme 

sample is more iron- and magnesium-rich. Ho-

wever, the manganese content does not seem to 

vary between the areas. 

4.4.8 Chlorite 

According to the ‘unoxidized’ and ‘oxidized’ 

classification diagrams of chlorites by Hey (1954 

- which are based on the Fe2O3-tot content - the 

chlorite in the semi-massive to massive magnetite 

sample from Burkland plot in the clinochlore 

field whereas chlorite in the marble sample from 

Åmme plot in the pennine field. Both samples 

contain less than 4 wt. % Fe2O3-tot. The semi-

massive to massive magnetite sample from Burk-

land has 2.94 as Si formula position, Fe (TOT) < 

1 and Fe(TOT)/Fe+Mg = ~0.1 (appx. 9.2, tab. 8). 

While the marble sample from Åmme has 3.42 as 

Si formula position, Fe (TOT) <1 and Fe(TOT)/

Fe+Mg = ~ 0.04. The name pennine is nowadays 

rejected by the IMA and is nowadays to be con-

sidered as a variety of clinochlore. Chlorite from 

the semi-massive to massive magnetite in Burk-

land is more Mn-, Al and Fe-rich. In contrast, 

chlorite from the marble at Åmme contains more 

Cl, Mg and Si.  

4.4.9 Magnetite 

There exist no pronounced chemical variations in 

the magnetite composition in the study area. The 

magnetite composition is more variable within 

each area than between the different areas. To 

define a trend a larger data set would be required. 

However, the semi-massive to massive magnetite 

samples contain magnetite which all have eleva-

ted aluminium content compared with magnetite 

in marble (appx. 9.2, tab. 9). At Burkland, the Mn 

highest content is found in the semi-massive to 

massive magnetite. In contrast, the magnetite 

with the highest manganese content is found in 

marble at Mellanby. Magnetite in the Åmme 

sample display a slightly higher content of Mn 

compares to the marble samples from Burkland. 

4.4.10 Carbonate 

Due to problems with the standardization for the 

carbonate program, quantitative analytical data on 

carbonate composition could not be obtained. The 

two successful analyses generated almost pure 

calcite composition (appx. 9.2, tab. 10). However, 

the sample from Mellanby show slightly elevated 

content of Mn and Mg compared to the sample 

from Burkland, but the suboptimal nature of the 

carbonate data must be kept in mind.      

4.5 Mineral associations and relations-
hips 

There are several reoccurring mineral associat-

ions in the studied thin sections. One of the most 

evident is co-existing aluminium spinel, apatite, 

magnetite and (±garnet) (Fig. 17; Fig. 18). Garnet 

is not always co-existing with all the other mine-

rals. Spinel porphyroblasts usually occur as in-

clusions in or intergrown with magnetite. Simi-

larly, anomalously high quantities of hexagonal 

apatite crystals are usually present in magnetite-

rich samples, especially at Burkland (Fig. 17D-F). 

Another common mineral association is between 

graphite and magnetite. Graphite occurs as elo-

ngated grains intergrown with semi-massive 

magnetite or as sporadic grains adjacent to 

magnetite (Fig. 18B).  No specific trend can be 

defined in the dataset as to whether olivine crys-

tals are more forsteritic or fayalitic in magnetite-

rich samples (appx. 9.2, tab. 2).    
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Fig. 17. A. 5X magnification, PPL. Euhedral aluminium spinel porphyroblasts situated in magnetite which in turn is hosted by 

clinopyroxene skarn. B. 5X magnification, RL. Same view as A,  shows the spatial relationship between the aluminium spinel 

and magnetite. Furthermore, it shows that aluminium spinel is rich in magnetite inclusions. C. 10 X magnification, RL. Magne-

tite crystal intergrown with aluminium spinel porphyroblasts which in turn is surrounded by mainly sphalerite. D. 5X magnifi-

cation, RL. Apatite crystals that are free from fractures and other impurities. E. 5X magnification, PPL. Photomicrograph of 

apatite crystals spatially associated with garnet, magnetite and subordinate sphalerite. The image also show amphibole. F. 5X 

magnification, XPL. Apatite crystals that exhibit widely spaced fractures, intergrown with magnetite and aluminium spinel and 

hosted by diopside skarn. All apatite crystals are not visible due to the extinction.    
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4.6 Whole-rock lithogeochemistry  
4.6.1 Marble 

Most evidence suggest that the magnetite mine-

ralization formed by replacement of a former li-

mestone, thus it is reasonable to discuss the geo-

chemistry of the samples with reference to 

samples of the least-altered marble. For this, two 

analyses of marble distal to Zinkgruvan published 

by Jansson et al. (2018) were used as background 

compositions. These samples are derived from the 

Brännlyckan (dolomitic marble) and Rutabygget 

(calcitic marble) areas. According to Jansson et 

al. (2017; 2018), the limestone unit has been 

subjected to semi-regional dolomitization whe-

reby the calcitic marble can be considered as the 

least-altered sample.         

 Based on the mineralogy, the marble in the 

Zinkgruvan area can be divided into 1) magnetite-

poor marble and 2) magnetite-rich marble. All 

magnetite-poor marble samples are of dolomitic 

composition whereas two out of three magnetite-

rich marble samples are of calcitic composition. 

The magnetite-poor marble samples generally 

have < 5 wt.% SiO2 whereas the magnetite-rich 

marble is enriched, 15-20 wt.% SiO2. The eleva-

ted SiO2-content is associated with presence of 

olivine. Similar phenomena are displayed in 

Al2O3-content, most magnetite-poor marble 

samples are relatively pure <1 wt. %, whereas the 

magnetite-rich marble contain 2-6 wt.% Al2O3. 

The elevated Al2O3-content correspond with hig-

her content of phlogopite and gahnite. 

According to Allen et al. (2003), TiO2, Zr, Al2O3 

and HREE were generally immobile during alte-

ration and metamorphism of carbonate rocks in 

Bergslagen. The content of these elements can 

thus be used to estimate the detrital siliciclastic 

and volcaniclastic impurities in the former li-

mestone.  Allen et al. (2003) interpret that these 

components are commonly derived from rewor-

ked volcanic ash which co-settled with the carbo-

nates, forming marly compositions. The whole-

rock lithogeochemistry yielded similar ratios of 

TiO2/Zr, Al2O3/Zr and Al2O3/TiO2 in all the 

samples of the main rock-types; marble, skarn 

and semi-massive to massive magnetite (Fig. 19). 

The distinct positive correlation between these 

immobile components supports that they are deri-

ved from detrital volcaniclastic (juvenile) or sedi-

mentary mixing, analogous with the metatuffite. 
 Assuming the Al2O3-content reflect the detrital 

siliciclastic and volcaniclastic impurities in a 

marly mixture, and that the SiO2-content is deri-

ved from the same detrital component, SiO2 and 

Al2O3 should be correlated. The regional calcitic 

marble can be considered as a detrital-poor end-

member whereas samples of metatuffite can be 

considered as a detrital rich end-member, with 

any samples containing a component of both plot-

ting along a mixing-lines between theses rock 

types. Due to heterogeneity in metatuffite compo-

sition (Jansson et al., 2007), several mixing lines 

would however result from varying composition, 

whereby the mixing space is better shown as a 

Fig. 18. A. 5X magnification, RL. Same view as Fig. 17F but in reflected light. The image displays the positive correlation 

between apatite, magnetite and aluminium spinel. B. 5X magnification, RL. Photomicrograph of semi-massive to massive 

magnetite intergrown with beige elongated graphite crystals.  
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Fig 19. A-B-C. Log-log binary plots showing the positive correlation between TiO2, Zr and Al2O3.  

A 

C 

B 
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triangle shaped mixing field between the calcite 

marble member and the two most extreme 

samples of metatuffite (see Jansson & Allen, 

2011 for a description of this approach). The 

samples that plot inside the mixing field have 

SiO2/Al2O3 that can be explained by mixing. All 

samples plotting above the upper mixing-line 

have elevated SiO2/Al2O3 and indicate SiO2 gains 

by hydrothermal alteration. Similarly, samples 

plotting below the mixing-lines indicate SiO2 

loss.              

 The majority of the marble samples of this 

study plot at the boarder or outside the mixing 

field (Fig. 20), suggesting significant mass gains 

and losses of SiO2. Of the marble samples, the 

magnetite-rich marble samples from Burkland has 

the highest observed SiO2 and Al2O3 content 

whereas the marble sample from Åmme has the 

lowest. Several skarn and semi-massive to mas-

sive magnetite samples deriving from ‘Västerby-

Garpa-Åmme’, Nygruvan and Mellanby are SiO2-

enriched and plot above the upper mixing-line. 

The highest observed Al2O3-content is in the bio-

tite/phlogopite schist deriving from Burkland. 

 Both marble types are enriched in Fe and Mn 

relative to regional marble (Fig. 23). The magne-

tite-poor marble samples have < 6 wt.% Fe2O3-

tot, while the magnetite-rich marble contains 17-

35 wt.% Fe2O3-tot. Furthermore, the magnetite-

poor marble have < 1 wt. % MnO whereas the 

magnetite-rich marble has 1.4-2.4 wt.% MnO. 

The elevated manganese content can be explained 

by the tephroite component in the olivine porphy-

roblasts. The magnetite-poor marble samples 

have P2O5 values below the lower detection limit 

and ∑REELa-Lu which overlap with that of region-

al marble. However, the magnetite-rich marble is 

highly enriched in P2O5 (0.02-0.72 wt.%) and 

∑REELa-Lu (175-714 ppm), which correlate with 

the anomalously high apatite content. This provi-

des further support for that the REE enrichment is 

not primary stratigraphic.   

4.6.2 Semi-massive to massive magnetite 

The semi-massive to massive magnetite is de-

fined by having > 50 wt. % Fe2O3-tot where the 

samples range between 50 and 70 wt. % Fe2O3-

tot. For comparison the sampled magnetite-rich 

marble has 20-35 wt. % Fe2O3-tot, the magnetite-

poor marble c. 5 wt. % and the regional marble c. 

1 wt. %. The stratabound semi-massive to mas-

sive magnetite in Zinkgruvan has equally high 

Fe2O3-tot-content as the old iron mines ‘Västerby

-Garpa’ (Fig. 21).  

 As previously described, the Al2O3 and to les-

ser extent SiO2 can act as a measure of the detrital 

ash and/or clay component. Following a similar 

logic, Fe2O3-tot/SiO2 and Fe2O3-tot/Al2O3 should 

Fig. 20. Log-log binary plot showing the relationship between SiO2 and Al2O3. The dashed lines represent mixing-lines. 

Everything that plot inside these lines can be explained by mixing between the calcitic least-altered regional marble and meta-

tuffite.  
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both correlate if Fe is also derived from volca-

niclastic impurities. However, there is a 

conspicuous Fe-enrichment in most of the 

samples which cannot be accounted by an Fe-rich 

detrital component (Fig. 21; Fig. 22). All SiO2-

rich samples are Fe-rich, except from the massive 

salite sample from Nygruvan. As for MnO, most 

semi-massive to massive magnetite samples are 

enriched (2-4 wt. %), except for two samples 

from Mellanby and Nygruvan which have MnO 

<1 wt. %. The elevated MnO-content is consistent 

with the microprobe data were i.e. the olivine has 

a higher tephroite component and the clinopyrox-

ene a higher johannsenite compontent. Since Fe 

Fig. 21. Log-log binary plot over the correlation between SiO2 and Fe2O3-tot. Most samples have undergone Fe-enrichment and 

have substantially higher Fe2O3-tot/SiO2-ratios than the metatuffites and regional marble samples. 

Fig. 22. Log-log binary plot over the correlation between Fe2O3-tot and Al2O3. Most samples have undergone Fe-enrichment 

and have substantially elevated Fe2O3-tot/Al2O3-ratios compared with metatuffite and regional marble samples.  
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act as a measurement of the intensity of alteration 

of the former calcitic marble, all elements that 

correlate with Fe are likely to be related to the 

same alteration process. There is among other 

things a positive correlation between Fe and Mn 

in most of the samples except for one semi-

massive to massive magnetite sample from Ny-

gruvan, which is shown for comparison (Fig. 23). 

With regards to the Zn/Pb metal zonation in the 

stratiform Zn-Pb-Ag ore, this sample is from 

magnetite mineralization in a more distal setting.  

 One scenario is that carbonates in the former 

limestone - which was dolomitized - locally 

underwent substitution of Mg2+ and Ca2+ for Fe2+ 

and Mn2+ during the Fe mineralizing event. This 

can be observed in a CaO vs. Fe2O3-tot plot were 

CaO is negatively correlated with Fe (Fig. 24). 

The Fe-Mn-alteration stages are evident here, 

going from 1: regional calcitic marble (highest 

CaO, lowest Fe2O3-tot) => 2: dolomitic marble 

=> 3: magnetite-rich marble => 4: semi-massive 

to massive magnetite (highest Fe2O3-tot and lo-

west CaO). The negative correlation between 

CaO and Fe2O3–tot has a quantified R-squared 

value of 0.82. By plotting CaO vs. MnO, a similar 

trend is observed.              

 Several samples are also P2O5-enriched. The 

highest P2O5 contents are recorded in the magne-

tite-rich marble from Burkland (0.65-0.72 wt. %) 

and the semi-massive to massive magnetite from 

Burkland (0.33 wt. %). The regional marble and 

the marble from Zinkgruvan have P2O5 contents 

below the detection limit (0.005 wt. %). P2O5 is 

highest in samples with high Fe2O3-tot, indicating 

that it is plausibly related to the same hydrot-

hermal Fe-Mn-alteration system (Fig. 25). There 

is a pronounced zonation in P2O5 content from 

Burkland towards Åmme mines, expressed by a 

continuous decrease. Furthermore, all Fe2O3-tot 

rich samples are P2O5-enriched Anomalous apa-

tite content has been observed in thorough light 

optical microscopy. With reference to classificat-

ion of Fe-oxide deposits in Bergslagen according 

by e.g. Magnusson (1970), the Fe mineralization 

in Zinkgruvan unique. In this classification, iron 

oxide deposits are either P-rich (> 0.1 wt. % 

P2O5) or Mn-rich (> 1 wt.%), or none of these. At 

Burkland however, magnetite mineralization is 

simultaneously enriched in both P and Mn above 

these threshold values.      

 Anomalous ∑REELa-Lu content is observed in 

the magnetite-rich marble from Burkland (560-

715 ppm) and the semi-massive to massive 

magnetite from Burkland (255 ppm). There exists 

a positive correlation between P2O5 and ∑REELa-

Lu suggesting apatite and monazite are the pri-

mary REE-bearing minerals (Fig. 26). Monazite 

occur as dark inclusions in apatite. During 

Fig. 23. Log-log plot over the correlation between Mn and Fe. A positive correlation between Fe and Mn are evident especially 

in the marble, magnetite-rich marble and skarn samples. However, the semi-massive to massive magnetite show a more complex 

distribution of Mn wt. %. Most likely are the magnetite sample derived from Nygruvan of a different origin.   
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microscopy only 1 out of 30 samples encountered 

another REE-bearing mineral, namely allanite, 

which were verified through scanning electron 

microscope (SEM). Similar zonation pattern as 

seen in P/Fe are noticeable, where there is a con-

sistent decrease in ∑REELa-Lu from Burkland to-

wards Åmme mines in all rock types.   

Fig. 24. Diagram over the correlation between CaO and Fe2O3-tot. The negative correlation (R-squared = 0.82) between the two 

elements support the theory that the former calcitic limestone was dolomitized and locally underwent Fe2+ and (Mn2+) substitut-

ion. Fe works as a measurement of the intensity of the alteration and CaO works opposed to that. Moreover, the successive alte-

ration stages are apparent in the diagram.   

Fig. 25. Log-log plot over the correlation between P and Fe. Samples rich in P are always Fe-rich, and the Fe-rich samples are 

generally P-rich apart from samples deriving from ‘Västerby-Garpa-Åmme’ and ‘Nygruvan’. The magnetite-rich marble 

samples from Burkland are richest in P wt.%. Second highest is the stratabound semi-massive to massive magnetite from 

‘Burkland-Sävsjön-Mellanby’.    
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4.6.3 Skarn 

Most skarn samples from the Zinkgruvan area are 

aluminium-rich, usually containing > 2 wt. % 

Al2O3. However, there are great compositional 

variations within the localities. The highest (7 wt. 

%) as well as the lowest (1 wt. %) Al2O3-contents 

are recorded in the skarn samples from Åmme 

mines. The high Al2O3-content in the amphibole-

garnet skarn fits with the abundant almandine 

porphyroblasts (Alm68Sps16Grs8Py4Adr4). As 

previously mentioned Al2O3 can be immobile 

during regional metamorphism (Allen et al. 

2003). This support the theory that the former 

limestone was not pure but instead contained 

detrital siliciclastic and volcaniclastic impuri-

ties. Several skarn samples also have compel-

ling evidence that they have been subjected to 

addition of SiO2 as they have a higher SiO2/

Al2O3-ratio than the metatuffite (Fig. 20).    

 The magnetite content in the skarn does not 

relate to the Fe2O3-tot content of the rock. Ins-

tead, Fe-rich silicates such as ferrosilite, grune-

rite, fayalite, hedenbergite and almandine makes 

up the major part in Fe-rich skarns. For example; 

biotite-fayalite skarn from Mellanby contain 55 

wt. % Fe2O3-tot but only a few vol.% magnetite. 

Instead the high Fe2O3-tot content reflects the 

high content of fayalite (Fa81Fo18Tp2). The lowest 

recorded Fe2O3-tot-content occur in the massive 

salite skarn from Nygruvan (9 wt.%). Most other 

skarn samples contain between 20 and 45 wt.% 

Fe2O3-tot. Surprisingly the amphibole-diopside 

skarn have the highest observed magnetite con-

tent simultaneously as having the lowest Fe2O3-

tot content of all sampled skarns (24 wt. %).  

 The skarn samples are analogous with the 

semi-massive to massive magnetite and magnetite

-rich marble in the sense that they are also Mn-

enriched, usually containing several percent 

MnO. The skarn samples distal to Zinkgruvan, 

namely at Åmme, have the highest MnO-content 

(3-4 wt. %) whereas the skarn samples proximal 

to Zinkgruvan have the lowest (c. 1 wt. %). A 

similar MnO zonation pattern is observed in all 

the other rock-types (Fig. 23).     

4.6.4 Rare earth elements (REE) 

The classification of rare earth elements varies 

between authors. In this thesis are USGSs classi-

fication scheme is followed where lanthanum 

(La57) – gadolinium (Gd64) are regarded to be 

light rare earth elements (LREE) whereas terbium 

(Tb65) – lutetium (Lu71) are heavy rare earth ele-

ments (HREE). The division is based on the or-

bital electron parings, more specifically 4f which 

has high electron density (USGS, 2009). The 

Fig. 26. Log-log plot over the correlation between P and ∑REELa-Lu. The positive correlation indicates that apatite and monazite 

are the primary REE-bearing minerals in the samples. Light optical microscopy has only encountered one instance of another 

REE-bearing mineral, namely allanite. The samples from ‘Burkland-Sävsjön-Mellanby’ have the highest contents of P wt. % 

and REELa-Lu.  
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samples are normalized to PAAS (post-Archaean 

Australian Shale) (Taylor & McLennan, 1985). 

As previous stated, there is a pronounced zonat-

ion from Åmme towards Burkland in content of 

apatite, which is the main REE-bearing mineral in 

the investigated samples. A similar trend can be 

discerned in diagrams of normalized REE data. 

The regional marble from Rutabygget and Bränn-

lyckan are considered to be the reference point 

against which anomalies are interpreted. Gene-

rally, MREE are enriched relative LREE and 

HREE. Furthermore, most sample demonstrate a 

convex pattern for LREE.        

4.6.4.1 Marble 

The marble has a diverse REE range where the 

magnetite-rich marble has the greatest REE con-

tents. The samples are characterized by a convex 

LREE-pattern and a gentle dipping negative slope 

for HREE (Fig. 27). Several samples display po-

sitive lanthanum anomalies in relation to the reg-

ional marble. Burkland has the largest anomalies 

(LaSN/PrSN = mean 1.54) followed by Mellanby 

(LaSN/PrSN = 1.32). The most conspicuous lant-

hanum anomaly occurs in magnetite-rich marble 

situated in Burkland (LaSN/PrSN = 1.83). Two of 

the magnetite-rich marble samples which have 

the greatest Sum REELa-Lu (559 – 714 ppm) 

also show weak positive cerium anomalies 

(CeSN/PrSN = 1.07 – 1.20). Remaining samples 

resemble the regional marble with minor local 

deviation. All samples apart from Åmme, which 

overlap with the regional marble (Rutabygget are 

weakly depleted), have distinct positive europium 

anomalies. The regional marble derived from Ru-

tabygget exhibit a negative Eu anomaly (Eu/Eu* 

= 0.78). The most conspicuous positive anomalies 

are found in Västerby (Eu/Eu* = 2.03) and the 

magnetite-rich marble from Burkland (Eu/Eu* = 

2.38). Remaining samples from Burkland are also 

enriched in europium (Eu/Eu* = mean 1.54) whe-

reas the enrichment in Mellanby is slightly lower 

(Eu/Eu = 1.38). Positive yttrium anomalies are 

also observed in Burkland (YSN/HoSN = 1.27 – 

1.53; mean 1.40), Mellanby (YSN/HoSN = 1.46) 

and Åmme (YSN/HoSN = 1.30). The magnetite-

rich marble samples display the most distinct 

yttrium anomalies whereas the marble from Väs-

terby overlap the regional marble (YSN/HoSN = 

1.02) and is hence not anomalous.   

Fig. 27. Spider diagram over the REE distribution (normalized to PAAS) in marble, magnetite-rich marble and regional marble. 

LREE display a convex pattern whereas HREE exhibit a gentle downslope. The magnetite-rich marble displays the highest REE 

content. In contrast are the regional marble derived from Rutabygget and Brännlyckan deficient in REE. Several samples dis-

play positive La, Eu and Y anomalies.    
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4.6.4.2 Semi-massive to massive magnetite 

The semi-massive to massive magnetite samples 

are characterized by a convex LREE pattern and a 

flat HREE line with a few exceptions (Fig. 28). 

Distinct positive lanthanum anomalies can be ob-

served in Burkland (LaSN/PrSN = 1.55) and Mel-

lanby (LaSN/PrSN = 1.63) whereas the samples 

from Västerby are more variable (LaSN/PrSN = 

0.92 – 1.8). However, the greatest positive La 

anomaly are derived from Västerby.    

 Moreover, the semi-massive to massive 

magnetite samples from Sävsjön and Garpa re-

semble the regional marble from Rutabygget and 

Brännlyckan. At the same time do the samples 

from Nygruvan (LaSN/PrSN = 0.93) and Västerby 

(LaSN/PrSN = 0.92) exhibit a slightly negative ano-

maly. Weakly positive cerium anomalies are also 

observed in Mellanby (CeSN/PrSN =1.10) and one 

sample from Västerby (CeSN/PrSN = 1.12). Remai-

ning samples resemble the regional marble (CeSN/

PrSN = 0.91 – 1.06). Furthermore, the semi-

massive to massive magnetite samples display 

distinct positive europium anomalies (Eu/Eu* = 

1.41 – 2.82) in all areas except Nygruvan, which 

is more Eu-depleted than the regional marble (Eu/

Eu* = 0.56). The greatest anomalies are found in 

Mellanby and one sample from Västerby. Simi-

larly, Burkland-Mellanby-Sävsjön samples dis-

play positive Y anomalies (YSN/HoSN = 1.15 – 

1.5). Remaining samples overlap with the region-

al marble.  

 

4.6.4.3 Skarn 

The skarn samples are also characterized by a 

convex LREE pattern but a flat to weakly nega-

tive HREE-slope (Fig. 29). A positive La ano-

maly is found in the biotite-fayalite skarn from 

Mellanby (LaSN/PrSN = 1.5) whereas the olivine 

porphyroblastic diopside skarn from Åmme dis-

play a negative La anomaly (LaSN/PrSN = 0.86). 

The other samples are similar to the regional mar-

ble. Most skarn samples also have similar cerium 

signature as the regional marble except one 

sample from Åmme which is Ce-depleted (CeSN/

Fig. 28. Spider diagram over the REE distribution (normalized to PAAS) in semi-massive to massive magnetite. LREE display 

a convex pattern whereas the HREE trend generally are flat. Burkland-Mellanby-Sävsjön are richer in REE than remaining 

samples. Several samples display distinct positive anomalies in La, Eu and Y. In contrast, does the sample from Nygruvan have 

a noticeable negative Eu anomaly.   
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PrSN = 0.80). Moreover, the majority of the 

samples are strongly enriched in europium except 

the sample from Nygruvan which overlap with 

the regional marble. The anomalies are greatest at 

Åmmeberg (Eu/Eu* = 1.67–2.81) followed by 

Mellanby (Eu/Eu* = 1.21–26). Furthermore, Mel-

lanby (YSN/HoSN = 1.34–1.43) and Nygruvan 

(YSN/HoSN = 1.20) show positive Y anomalies 

whereas Y is more variable at Åmme (YSN/HoSN 

= 1.00 – 1.28).     

4.6.4.4 Origin 

Hydrothermal precipitates from seafloor vent 

zones are usually characterized by significant 

positive Eu anomalies which is caused by frac-

tionation processes related to that Eu can be 

transported in a divalent state in hydrothermal 

fluids (Bau, 1991). Quantified Eu anomalies from 

Zinkgruvan area indicate that all samples with 

Eu/Eu* > 1 are Fe-rich rocks (Fig. 30). On the 

contrary, not all Fe-rich rocks have Eu/Eu* > 1 

which is expected since the semi-massive to mas-

sive magnetite sample from Nygruvan deviate in 

many ways to the magnetite mineralization ob-

served proximal to the Burkland discontinuity. 

Boström, (1973) regard Fe and Mn as hydrother-

mal components and Mn plots similar to Fe 

against the quantified Eu anomalies. Based on the 

element correlation and the chemical signature, it 

is evident that the Fe mineralization is a form of 

replacement of hydrothermal origin.   

5 Discussion 
5.1 General summary  
Semi-massive to massive magnetite at Zinkgru-

van is mainly located close to the Burkland di-

scontinuity in the Burkland-Sävsjön-Mellanby 

part of the Knalla mine (Jansson et al., 2017). The 

trend of the magnetite-mineralized area follows 

the folding in the area, suggesting that iron mine-

ralization formed prior to the folding event. Small 

irregular magnetite bodies also occur in the stra-

tigraphic footwall at Nygruvan (Hedström et al., 

1989).             

 Magnetite mineralization mainly occur in 

three different varieties; 1) semi-massive to mas-

sive mineralization, 2) magnetite-bearing veins 

and 3) as a retrograde alteration product after oli-

vine. The semi-massive to massive magnetite is 

stratabound and situated in the stratigraphic upper 

Fig. 29. Spider diagram of the REE distribution (normalized to PAAS) in skarn. LREE display a convex pattern whereas the 

HREE have a flat to gentle dipping slope. Several samples display positive La, Eu and Y anomalies. The olivine-porphyroblastic 

diopside skarn from Åmme also display negative La and Ce anomalies.   
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part of the marble. There are usually no clear 

boundaries between the rock types marble, semi-

massive to massive magnetite and skarn. Instead, 

a gradational increase in the magnetite content is 

observed while moving from marble towards the 

stratabound semi-massive to massive magnetite 

mineralization. The semi-massive to massive 

magnetite mineralization ranges from marble- to 

skarn-hosted. Furthermore, the stratabound 

magnetite mineralization is accompanied by Fe-

rich skarn. The Fe-rich skarn, magnetite-rich mar-

ble and semi-massive to massive magnetite mine-

ralization at Zinkgruvan and the old iron mines 

are all enriched in Mn (0.66–4.69 wt.% MnO, 

avg. 2.67 wt.%). The magnetite occurrence at 

Burkland, Sävsjön and Mellanby have similar Fe 

contents (47.80–67.16 wt.% Fe2O3-tot) as the old 

iron mines Västerby, Garpa and Åmme (55.02–

63.88 wt.% Fe2O3-tot). Moreover, most of the 

samples display positive lanthanum, europium 

and yttrium anomalies and the MREE are gene-

rally enriched relative to the LREE.    

 In contrast, massive magnetite from Nygruvan 

differs from the remaining samples from Zinkgru-

van in having substantial lower contents of MnO, 

P2O5 and REELa-Lu as well as displaying a nega-

tive europium anomaly in plots of shale-

normalized data (Eu/Eu* = 0.56). A sample of 

skarn from Nygruvan also differs from the remai-

ning skarn samples with respect to significant 

lower contents of Fe2O3-tot and MnO. Semi-

massive to massive magnetite mineralization 

from Burkland is enriched in P2O5 and REE, 

which is in agreement with results reported by 

Jansson et al. (2017). However, the new samples 

collected for this study also reveal a more sub-

stantial enrichment of both P2O5 (c. 0.65-0.72 wt. 

%) and Sum REELa-Lu (c. 559-714 ppm) in mag-

netite-rich marble adjacent to semi-massive to 

massive magnetite mineralization. A positive cor-

relation between P and Sum REELa-Lu suggest that 

apatite is the most important REE-bearing miner-

al. As for mineralogical relationships, detailed 

optical microscopy suggests that there is a posi-

tive correlation between aluminium spinel, apa-

tite, magnetite, graphite and ±garnet in all studied 

areas.   

 
5.2 Mineralization types  
Using the Zinkgruvan mine as a reference, the 

sampled iron oxide mineralization can be divided 

into two main areas; these are the ‘Burkland-

Sävsjön-Mellanby area’ (proximal to Zinkgruvan) 

and the ‘Västerby-Garpa-Åmme area’ (distal to 

Zinkgruvan). Results from logging, sample cha-

racterization, light optical microscopy, mineral 

Fig. 30. Log-log plot over the correlation between Fe and quantified europium anomalies. All samples with Eu/Eu* > 1 are Fe-

rich samples. The sample from Nygruvan display distinct negative Eu anomalies but also differs in many other ways from the 

remaining samples, e.g. MnO. The positive correlation between the elements indicate that the Fe mineralization is of hydrother-

mal origin.   
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chemistry and lithogeochemistry combined with 

information from previous research suggests that 

the magnetite mineralization from these two areas 

are of the same type. Subsequent sections will 

highlight similarities between magnetite mine-

ralization in these two areas.     

 Magnetite is the only iron oxide mineral and is 

found in all rock types (marble, skarn and semi-

massive to massive magnetite) at every studied 

location. The stratigraphic position of magnetite 

mineralization in the Västerby-Garpa-Åmme area 

is uncertain. However, stratigraphic analysis by 

Hedström et al. (1989); Allen et al. (1996), Kum-

pulainen et al. (1996) and Jansson et al., (2017) 

suggest that marble is rare in the Zinkgruvan area, 

except for in the Zinkgruvan formation. Since 

marble occurs in the mine dumps at e.g. Åmme 

and Västerby, it is possible that the deposits of 

the Västerby-Garpa-Åmme are hosted by the 

Zinkgruvan formation.        

 Another significant similarity is the lithologi-

cal and mineralogical characteristics of the miner-

alized rocks. Skarns in both areas predominantly 

consist of diopside, amphibole, garnet, orthopy-

roxene, olivine and biotite/phlogopite. Further-

more, apatite is observed at all studied deposits. 

Another similarity is that samples from Åmme 

and Västerby locally has several percent Zn based 

on the whole-rock lithogeochemistry. Most of the 

marble samples from the studied locations have 

subordinate olivine, serpentine, iddingsite, alumi-

num spinel and biotite/phlogopite. Likewise, the 

semi-massive to massive magnetite has subordi-

nate olivine, diopside and calcite/dolomite.  

 Albeit the current dataset is limited statistical-

ly, the mineral chemistry of some skarn minerals 

(amphibole, garnet, pyroxene, olivine, biotite, 

aluminum spinel) appear to define a zonation 

from Åmme towards the Cu-mineralization at 

Burkland. An example is the content of ZnO in 

aluminium spinel, which increase from Åmme to 

Burkland. Whereas such compositional differ-

ences could be viewed as an indicating a differ-

ence between mineralization at Åmme and Burk-

land, it is emphasized that the mineral groups are 

the same and that these variations can be ex-

plained in terms of zonation in a mineralized sys-

tem. These zonation patterns and their implication 

for vectoring during exploration for stratiform Zn

-Pb-Ag and Cu mineralization will be further dis-

cussed below.  A similarity can also be seen in 

the Fe2O3-tot wt.% in the semi-massive to mas-

sive magnetite mineralization of the different lo-

calities, where the old iron mines have similar Fe 

contents as the magnetite occurrences at 

Zinkgruvan. Some samples of Fe-rich skarn have 

a Fe2O3-tot wt.% content as high as that in the 

semi-massive to massive magnetite, e.g. the fay-

alite-biotite skarn from Mellanby (55 wt.% Fe2O3

-tot).              

 Additionally, skarn and semi-massive to mas-

sive magnetite from both areas are Mn-rich, with 

most samples containing 1-4 wt. % MnO. There 

are also similarities in the REE distribution, re-

gardless of the Sum REELa-Lu content and rock 

type. Rocks from both areas display positive lan-

thanum, europium and yttrium anomalies. In sum, 

the similarities surpass the differences, and the 

magnetite mineralization of Västerby-Garpa-

Åmme is plausibly of the same type as that at 

Burkland-Sävsjön-Mellanby.     

5.3 Vectors  
Nine lithogeochemical, mineralogical and mineral 

chemical vectors have been identified based on 

the assumption that magnetite mineralization at 

Åmme is most distal whereas Burkland is most 

proximal with respect to Cu mineralization and 

stratiform Zn-Pb-Ag mineralization at Zinkgru-

van.              

 Within this framework, vectoring from Åmme 

towards the area hosting stratiform Zn-Pb-Ag ore 

can be achieved by following trends of 1) increa-

sing whole-rock P2O5 primarily in the semi-

massive to massive magnetite and magnetite-rich 

marble, 2) increasing whole-rock ∑REELa-Lu pri-

marily in the semi-massive to massive magnetite 

and magnetite-rich marble, 3) increasing alumi-

nium spinel content, 4) increasing mol.% Zn in 

aluminium spinel, 5) increasing F in phlogopite, 

6) increasing silica content in marble, 7) decrea-

sing Mn content in garnet, olivine, diopside and 

amphibole, 8) increasing graphite content and 9) 

increasing sulphide content. The last-mentioned 

vector is not fully reflected by the samples of the 

current study due to the limited sampling cam-

paign.  

 The Bergslagen ore district host thousands of 

Fe oxide deposits of various types, of which some 

are spatially associated with sulphide deposits 

(Ripa, 1988; Allen et al., 1996; Jansson, 2011; 

Allen et al., 2013). The vectors outlined in this 

thesis can be used as an exploration tool to detect 
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Fe oxide deposits that are prospective for strati-

form Zn-Pb-Ag and stratabound Cu mineraliza-

tion. Mine dumps around old iron mines can for 

examples be sampled and evaluated to see if they 

are of the right type and if so, the vectors outlined 

in this thesis can help tracing them laterally to-

wards areas hosting sulphide mineralization.   
 

5.4 Genesis  
Based on the chemographic projection of the sy-

stem CMS-HS (CaO-MgO-SiO2-H2O-CO2) in 

Bucher and Grapes (2011), the carbonate-rich 

samples can be divided into the categories 1) do-

lomite-rich marble and 2) SiO2-rich marble. Ho-

wever, dolomite and quartz cannot coexist during 

amphibolite facies metamorphism but instead 

react to form calc-silicates (‘skarn minerals’). At 

a given temperature and pressure and assuming 

an isochemical regional metamorphism, the 

whole-rock ratio between CaO, MgO and SiO2 

dictates which skarn minerals could form during 

metamorphism, and tie-lines separate distinct mi-

neral assemblages in the ternary diagram.  

 The mineralogy of the studied marble samples 

can be explained by metamorphic reaction 

between silicates and carbonate in impure li-

mestone or dolomite which contained detrital si-

liciclastic and volcaniclastic material. Where the 

detrital content was high, the silica-content was 

also high, and thus diopside formed (1). In con-

trast, forsterite formed where the detrital content 

was low (2).  

During drill core logging, the diopside content 

was observed to be high near the contacts 

between marble and metatuffite, reflecting a grea-

ter availability of SiO2. A ‘calc-silicate group’ 

can be defined as a sub-group of SiO2-rich marble 

and is also distinguished from the dolomite-rich 

group based on that the rocks usually contain 

some Al2O3. This is consistent with a detrital 

component in these samples.  The marble also 

locally hosts frequent phlogopite schlieren and 

aluminium spinel porphyroblasts. This can also 

be explained by detrital siliciclastic and volca-

niclastic material which inter alia contained clay 

minerals which were contained Al2O3 and K2O. K

-feldspar is one of the first minerals to decompose 

in the presence of dolomite during prograde meta-

morphism, forming phlogopite and calcite (3).  

To form aluminium spinel, chlinochlore needs to 

be present. Chlinochlore is commonly found in 

dolomite marble but is not stable during granulite 

facies (>700 °C, high T and moderate P) and thus 

react in the presence of dolomite or calcite to 

form aluminium spinel+forsterite±diopside± cal-

cite (4 and 5, Bucher & Grapes, 2011). 

Several thin-sections display retrograde serpen-

tine and magnetite pseudomorphs after olivine 

porphyroblasts. Similar results were obtained by 

Gunn, (2002) who discussed a number of relevant 

serpentine reactions, depending on the silica avai-

lability. Gunn, (2002) described that serpentine 

can be formed by 1) oxidation of forsterite with a 

subordinate fayalite component to form magnetite 

and aqueous silica, which in turn react with the 

renaming forsterite to produce serpentine under 

aqueous conditions or 2) decomposition of almost 

pure forsterite requires an external iron source in 

order to produce magnetite and serpentine and 

requires more silica in contrast to fayalite oxidat-

ion. Gunn., (2002) outlined that the olivine in 

Zinkgruvan is of forsterite composition (Fo90-

95Fa5-10). However, this study reveal that the com-

position is more variable depending on the area 

and stratigraphic level. The FeO-content in the 

olivine range from 10-59 wt. %. Since most ana-

lysed olivine porphyroblasts contain a substantial 

fayalite component, Oze & Sharma, (2005) react-

ions are used to describe the fayalite decomposit-

ion to form Fe-chrysotile (6).          
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The dolomitization at Zinkgruvan is interpreted to 

have predated regional metamorphism (e.g. Hed-

ström et al. 1989; Jansson et al. 2017). Gunn, 

(2002) propose that an event of Fe-Mn enrich-

ment in the precursor limestone at Zinkgruvan 

may have occurred simultaneously with the dolo-

mitization event but involved fluids that were 

exceptionally high in Fe and Mn, resulting in sub-

stitution of Mg for Fe and Mn.      

 However, Gunn (2002) emphasize that it is 

more likely that the regional dolomitization took 

place in shallower parts of the system, in contrast 

to hydrothermal convection. The Fe- and Mn-

enrichment took place by 1) changes in redox 

potential in the mineralized fluids at the seafloor 

which led to precipitation with the necessary 

components to form ankerite or 2) substitution of 

Mg in the dolomite for Fe and Mn in the sub-

seafloor regime. The order of the dolomitization 

and the Fe-Mn-enrichment events is not apparent. 

However, the Fe-Mn-enrichment is plausibly as-

sociated with the Zn-Pb-Ag and Cu-

mineralization event (Gunn, 2002).   

 Since the dolomite marble at Zinkgruvan is 

commonly Fe-Mn enriched, it follows that the 

CMS-HS system discussed by Bucher & Grapes, 

(2011) cannot account for all mineral reactions 

that occurred during regional metamorphism. 

Many of the skarn minerals in the study area are 

Fe-rich; the amphiboles are of ferropargasite or 

grunerite composition, the olivine is rich in fay-

alite and the clinopyroxene has a significant he-

denbergite component, differing from reactions 1 

and 2. Furthermore, ferrosilite-rich orthopyroxene 

(Fs80En20) has been observed.      

 In analogy with metamorphosed banded iron 

formations, the observed mineralogy and mineral 

chemistry can be explained by chemical reactions 

between ferrodolomite or siderite with quartz 

(Klein, 1973). The reactions are characterized by 

changes of the potential energy which result in 

loss of CO2 during high-T, medium-P metamorp-

hism of carbonates, resulting in formation of Fe-

rich silicates. In contrast to reaction (1), Fe-rich 

clinopyroxene can be formed if ferrodolomite 

rather than dolomite was present (7). Further-

more, orthopyroxene can be explained by a side-

ritic carbonate which reacted with quartz (8).   

Fe-rich amphiboles like grunerite can be formed 
by interaction between ferrodolomite, quartz and 
a fluid containing H2O (9). In the same way, 
grunerite can form if a sideritic carbonate was 
present but then orthopyroxenes are also formed 
as a byproduct (10) (Klein, 1973). French, (1970) 
suggest that formation of grunerite from siderite 
take place at 300-450° C.  

It is uncertain if the magnetite in Zinkgruvan area 

is primary or formed as a consequence of alterat-

ion and metamorphism of other Fe-bearing mine-

rals. Based on the results, most if not all the 

currently observed magnetite parageneses are 

metamorphic. Magnetite could have formed by 

thermal decomposition of iron carbonates of side-

ritic to ankeritic composition. According to 

French, (1970), it is not uncommon to find sider-

ite accompanying ankerite. To form magnetite 

from siderite during prograde metamorphism, it 

requires that there is no quartz present, otherwise 

Fe-rich amphiboles and orthopyroxenes are 

formed (French, 1970).       

 Apart from the semi-massive to massive mag-

netite from Nygruvan, most magnetite samples 

display c. 9-28 wt.% SiO2, depending on if they 

have relict carbonate fragments or skarn minerals. 

A plausible scenario for the Si-rich samples is 

that Fe-rich skarn minerals started to form until 

depletion of SiO2 or reduction of available fluids, 

after which magnetite formed. Thermal decompo-

sition of siderite can result in the formation of a 

magnetite+graphite assemblage (11).  
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Several thin-sections display semi-massive to 

massive magnetite closely associated with graph-

ite, which is a key observation consistent with 

this mechanism.             

 The stability of siderite is a function of tempe-

rature, pressure and the fugacity of CO2 and O2. 

Another involved factor is the purity of the Fe-

rich carbonate. Generally, siderite contain substi-

tuted cations such as magnesium and manganese 

which in turn affect the thermal decomposition. 

Ankerite and siderite are extraordinary in the 

sense that they are decomposed during prograde 

metamorphism, contrasting with dolomite and 

calcite, which usually gets coarser-grained 

(French, 1970). Based on thorough thermody-

namic calculations and stability tests French, 

(1970) concluded that siderite decompose above 

465° C. This explains the absence of Fe-rich car-

bonates at present time in the Zinkgruvan area. 

 Jansson et al. (2017) indicate that the magne-

tite mineralization formed proximal to a fossil 

hydrothermal vent zone, namely the Burkland 

discontinuity. Furthermore, Gunn (2002) implied 

that it is plausible that the Zn-Pb-Ag and Cu mi-

neralization is directly associated with the Fe- and 

Mn-enrichment in the marble. In other words, it is 

possible that the semi-massive to massive magne-

tite mineralization, the stratiform Zn-Pb-Ag and 

Cu-ore are ultimately related to the same, pre-

metamorphic hydrothermal system. One scenario 

is that the Burkland discontinuity continues to-

wards Åmme and that the old iron mines and 

Burkland-Mellanby-Sävsjön formed along the 

same structure but further away from the focal 

point of hydrothermal fluid flow. Varied amounts 

of sulphides could have formed along this feeder 

structure. This hypothesis is supported by 1) 

tectonic foliation which bend towards NW in the 

western part of Zinkgruvan, 2) similar mineralogy 

at the deposits and 3) Samples from Västerby and 

Åmme can contain several percent Zn and 3) 

equally high Eu anomalies at Västerby-Garpa-

Åmme and Burkland-Mellanby-Sävsjön.   

 The scenario that the magnetite mineralization 

formed proximal to a fossil hydrothermal vent 

zone is consistent with less frequent and more 

irregular magnetite bodies at Nygruvan, which is 

located further away from the Burkland disconti-

nuity, in an area which based on Zn/Pb zonation 

is more distal from the vent. The following 

section attempts to separate hydrothermal-, pro-

grade- and retrograde magnetite. However, tex-

tural evidence from the early mineralizing phases 

are likely eradicated and obscured due to sub-

sequent metamorphism. Based on this study, 2-3 

generations of magnetite can be inferred in the 

Zinkgruvan area.          

 One scenario is that the earliest magnetite for-

med as a hydrothermal replacement mineral 

coupled with the formation of Fe-rich carbonate 

(ankerite and/or siderite). Later during prograde 

metamorphism, these small magnetite crystals 

amalgamated and recrystallized form larger, me-

tamorphic magnetite by the Ostwald ripening 

phenomenon (Machmudah et al., 2016). During 

prograde metamorphism, the Fe-rich carbonate 

was thermally decomposed into magnetite and 

graphite were the SiO2 availability was low. Vari-

ous metamorphic index minerals and skarn mine-

rals formed in the Zinkgruvan succession during 

this event, such as sillimanite, clinopyroxene, 

orthopyroxene, olivine, biotite, phlogopite, gar-

net, wollastonite and aluminium spinel. Possibly, 

hydrothermal magnetite which reacted with 

detrital siliciclastic and volcanoclastic material 

could explain the abundancy of the fayalite-rich 

olivine porphyroblasts in the marble. Later during 

retrograde metamorphism, the fayalite-rich oli-

vine was partly to pervasively altered to magne-

tite and serpentine, locally preserving the outline 

of the former olivine porphyroblasts. Contempo-

raneously with the metamorphic event, 

conspicuous retrograde magnetite veins formed, 

overprinting prograde minerals. During retro-

grade metamorphism, other observed retrograde 

minerals such as clinochlore after biotite and 

phlogopite, zoisite after garnet and plagioclase, 

and iddingsite after olivine also formed.   

 An alternative scenario is the absence of 

hydrothermal magnetite in the initial Fe mine-

ralization, which then implies that all magnetite 

formed by the following processes: 1) thermal 

decomposition of Fe-rich carbonate 2) serpentine- 

and magnetite-alteration of fayalite-rich olivine 

and 3) retrograde magnetite veins overprinting 

prograde metamorphic minerals.     

 Mn-rich Fe oxide deposits commonly accom-

pany polymetallic sulphide deposits in Bergsla-

gen. The lithogeochemical data from this project 

supports this observation. However, the Fe mine-

ralization at Zinkgruvan is unique with reference 

to the classification of Fe oxide deposits by Mag-



 

44 

nusson, (1970), since it is simultaneously en-

riched in Mn and P. The semi-massive to massive 

magnetite and magnetite rich marble has an ave-

rage of 2.4 wt.% MnO, and the same samples 

have an average P2O5 content of c. 0.22 wt. %. 

Possibly, a new type of Fe mineralization can be 

outlined in Bergslagen, namely “Zinkgruvan-

type”, which is both Mn-, and P-rich. This could 

be of importance during exploration in the region, 

given the association with Zinkgruvan-type Zn-

Pb-Ag and Cu mineralization.      

 As previously stated, there is a pronounced 

geochemical zonation from Åmme towards Burk-

land with respect ΣREELa-Lu + Y content. Based 

on the positive correlation between P and REY 

and results from microscopy, apatite and lesser 

monazite are the predominant REE-bearing mine-

rals. Allanite is another observed REE mineral 

but has only been encountered in one thin-

section. Furthermore, there is a positive relations-

hip between high Fe wt. % and high P wt. % in 

the studied samples from Zinkgruvan. Thus, it is 

plausible that the REE has been added by the 

same fluids that formed the magnetite mine-

ralization.            

 The three rock types semi-massive to massive 

magnetite, magnetite-rich marble and skarn have 

broadly similar REE signature. They are charac-

terized by HREE enrichment and a convex LREE 

pattern with significant positive anomalies in 

mainly Eu, La and Y. Since the quantified Eu 

anomalies (Eu/Eu* = 1.1-2.8, avg. 1.75) are 

equally high in Åmme-Västerby-Garpa as at 

Burkland-Sävsjön-Mellanby, this further supports 

that all the deposits are situated equally proximal 

to a fossil hydrothermal vent zone. Nygruvan is 

located further away from the Burkland disconti-

nuity than Burkland-Sävsjön-Mellanby, consi-

stent with a negative Eu anomaly in the studied 

sample.             

 The REE signature of the samples resemble a 

mixture of seawater and fluids derived from sea-

floor hydrothermal vent zones. Seawater is cha-

racterized by HREE enrichment, positive La- and 

Y-anomalies and negative Ce anomalies (Bau et 

al., 1996). However, the footprint of negative Ce 

anomalies is a factor of exposure time (Stalder & 

Rozendaal, 2003). Several samples display none-

weakly negative Ce anomalies. At temperatures 

above 250° C, the Eu redox stability in hydrot-

hermal fluids change. At this temperature divalent 

Eu predominates over trivalent and start to 

fractionate from the remaining REE minerals to 

form positive anomalies (Bau, 1991; Stalder & 

Rozendaal, 2003; Sverjensky, 1983). The apatite 

rich samples display positive Y anomalies (YSN/

HoSN = c. 1.5), which is indicative of oxidized 

seawater (Bau et al., 1996). Furthermore, the apa-

tite-rich samples display positive La anomalies 

(La/Lu = 1.2–2.4). According to Bau (1991), po-

sitive Eu anomalies in conjunction with La/Lu > 

1 is consistent with interaction between seawater 

and submarine basalt in hydrothermal convection 

cells. Despite the lesser importance of basalt in 

the study area compared with that of Bau (1991), 

a parallel could be drawn to Zinkgruvan.  

 In conclusion, the P- and Mn-rich stratabound 

magnetite mineralization and adjacent Fe-Mn-

enrichments in marble may have formed by a c. 

250° C, neutral-weakly acidic hydrothermal fluid 

which mixed with seawater, forming Fe-rich car-

bonate which subsequently were thermally 

decomposed and/or metamorphosed to the mine-

rals observed at present.           

 As previously mentioned, different genetic 

models have been proposed for the Zinkgruvan 

stratiform Zn-Pb-Ag deposit and associated Cu 

mineralization. A syngenetic origin was favoured 

by Johansson (1910), Henriques (1964) and Hed-

ström et al. (1989), whereas Magnusson (1950) 

proposed an epigenetic origin where the ore for-

med epigenetically during regional metamorp-

hism. However, nowadays, most authors agree on 

a syngenetic-exhalative origin. However, the de-

tailed genetic model is still partly controversial, 

despite a plethora of studies.  Broken Hill-type 

(BHT), sedimentary exhalative deposit (SEDEX) 

and volcanogenic massive sulphide deposit 

(VMS) have all been proposed.      

 However, the most recent study conducted by 

Jansson et al. (2017, 2018) concluded that the 

deposit has similarities with McArthur-type 

SEDEX deposits and sediment-hosted copper 

deposits in terms of inferred fluid chemistry and 

trapping mechanisms. However, the tectonic sett-

ting has more similarities to Broken Hill-type and 

felsic-bimodal VMS districts (Jansson et al. 

2017). Based on the result of this thesis, it is 

highly likely that the Fe mineralization also for-

med essentially syngenetically, as a sub-seafloor 

replacement of carbonate rocks. This inter alia 

explain the gradational relationship between 
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magnetite and stratabound sulphide mineralizat-

ion in marble. The proposed genetic model by 

Jansson et al. (2017) indicate that siderite could 

have been present in the ore system at some 

point. This is because many SEDEX-systems of 

McArthur-type are associated with siderite and 

ankerite alteration in the footwall (Cooke et al. 

2000). If siderite and ankerite was ever present at 

Zinkgruvan, upper amphibolite-lower granulite 

facies regional metamorphism would inevitably 

convert these minerals into metamorphic parage-

neses similar to those described in this thesis (cf. 

French, 1970; Klein, 1973). 

6 Conclusions 
• The trend of magnetite mineralization at 

Zinkgruvan follows the folding, suggesting 

it was emplaced prior to the folding event. 

• The semi-massive to massive magnetite 

mineralization is stratabound and situated 

in the stratigraphic upper part of the marble 

in the footwall of the Zinkgruvan stratiform 

Zn-Pb-Ag deposit. The magnetite mine-

ralization occurs in three varieties; 1) semi-

massive to massive mineralization, 2) 

magnetite-bearing veins and 3) as a retro-

grade alteration product after olivine.  

• Stratabound magnetite mineralization is 

associated with Fe-rich skarn. There are 

gradual boundaries between the studied 

rock types marble, skarn and semi-massive 

to massive magnetite mineralization. There 

is a gradational increase in the magnetite 

content towards the semi-massive to mas-

sive magnetite mineralization. 

• A positive spatial association between alu-

minium spinel, magnetite, graphite and 

apatite have been established by light opt-

ical microscopy.   

• The Fe-rich skarn, magnetite-rich marble 

and semi-massive to massive magnetite 

mineralization is enriched in MnO (0.66–

4.69 wt.%, avg. 2.67 wt.%). The semi-

massive to massive magnetite mineralizat-

ion is also enriched in P2O5 and ∑REELa-Lu. 

The greatest enrichment is found in magne-

tite-rich marble P2O5 (0.65-0.72 wt.%) and 

∑REELa-Lu (559-714 ppm).  

• There are positive correlations between 

Fe2O3-tot vs. MnO and P2O5 vs. ∑REELa-Lu, 

and P2O5-rich samples are always Fe-rich. 

This suggest that Fe, Mn, P and REE are 

all contributions from the same hydrother-

mal system.  

• The positive correlation between P2O5 and 

∑REELa-Lu suggest that apatite and mo-

nazite are the dominant REE-bearing mine-

rals. This correspond to anomalous quanti-

ties of apatite observed in thin-sections and 

the occurrence of small dark inclusions of 

possible monazite in the apatite.  

• The main rock-types semi-massive to mas-

sive magnetite, skarn and marble exhibit a 

MREE enrichment relative LREE and 

HREE. Positive anomalies in lanthanum, 

europium and yttrium are found in all rock 

types. Samples from Nygruvan differs sub-

stantial from the remaining dataset by 

having lower MnO, P2O5, ∑REELa-Lu and 

negative europium anomaly (Eu/Eu* = 

0.56). 

• The historic iron mines Västerby, Garpa 

and Åmme (distal to Zinkgruvan) have se-

veral geological features which coincide 

with the iron formations at Burkland, Säv-

sjön and Mellanby  (proximal to Zinkgru-

van), suggesting they are of the same mine-

ralization type. Similarities include; 1) 

magnetite as the only iron oxide, 2) litholo-

gical and mineralogical similarities, 3) 

equally high Fe2O3-tot wt. % in the semi-

massive to massive magnetite 4) samples 

containing 1-4 wt.% MnO, 5) equally high 

Eu anomalies (Eu/Eu* = 1.1 - 2.8, avg. 

1.75) and 6) occurrence of several percent 

Zn in some samples. 

• Nine Zn-Pb-Ag vectors have been outlined 

based on whole-rock lithogeochemistry, 

mineral chemistry and mineralogy with the 

assumption that Åmme is most distal and 

Burkland is most proximal with respect to 

proximal Cu mineralization at Zinkgruvan.    

• Most observed minerals in the marble can 

be explained by metamorphic reactions 

between silicates and carbonates in an im-

pure limestone which contained detrital 

siliciclastic and volcaniclastic material. 

Several skarn minerals are Fe-enriched 

which cannot be accounted for by regional 

metamorphism of associations of dolomite, 

calcite, quartz and feldspar. However, these 

minerals can be explained by chemical re-
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actions between quartz and ferrodolomite, 

ankerite or siderite.  

• The local Fe-Mn enrichment in the marble 

may originally have formed as iron carbo-

nates (e.g. siderite, ankerite). In areas 

where silica content was low during reg-

ional metamorphism, siderite could 

become thermally decomposed into magne-

tite and graphite. This mineral association 

occurs in several thin-sections from the 

semi-massive to massive magnetite mine-

ralization.        

• Primary mineralization textures are largely 

eradicated and obscured in Zinkgruvan due 

to metamorphism but presumably there are 

2-3 generations of magnetite mineralizat-

ion. Primary hydrothermal magnetite could 

have been present at some point and 

become recrystallized to the currently ob-

served coarser magnetite. During prograde 

metamorphism, thermal decomposition of 

siderite could have formed more magnetite. 

During retrograde metamorphism, magne-

tite could have formed along with serpen-

tine by alteration of prograde silicates such 

as olivine.  

• The stratiform Zn-Pb-Ag deposit, the stra-

tabound Cu ore and the Fe- and Mn-

enrichments can have been formed by the 

same hydrothermal system. One scenario is 

that this fossil hydrothermal vent zone - 

namely the Burkland discontinuity - conti-

nues towards Åmme and that the old iron 

mines and Burkland-Mellanby-Sävsjön 

worked magnetite formed in an equally 

proximal setting relative to a fossil hydrot-

hermal vent zone as at Burkland. Fluids of 

different temperatures carrying metals may 

have flowed along this feeder zone, giving 

rise to the zonation along this structure. 

• The most recent proposed genetic model 

for Zinkgruvan suggests similarities with 

McArthur-type SEDEX deposits. Siderite 

are usually present in the footwall in these 

systems. Siderite is not preserved at Zink-

gruvan but this is likely due to the high 

metamorphic grade.  

• Potential areas of further research are to 

analyse the apatite with LA-ICP-MS and 

correlate it with REE from the whole-rock 

lithogeochemistry as well as sample old 

iron mines in the Bergslagen region and 

evaluate them if they are of the same type 

as those described in this thesis. If so, they 

could potentially be used during explo-

ration for Zinkgruvan type sulphide depo-

sits, using the results and vectors outlined 

in this thesis.    
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Abbrev. Mineral name   Abbrev. Mineral name 

Alm Almandine  Grt Garnet 

Aln Allanite  Gru Grunerite 

Amp Amphibole  Idd Iddingsite 

Ap Apatite  Mag Magnetite 

Apy Arsenopyrite  Mc Microcline 

Bt Biotite  Mhs Magnesiohastingsite 

Cal Calcite  Ol Olivine 

Cbl Cobaltite  Opx Orthopyroxene 

Cbn Cubanite  Phl Phlogopite 

Ccp Chalcopyrite  Pn Pentlandite 

Chl Chlorite  Po Pyrrhotite 

Ctl Chrysotile  Px Pyroxene 

Cv Covellite  Py Pyrite 

Di Diopside  Qz Quartz 

Dol Dolomite  Saf Safflorite 

Fa Fayalite  Ser Sericite 

Fo Forsterite  Sp Sphalerite 

Fs Ferrosilite  Spl Spinel 

Ghn Gahnite  Srp Serpentine 

Gn Galena  Zo Zoisite 

Gr Graphite       

Mineral abbreviations are based on Whitney, D. L. & Evans, B. W., (2010), 

except those in italics.    

9 Appendices 
9.1 Thin section descriptions 
 

 

Relative amount Symbol 

Dominant XXX 

Subordinate XX 

Trace X 



 

51 

Skarn - olivine skarn  

Hand specimen 
Fine-grained yellow skarn which locally exhibits a dark green tint. The main mineral is yellowish olivine. Subordi-

nate biotite, occur in a ‘network’ texture, spatially associated with magnetite. The sample is moderately magnetic 

with local strongly magnetic zones. There are no visible sulphide minerals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: fayalite (Fa81Fo18Tp2), biotite (Mg/(Mg+Fe)=0.48) and magnetite. Olivine is the main mineral and 

occurs mainly as fresh anhedral equigranular grains. A few grains are fractured but no alteration is observed along 

the fracture planes. Biotite occurs at grain boundaries between olivine crystals and sporadically as bigger aggrega-

tes commonly associated with magnetite. It usually occurs as a fine-grained mesh. Magnetite is evenly distributed 

in the thin section, predominantly as larger anhedral grains but also along grain boundaries of olivine. Minor mine-

rals: serpentine, quartz, microcline, apatite, chalcopyrite and pyrrhotite. Biotite occurs as a corona around larger 

grains of magnetite, anhedral quartz grains and microcline.  Serpentine is also observed in grain boundaries of oli-

vine, commonly intergrown with magnetite. Locally small biotite grains are incorporated inside magnetite. Small 

apatite crystals inside biotite and olivine are surrounded by pleochroitic haloes. Pyrrhotite occurs intergrown with 

chalcopyrite and magnetite and locally form minute exsolution ‘flames’ in the crystals with pentlandite. The ani-

sotropy is hard to determine due to the small size. Alteration: olivine is porphyroblast-like altered to magnetite and 

serpentine along grain boundaries. 

FI01 DBH 4214@260.02 Mellanby 

OL XXX 

BT X 

SRP (X) 

MC (X) 

QZ (X) 

AP (X) 

MAG X 

CCP (X) 

PO (X) 

PN (X) 

A. 5X magnification, PPL. Quartz encompassed by biotite. The 
isotropic mineral is magnetite. 

B. 20X magnification, RL. Exsolution ’flames’ of pyrrhotite 
in pentlandite. Chalcopyrite intergrown with pyrrhotite. 
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Semi-massive to massive magnetite – magnetite-rich skarn  

Hand specimen 
Fine-grained semi-massive to massive magnetite. Dark green areas consist of biotite while pale green consist of 

clinopyroxene. The specimen displays a homogenous spotted appearance caused by dark grey magnetite. The 

sample is strongly magnetic and exhibits no visible sulphides.  

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: biotite (Mg/(Mg+Fe)=0.47), diopside and magnetite. Biotite is the main mineral in this thin section 

and occurs as green, elongated and highly pleochroitic grains in plane-polarized light. Perfect cleavage and parallel 

extinction is noted. Biotite is intergrown with diopside, which in turn envelopes round magnetite aggregates. This 

creates a spotty appearance where diopside together with biotite acts as intergranular minerals. Both biotite and 

diopside occur as inclusions in the magnetite. Diopside is colourless to pale green in cross-polarized light and some 

crystals exhibit characteristic lamellar twinning. The extinction angle is inclined. Magnetite occur both as larger 

aggregates and along grain boundaries of diopside. Minor minerals: carbonate, apatite, chalcopyrite, pyrite and 

pyrrhotite. Carbonate occur as anhedral grains with distinct rhombohedral cleavage and is colourless in plane-

polarized light. It is overprinted by both diopside and biotite. Apatite is most commonly found as inclusions in the 

biotite but can also be observed in the magnetite in lower quantities. The majority of the crystals exhibit a dark ra-

diation halo, especially in the biotite. Chalcopyrite is intergrown with pyrrhotite. Pyrite on the other hand both act 

as inclusions in the pyrrhotite and intergrown. Alteration: moderate biotite alteration probably as a product from 

clinopyroxene. At several places biotite overprint diopside.  

 

FI03 DBH 4214@259.60 Mellanby 

BT XXX 

DI XX 

CAL/DOL (X) 

AP (X) 

MAG XXX 

CCP (X) 

PY (X) 

PO (X) 

A. 1X magnification, XPL. Photomicrograph of biotite and 
diopside which are wrapped around magnetite grains.    

B. 1X magnification, RL. Same view as A but in reflected 
light. Here one can see the magnetite occurrence which cre-
ates a spotty texture.  
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Biotite/phlogopite schist – magnetite-rich schist  
Hand specimen 
Fine-grained hand specimen which can be divided into two parts. One consisting of homogenous weakly to non-
magnetic biotite schist, which exhibit a dark green colour. The other part is composed of pale-yellow olivine skarn. 

Magnetite occurs mainly as rims around biotite locally together with pyrrhotite but also between biotite and olivine, 
where the specimen is strongly magnetic. Trace amounts of chalcopyrite can be found in close proximity to the 
borders between the domains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: biotite, olivine, magnetite and pyrrhotite. This thin section can be divided into three major parts. 
One consisting of olivine skarn together with orthopyroxene. Another consisting of biotite and the last domain is 
composed of magnetite and pyrrhotite. Biotite occurs as a homogenous mass which display subhedral crystals that 
are equigranular and they have a rather sharp contact towards the olivine skarn. Furthermore, the crystals exhibit 
parallel extinction and are strongly green pleochroitic. Olivine display second-order interference colours, lack of 
cleavage, fracturing and is colourless in plane-polarized light. Olivine porphyroblasts can also be found locally 
where both biotite and magnetite are present. Magnetite occur both as rims around olivine grains and as a larger 
‘band’ intergrown with pyrrhotite. Pyrrhotite exhibit deformation twins and flame exsolution lamellae with pentlan-
dite. Pyrrhotite inclusions can also be observed in magnetite at places. Minor minerals: serpentine, orthopyroxene, 
apatite, chalcopyrite and arsenopyrite. Serpentine occurs mainly along the rims of olivine crystals but locally also 
as fracture infill and exhibit a greyish colour. Orthopyroxene display 90-degree cleavage with parallel extinction, 
hence an orthorhombic pyroxene. The pyroxene is spatially associated with olivine. Apatite are only found in the 
homogenous biotite mass and can easily be distinguished due to the radiation halo which can be seen in plane-
polarized light. Chalcopyrite is mainly found in the magnetite and pyrrhotite ‘band’ and is commonly intergrown 
with the latter. Arsenopyrite is rarely observed, there is however one anhedral crystal in the magnetite and pyrrho-
tite band, where it is intergrown with pyrrhotite and chalcopyrite. It is easily distinguished due to its high re-
flectance and anisotropy colours. Alteration: weak alteration of olivine porphyroblast long the rims to serpentine 

and magnetite. 

FI04 DBH 4214@257.96 Mellanby 

BT XXX 

OL X 

SRP (X) 

OPX (X) 

AP (X) 

MAG XX 

PO X 

CCP (X) 

APY (X) 

A. 5X magnification, XPL. Photomicrograph of the homoge-
nous and equigranular biotite. 

B. 1X magnification, RL. This image shows a ’band’ which 
predominantly is composed of magnetite and pyrrhotite but 
also subordinate chalcopyrite and arsenopyrite.  
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Marble –olivine-porphyroblastic calcite marble  

Hand specimen 
Fine-grained, granoblastic marble. The fine-grained groundmass consists of (1) olivine porphyroblasts (green), (2) 
serpentine+magnetite pseudomorphs (black) and (3) calcite (white). Subordinate phlogopite occurs and exhibit a 

greenish colour. The carbonate has a vitreous lustre. The specimen is moderately magnetic, locally strongly 
magnetic in dark areas. Traces of fine-grained sulphides occur.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: calcite (Ca0.92Mg0.05Mn0.03Fe2+

0.01), forsterite (Fo82Fa14Tp4), chrysotile and magnetite. Equigranular, 

anhedral calcite (grainsize: c. 0.13 mm) with distinct rhombohedral cleavage and high interference colours predo-
minates. Olivine occurs as rounded and granular porphyroblasts with distinct fracturing, lack of cleavage and 2nd 
order interference colours. Serpentine (Mg1.16, Fe0.04, Al0.02 and Mn0.01) occur as a fracture fill in olivine and along 

the rims, is colourless in plane-polarized light, and is first order grey in cross-polarized light. Magnetite is strongly 
associated with olivine, since all magnetite occurrences are found proximal to olivine. Aggregates of magnetite 

commonly surround the olivine porphyroblasts and occur as a fracture fill. Minor minerals: phlogopite (Mg/
(Mg+Fe)=0.91) and aluminium spinel. Subhedral phlogopite is locally abundant. It is identified by its low relief, 

sheet-like habit, perfect cleavage and parallel extinction. The colour in plane-polarized is pale green with a slight 
pleochroism. Aluminium spinel is very strongly associated with magnetite and they are almost always intergrown 
with one another, more rarely aluminium spinel occurs as individual grains. The aluminium spinel is rich in magne-

tite inclusions. Aluminium spinel occurs mainly as anhedral crystals, rarely as euhedral crystals. Alteration: olivine 
porphyroblasts are partly to pervasively altered to serpentine and magnetite along the crystal rims and fracture pla-

nes. 

FI05 DBH4214@271.39 Mellanby 

CAL XXX 

OL X 

CTL X 

SRP X 

PHL (X) 

SPL (X) 

MAG X-XX 

A. 5X magnification, PPL. Photomicrograph of altered olivine 
porphyroblasts with intergrown aluminum spinel and magnet-
ite. Serpentine occurs in veins cross-cutting olivine and along 
olivine rims. 

B. 5X magnification, RL. Same view as ‘A’ but in reflected 

light. Magnetite is full of inclusions of a dark-grey unknown 

mineral. Gahnite carries abundant inclusions of magnetite.  
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Skarn –clinopyroxene skarn  

Hand specimen 
Fine-grained granoblastic skarn which exhibits a light green colour with red non-transparent patches. The specimen 
also hosts a scattered dark green mineral which by microprobe analysis was verified to be amphibole. The predomi-
nant light green mineral is a type of clinopyroxene, most likely a diopside due to the pale colour. The red patches 
consist of garnet porphyroblasts. There is also a white veinlet of quartz cross-cutting the specimen. The hand speci-
men is characterized by penetrative dark grey magnetite bands that are strongly magnetic. The main mass is ho-
wever weakly to moderately magnetic. No sulphides can be observed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside (Di61Hd35Jhn4), magnesiohastingsite, aluminium spinel and magnetite. Diopside occurs 
equigranular with crystal sizes ranging from 0.3 – 0.6 mm and is the main mineral in the thin section. Diopside is 
colourless to pale green in plane-polarized light and exhibit no pleochroism. Some crystals display characteristic 
lamellar twinning. Amphibole occurs in corona textures, predominantly around spinel and magnetite, but also along 
the grain boundaries of diopside. It is greenish brown to bluish green and markedly pleochroitic in plane-polarized 
light. Spinel occurs as porphyroblasts, both as inclusions in magnetite and intergrown with it, commonly as euhe-
dral grains full of magnetite inclusions. Four anhedral magnetite bands occur in the thin section. The magnetite 
contains small dark grey inclusions. Minor minerals: grossular (Grs41Alm33Sps15Adr7Py4), quartz, apatite, pyrrho-
tite, chalcopyrite and arsenopyrite. Garnet display a pinkish colour in plane-polarized light and is commonly 
fractured. Furthermore, it is commonly spatially associated with magnetite and spinel with garnet enclosing them. 
A veinlet of quartz occurs in the thin section. Apatite occur with similar frequency in diopside and magnetite yet is 
always in close proximity to magnetite. Pyrrhotite and chalcopyrite - commonly intergrown - also occur in the 
magnetite bands. One single euhedral arsenopyrite grain occurs in close proximity to the quartz vein at the grain 
boundaries of diopside. Alteration: amphibole alteration around magnetite and spinel and at the grain boundaries of 
diopside. 

FI06 DBH 4214@287.06 Mellanby  

DI XXX 

AMP X 

SPL X 

GRT (X) 

QZ (X) 

AP (X) 

MAG XX 

PO (X) 

CCP (X) 

APY (X) 

A. 5X magnification, PPL. This photomicrograph shows a 
corona texture consisting of amphibole surrounding alumini-
um spinel and magnetite. It occurs at grain boundaries of diop-
side.   

B. 1X magnification, RL. This image shows a magnetite 
band. Aluminium spinel can also be noted here due to its 
high relief. 
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Semi massive to massive magnetite – magnetite-rich clinopyroxene skarn  

Hand specimen 
Fine-grained homogenously dark green skarn consisting of mainly diopside with a 2 cm wide sphalerite vein that is 
medium-grained. The vein has a metallic lustre with a greyish colour. The hand specimen is weakly – moderately 

magnetic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside (Di67Hd30Jhn3) and magnetite. The main mineral in this thin section is diopside which dis-

play a homogenously granoblastic texture. Conspicuous lamellae can be observed at several places, which is cha-
racteristic for diopside. Magnetite occurs in two different ways, both as an alteration product of olivine along the 
rims and as fracture infill (network texture) but also as reoccurring bands. Minor minerals: fayalite (Fa52Fo40Tp8) 

and ‘iddingsite’. Olivine on the other hand occurs as one large porphyroblast, approximately 5 mm, with diopside 
inclusions. The mineral is identified optically by its poor cleavage, distinct fracturing and second order interference 

colours. Furthermore, it is altered to ‘iddingsite’ along the rims and fracture planes. This can be observed in plan 
polarized light, where it exhibits a light brown colour. Alteration: olivine porphyroblasts are altered to magnetite 

and subordinate ‘iddingsite’. 
 

 

FI07 Field sample Västerby 2 

DI XXX 

OL X 

IDD (X) 

MAG XX 

B. 1X magnification, RL. Photomicrograph of a network tex-
ture of magnetite as an alteration product of olivine. It occurs 
both along the rims and as fracture infill.  

A. 1X magnification, XPL. Photomicrograph of c. 5 mm large 
olivine porphyroblasts in a matrix consisting of granoblastic 
diopside. 
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Skarn – amphibole-diopside skarn  

Hand specimen 
Fine-grained, dark-green skarn which locally exhibits a greyish tint. The groundmass is too fine-grained to allow 
individual grains and their crystal habitats to be distinguished. There are however several sphalerite veins that are 

medium-grained. The specimen is weakly-moderately magnetic. 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside, amphibole and sphalerite. The minerals are characterized by complex relationships with 
different minerals occurring as intergrowths, inclusions and veinlets. There are both large and small diopside crys-
tals exhibiting lamellae and inclined extinction. Amphibole exhibit two cleavages at an angle of 124º, are monocli-

nic and colourless in PPL. Sphalerite can be identified based on its internal reflections. The brown tint suggests that 
the iron content is moderate. Sphalerite surround silicate minerals at places. It does however also occur as inclus-

ions in silicates. Minor minerals: orthopyroxene, quartz, graphite, magnetite, pyrite, pyrrhotite and covellite. Ort-
hopyroxene is fractured and exhibit parallel extinction. Anhedral grains of quartz occur locally in the thin section 

and lack undulose extinction. Graphite is predominately intergrown with sphalerite, locally incorporated but also 
occurs as individual elongated grains without any association with neither magnetite nor sphalerite. The beige 
colour in reflected light and extreme anisotropy makes it easy to identify. Magnetite occurs as a fracture infill in 

sphalerite. Fine-grained anhedral pyrite is either intergrown with or occurs as inclusions in sphalerite. Pyrrhotite 
occur as inclusions in sphalerite and has a distinct anisotropy. Covellite occur as anhedral crystals, intergrowth with 

silicate minerals. It has a characteristic blue bireflectance and very strong bronzy anisotropy.  

FI08 Field sample Åmme 6  

DI XX 

AMP XX 

OPX X 

QZ X 

GR (X) 

SP XX 

MAG (X) 

PY (X) 

PO (X) 

CV (X) 

B. 20X magnification, RL. Magnetite occur as fracture infill 
veinlets in sphalerite.   

A. 5X magnification, XPL. This picture shows the complex 
intergrowth between varying silicate minerals including 
amphibole. Showing large variation in grain size. 
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Marble – dolomite marble  
Hand specimen 
Fine- to medium-grained, granoblastic marble with white-grey colour. Carbonate crystals display a vitreous lustre. 
The field specimen is poor in impurities. Weakly magnetic to locally moderately magnetic in dark areas. No visible 

sulphides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate. Predominantly a granular groundmass with anhedral equigranular, c. 1 mm carbonate 
crystals. Minor minerals: ‘iddingsite’, serpentine, magnetite and pyrrhotite. Irregular intergrown masses of serpen-

tine occur in different colours. One type resembles ‘iddingsite’ with a light brown colour in plane-polarized light 
and a greenish tint in cross-polarized light. Type two also exhibit a light brown colour in plane-polarized light but 
has a bluish colour in cross-polarized light. Type three has a white-black appearance in cross-polarized light but is 

colourless in plane-polarized light. The serpentine masses commonly contain carbonate inclusions. Rounded mas-
ses of irregular intergrown serpentine are probably pseudomorphs after former olivine porphyroblasts, as there are 

some sporadic circular grains outside the intergrown serpentine aggregates. Magnetite occurs as anhedral crystals 
intergrown with serpentine. It also occurs as a fine-grained network in the serpentine masses and along their boun-

daries. Commonly, magnetite is full of inclusions of a dark grey mineral. Small pyrrhotite crystals occur at grain 
boundaries of carbonate or along the rims of ‘iddingsite’. Alteration: pervasive alteration of olivine porphyroblasts 
to serpentine and magnetite, no remnant olivine cores.  
 
 

FI09 Field sample Västerby 1  

DOL XXX 

IDD (X) 

SRP (X) 

MAG (X) 

PO (X) 

A. 5X magnification, XPL. Two types of serpentine which 
have replaced former olivine. In the central part it is bluish 
whereas the marginal phase has a greyish colour.  
 

B. 5X magnification, RL. Same area as ‘A’ but in reflected 
light. Magnetite occur as larger grains intergrown with serpen-
tine. 
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Skarn – olivine porphyroblastic diopside skarn  

Hand specimen 
Fine- to medium-grained, granular skarn with a green-black tint. The main mineral is translucent colourless di-
opside. However, the hand specimen has a black colour due to the presence of magnetite and ‘iddingsite’. Local 

olivine porphyroblasts show a transparent-translucent light green colour, with a vitreous appearance. The specimen 
is weakly-moderately magnetic. There are no visible sulphide minerals.  

 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside (Di68Hd28Jhn4) and fayalite (Fa55Fo36Tp9). The thin section is predominantly composed of 

a homogenous matrix of anhedral diopside, where most grains show conspicuous lamellae. The grain size of the 
minerals ranges from fine- to medium-grained. Porphyroblast-like, commonly fractured aggregates of olivine crys-

tals with c. 120o grain-boundaries are locally observed. Minor minerals: ‘iddingsite’, magnetite and covellite. 
‘Iddingsite’ occur predominately at the edges of the olivine crystals and decrease in abundance towards the crystals 

centre. Magnetite occurs as a network texture along the rims of olivine and as fracture infill. The crystals range 
from anhedral to euhedral and are mainly fine-grained. Covellite is associated with ‘iddingsite’ and magnetite, has 
distinct blue-grey bireflectance and shows a very strong anisotropy in bronzy colour. It also has a lower reflectance 

than magnetite. Alteration: olivine porphyroblasts are altered to magnetite and ‘iddingsite’ along the rims and 
fracture planes. 

 

FI10 Field sample Åmme 2 

DI XXX 

OL X 

IDD (X) 

MAG (X) 

CV (X) 

B. 1X magnification, RL. Picture in the same view as ‘A’, 
showing the magnetite occurrence associated with the olivine 
grains. 

A. 1X magnification, XPL. Aggregates of fractured olivine 
porphyroblasts enveloped by diopside.  
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Marble – weakly olivine-porphyroblastic dolomite marble  

Hand specimen 
Fine- to medium-grained, granoblastic marble. The colour is varying between white to grey. Carbonate crystals 
display a vitreous lustre. The field specimen gives the impression that it is to a certain degree free from impurities. 

The specimen is mainly non-magnetic, apart from local 
areas which are weakly magnetic. No visible sulphides.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate is the main mineral and almost occupies the entire thin section. It occurs as equigranular 
crystals with anhedral shape and distinct rhombohedral cleavage and is colourless in plane-polarized light. The car-

bonate displays lamellar twinning and high interference colours. Minor minerals: Forsterite (Fo79Fa20Tp1), ple-
onaste (Spl58Ghn0Hc41Glx1), pennine (Mg10.5Al2.19), ‘iddingsite’, phlogopite and magnetite. The marble is weakly 

olivine-porphyroblastic, with local fractured anhedral olivine crystals. Aluminium spinel is green in plane-polarized 
light and is isotropic and occurs at grain boundaries or as inclusions in carbonate. Chlorite occurs in two varieties in 
cross-polarized light: (1) grey-blue (pennine) and as (2) grey-white, both cryptocrystalline. The olivine porphy-

roblasts sporadically exhibit a light brown colour along the rims and fracture planes, which reflects alteration to 
‘iddingsite’. Phlogopite occurs as anhedral-euhedral crystals along grain boundaries of carbonate or included in the 

crystals and has a weak pale green colour with weak pleochroism. Magnetite occurs as intergrown aggregates and 
along rims of chlorite. Magnetite also occurs sparsely around the olivine porphyroblasts, along fracture planes and 

locally as larger individual grains in calcite with or without intergrown gahnite. There are small dark grey inclus-
ions in the magnetite. Alteration: weak alteration of olivine to magnetite and serpentine along rims and in fractures.  

FI11 Field sample Åmme 1 

DOL XXX 

OL (X) 

SRP (X) 

SPL (X) 

CHL (X) 

IDD (X) 

PHL (X) 

MAG (X) 

A. 5X magnification, XPL. Olivine porphyroblasts in crystal-
line marble. The black areas above the olivine crystal are alu-
minium spinel with associated magnetite. 

B. 5X magnification, RL. The central part with different relief 
consists of pennine (clinochlore) and magnetite occur as cross-
cutting veins and intergrown aggregates.  
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Skarn –garnet amphibole skarn  

Hand specimen 
Fine-grained skarn with a red and green colour. Garnet occurs as red translucent porphyroblasts with intergranular 
greenish amphibole. The hand specimen is non-magnetic and contains no visible sulphides. 

 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: grunerite, garnet (Alm68Sps16Grs8Py4Adr4) and clinoferrosilite. Grunerite grain-sizes are bimodally 

distributed, with a groundmass of anhedral fine-grained crystals and few larger crystals. Garnet occurs as unevenly 
distributed, locally weakly banded, anhedral porphyroblasts which are commonly fractured. Grunerite occur as in-

clusions in garnet. Ferrosilite occur as larger anhedral crystals, most of which are altered along the fracture planes 
to ‘iddingsite’/smectite-chlorite. Minor minerals: apatite, ‘iddingsite’, magnetite, arsenopyrite, sphalerite and chal-

copyrite. Small, locally hexagonal apatite crystals occur as inclusions in grunerite. Magnetite occurs mainly as rims 
around garnet, but locally also incorporated inside the garnet crystals itself. Trace amounts of anhedral arsenopyrite 

occur sporadically, commonly at the grain boundaries of garnet. Individual grains of sphalerite are intergrown with 
grunerite and garnet and locally exhibit chalcopyrite disease. Alteration: smectite-chlorite/’iddingsite’ alteration 
along the fracture planes of clinoferrosilite. Some crystals are completely altered, the alteration product is however 

cryptocrystalline and cannot be determined.  

 

FI12 Field sample Åmme 7 

AMP XXX 

GRT X-XX 

FS X 

AP (X) 

IDD (X) 

MAG (X) 

APY (X) 

SP (X) 

CCP (X) 

A. 5X magnification, XPL. Fine-grained groundmass of 
grunerite. In the central part of the picture are the characteris-
tic cleavage of amphiboles seen and the mineral has symmet-
ric extinction. 

B. 10X magnification, RL. Magnetite occurs at the grain 
boundary of garnet but also as slightly larger crystals inside. 



 

62 

Biotite/phlogopite schist –magnetite-rich schist 

Hand specimen 
Fine-grained biotite/phlogopite schist. The sample is homogenous with the exception of a white cross-cutting vein-
let. The main minerals are phlogopite/biotite and magnetite. It exhibits a greenish bladed appearance and is by esti-
mate 4 on Moh’s scale. Furthermore, it is moderately magnetic throughout the whole sample. There are no visible 
sulphides.  

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: phlogopite, garnet and magnetite. The main mineral is an intermediate composition between biotite 
and phlogopite. In plane-polarized light it displays a pale green colour and is strongly pleochroitic. The crystal sha-
pes range from euhedral to subhedral and crystals are equigranular. The crystals have a distinct cleavage in one 
direction and parallel extinction. Garnet occurs as rims around zoisite and is intergrown with magnetite and spinel. 
Magnetite is evenly distributed throughout the thin section with the exception of where garnet, spinel and zoisite 
occurs. There, the magnetite content is higher. Magnetite is found both at the grain boundaries of biotite/phlogopite 
and as inclusions within these crystals. Furthermore, magnetite is intergrown with pyrrhotite, chalcopyrite, cuba-
nite, arsenopyrite and especially graphite, which can be observed at several places. Minor minerals: zoisite, apatite, 
spinel, graphite, chalcopyrite, cubanite, pyrrhotite, galena and arsenopyrite. Zoisite is colourless in plane-polarized 
light and exhibit a deep blue colour in cross polarized light with parallel extinction. Apatite is found as hexagonal, 
rounded or elongated grains in the magnetite. Spinel are associated with mainly magnetite and garnet and exhibit a 
deep green colour in plane-polarized light and is isotropic. Graphite is always found in close proximity to and usu-
ally intergrown with magnetite. It exhibits a strong bireflectance and very strong bronzy anisotropy in crossed po-
lars. Cubanite is mainly found as exsolution lamellae in chalcopyrite and has a similar relief as chalcopyrite. In 
contrast to pyrrhotite which exhibits a higher relief and stronger anisotropy in grey compared to the redish tint of 
cubanite in crossed polars. Galena exhibits its characteristic triangular pits and have a high relief and reflectance. It 
is intergrown with all ore minerals mentioned. Furthermore, it displays a plastic behaviour, hence commonly found 
elongated and not only as aggregates. Arsenopyrite is spatially associated with magnetite or occur as individual 

subhedral grains. 

FI13 DBH 2851@208.67 Burkland 

BT/PHL XXX 
GRT X 
ZO (X) 
AP (X) 
SPL (X) 
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PO (X) 
GN (X) 
APY (X) 

A. 1X magnification, XPL. This photomicrograph shows 
equigranular biotite/phlogopite which is the main mineral in 
this thin section. The opaque minerals are mainly magnetite.  

B. 5X magnification, RL. Photomicrograph of chalcopyrite, 
cubanite, pyrrhotite, galena, magnetite and graphite. 
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Semi-massive to massive magnetite –magnetite-rich carbonate  

Hand specimen 
Fine-grained semi-massive to massive magnetite hosted in an olivine porphyroblastic marble. The sample has dark 
grey areas consisting of magnetite commonly with a banded appearance. There are no visible sulphides and the 

specimen is strongly magnetic. 

 
  
 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate, magnetite and forsterite (Fo60Fa31Tp9). Carbonate constitutes approximately half of the 
thin section and exhibit extreme birefringence, rhombohedral cleavage and appears anhedral. Magnetite constitutes 
the other half and occur semi-massive to massive with a banded appearance, commonly as aggregates. There are 
remnants of carbonate crystals in the magnetite rich parts. Olivine on the other hand occurs as porphyroblasts in the 
carbonate parts but also subordinate in the magnetite. The crystals are round, slightly fractured, display second or-
der interference colours and lack cleavage. Minor minerals: serpentine, clinochlore, apatite, spinel, graphite, galena, 
chalcopyrite, sphalerite and arsenopyrite. Serpentine occurs along the fracture planes of the olivine porphyroblasts 
and along the rims and locally display a light brown colour in plane-polarized light. Chlorite on the other hand 
occurs predominantly in the massive part of the magnetite as unevenly distributed grains with no distinct form. It 
exhibits first-order interference colours (black and white) and is colourless in plane-polarized light. Apatite occurs 
mainly in the magnetite but also intergrown with the carbonate. The crystal habit is hexagonal and elongated with 
high relief towards the carbonate. Many crystals exhibit spaced cross-fractures and small black inclusions. Spinels 
are commonly found in massive magnetite as anhedral individual crystals. They have a green colour in plane-
polarized light and are isotropic. Graphite occur in a very high frequency in this thin section either as inclusions in 
the magnetite or spatially associated with it. It exhibits an extreme anisotropy and strong bireflectance. There seem 
to be a strong correlation between magnetite and graphite. A few galena crystals are located in-between magnetite 
crystals in the massive part and have very high relief. Trace amount of sphalerite are intergrown with chalcopyrite, 
magnetite and carbonate and display the characteristic internal reflections. Alteration: chlorite alteration and weak 
alteration of olivine porphyroblasts to serpentine and magnetite along the rims and as fracture infill.   

 

FI15 DBH 2851@203.98 Burkland 
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SP (X) 

B. 5X magnification, RL. Photomicrograph of the graphite-rich 
massive magnetite. 

A. 5X magnification, XPL. Apatite occurrence spatially asso-
ciated with magnetite. The semi-massive to massive magnet-
ite host remnants of carbonate. One can also see olivine por-
phyroblasts in the top right corner.   
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Marble – olivine-porphyroblastic calcite marble 

Hand specimen 
Fine-grained granoblastic marble. The specimen exhibits a dark grey colour with a greenish tint. Where the green 
parts consist of olivine porphyroblasts. The specimen is moderately to locally strongly magnetic and characterized 

by magnetite and sphalerite impregnation.  
 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: calcite (Ca0.93Mg0.04Mn0.02Fe2+

0.01), forsterite-fayalite (Fo51.43Fa44.67Tp3.89), magnetite and sphalerite. 
The olivine-porphyroblastic marble is overprinted by a vein carring mainly magnetite, sphalerite, apatite and 

gahnite. The adjacent area to the vein is locally affected, where olivine porphyroblasts are altered to Fe-serpentine 
and magnetite. Calcite occurs as equigranular crystals with high birefringence and exhibit perfect rhombohedral 

cleavage. Olivine occurs as rounded anhedral crystals, locally forming aggregates lacking visible cleavage. Magne-
tite and sphalerite are spatially associated and almost always intergrown with sphalerite being surrounded by 

magnetite. Minor minerals: phlogopite [Mg/(Mg+Fe) = 0.81], iddingsite (Fe0.78, Mg0.18, Mn0.11 and Al0.01) , apatite, 
gahnite (Ghn52.59Hc24.80Spl21.73Glx0.88), pyrrhotite and arsenopyrite. Phlogopite is situated in-between the calcite 
grain and is pleochroitic from pale brown to pale green. Iddingsite occurs along fractures planes and the rims of 

olivine crystals and has a light brown colour in plane-polarized light. Apatite is spatially associated with the sphale-
rite and magnetite band. Apatite commonly occurs with magnetite, locally occurring as inclusions. Gahnite occurs 

as pale green crystals in plane-polarized light and are more common in the olivine-rich parts. Gahnite is locally rich 
in magnetite inclusions and is commonly surrounded by minor magnetite. Pyrrhotite occurs between sphalerite and 

magnetite and as inclusions in sphalerite and exhibit very strong anisotropy. A few grains of arsenopyrite occurs as 
well in the vein, either as individual euhedral grains or as anhedral grains intergrown with magnetite and sphalerite. 

Alteration: local alteration of olivine porphyroblasts to Fe-serpentine and magnetite. Mainly along the fracture pla-
nes and the rims of olivine porphyroblasts. 

NJ046 DBH 2417@139.86 Burkland 
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A. 5X magnification, XPL. Apatite crystals spatially associat-
ed with a zone of magnetite, sphalerite and gahnite in olivine-
porphyroblastic marble. 

B. 5X, magnification, RL. Same view as ‘A’ but in reflected 
light. Magnetite, sphalerite, apatite and gahnite is intergrown 
in the vein.  
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Quartzite – biotite-rich quartzite  

Hand specimen 
Fine- to medium-grained quartzite with subordinate skarn minerals and sulphides. The groundmass consists of 
quartz which several biotite bands. These biotite bands contain a higher sulphide content where pyrrhotite is the 

most predominant. The specimen is non-magnetic. 

 
  
 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: quartz, biotite, amphibole, garnet and zoisite. Anhedral quartz predominates. The grain size is bi-
modal and range from fine-grained to medium-grained. It is colourless in plane-polarized light and exhibit a low 

relief. Biotite on the other hand form bands throughout the thin section, wherein the quartz is medium-grained in 
contrast to other parts. In addition, these bands contain a higher sulphide content. Biotite is strongly pleochroitic 

and exhibit a brown colour in plane-polarized light. It has distinct cleavage in one direction and parallel extinction. 
The crystal shape varies from euhedral to anhedral. Amphibole is also associated with the medium-grained quartz 
and biotite bands. It exhibits the characteristic 56 and 124° cleavages. It is pleochroitic and varies between pale-

green and yellow. Biotite also contains inclusions of a radioactive mineral. Garnet is colourless to pale pink in 
plane-polarized light and isotropic in crossed polars. Moreover, it is anhedral and exhibit a high relief. There is a 

correlation between garnet and clinozoisite or zoisite, since the latter is usually found embedded by garnet. Both 
zoisite and clinosoizite should have a single perfect cleavage, but zoisite is orthorhombic whereas clinozoisite is 

other monoclinic and thus have different extinction angles. Since the variety in the sample occurs as fine-grained 
granular aggregates, the cleavage planes could not be determined, and thus it could not be determined whether the 
mineral is zoisite or clinozoisite. Minor minerals: pyrrhotite, pyrite, chalcopyrite, arsenopyrite and sphalerite. The 

biotite bands have a higher sulphide content in contrast to other parts. Pyrrhotite is usually found intergrown with 
chalcopyrite as anhedral crystals. In contrast, pyrite occurs as individual euhedral grains. Rare occurrences of euhe-

dral arsenopyrite and anhedral sphalerite can also be observed locally.   

NJ049 DBH 2417@181.17 

A. 1X magnification, XPL. Photomicrograph of the quartzite 
where one can note bimodal distribution in grain size of quartz 
in addition to a biotite band at the top.  

B. 10X magnification, RL. Photomicrograph of euhedral 
pyrite grain located in the biotite band where the sulphide 
content is higher.  
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Marble – dolomite marble  

Hand specimen 
Fine- to medium-grained, granoblastic, grey dolomite marble. Carbonate crystals display a vitreous lustre. There 
are black spotty strokes composed of black serpentine and subordinate magnetite. Fine-grained sulphides including 

pyrrhotite and chalcopyrite are present. The specimen is weakly magnetic.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate and serpentine. Fine- to medium-grained anhedral carbonate exhibits perfect rhombohe-
dral cleavage and high birefringence. Serpentine and ‘iddingsite’ occurs as alteration products after olivine; the core 

commonly has a light brown colour (‘iddingsite’) in plane-polarized light whereas the rim is colourless serpentine. 
Minor minerals: ‘iddingsite’, chlorite, phlogopite, magnetite, pyrite, chalcopyrite, cubanite, arsenopyrite and spha-

lerite. Mg-chlorite occurs as colourless crystals in plane-polarized light and is weakly pleochroitic. It exhibits 1st 
order grey interference colours. It is commonly intergrown with magnetite or phlogophite. The latter occurs as al-

most colourless, weakly pleochroitic crystals in plane-polarized light and exhibit one perfect cleavage and parallel 
extinction. Magnetite occurs as larger aggregates in the carbonate mass, locally spatially associated with phlogo-
pite. It also occurs as fracture fill and along the rims of former olivine porphyroblasts. Pyrite occurs as euhedral and 

subhedral grains that are locally intergrown with chalcopyrite and cubanite. Chalcopyrite occurs along carbonate 
grains boundaries and form local intergrowths with sphalerite in aggregates. Chalcopyrite commonly contains ex-

solution lamellae of isotropic isocubanite. Sphalerite exhibit chalcopyrite disease and occurs at grain boundaries 
and as inclusions in carbonates. Alteration: olivine porphyroblasts are pervasively altered to serpentine, ‘iddingsite’ 

and subordinate magnetite. No remnant olivine cores are to be found.  

NJ051 DBH 2417@102.43 Burkland 
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A. 10X magnification, XPL. Olivine porphyroblast altered to 
two types of serpentine in a carbonate matrix. The opaque 
minerals consist of chalcopyrite with exsolution lamellae of 
isocubanite.  

B. 5X magnification, RL. Magnetite proximal to serpentine 

pseudomorphs after olivine. Fine-grained magnetite and chal-

copyrite occur as fracture fill and along the rims of former 

olivine.  
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Copper ore – high grade copper ore  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate, forsterite-fayalite (Fa48Fo47Tp5), cubanite, chalcopyrite, pentlandite and magnetite. The 
thin section can be divided into two major parts, one consisting of an olivine-porphyroblastic marble and another 
constituting Cu mineralization. Carbonate is the main mineral in the first domain. It exhibits high interference col-
ours, high relief coupled with perfect rhombohedral cleavage. The carbonate occurs as fine-grained anhedral aggre-
gates. The olivine porphyroblasts are fine-grained, rounded and mainly fresh even though fracturing is common. 
The mineral is identified by its high retardation, crystal habit, high relief and conspicuous fracturing. Cubanite con-
stitute the major part of the other domain and occur both as basal less anisotropic sections and as exsolution lamel-
lae together with chalcopyrite. The latter product has a higher degree of anisotropy in crossed polars. Pentlandite is 
intergrown with cubanite. Magnetite is primarily found in the sulphide-rich domain and occur both embedded in 
cubanite as well as intergrown. Furthermore, there is a strong correlation between gahnite and magnetite as they 
always co-exsist, intergrown with one another. Minor minerals: gahnite (Ghn51.34Hc26.85Spl21.04Glx0.77), apatite, co-
baltite, safflorite, pyrrhotite, sphalerite and arsenopyrite. Gahnite occur as fine-grained subhedral–euhedral crystals 
with high relief. Moreover, it displays a green colour in plane-polarized light and is isotropic. Apatite is present 
both alone with the massive cubanite and together with magnetite. There is also apatite in the olivine porphy-
roblastic marble. Safflorite occurs as up to 1 mm large porphroblasts which in turn has cobaltite rims. Some of the 
subhedral–euhedral safflorite crystals have inclusions of gahnite and olivine. The safflorite porphyroblasts are lo-
cated in cubanite. Pyrrhotite is also embedded within the cubanite and is easy to distinguish due to the high relief 
and brown-creamy colour. Furthermore, it has a strong anisotropy. Subordinate sphalerite is also present in the 
cubanite domain and is mainly intergrown with pyrrhotite and cobaltite. At several places one can observe chalco-
pyrite disease within the sphalerite. Finally, there are rare subhedral porphyroblasts of arsenopyrite present which 
exhibit high reflectance and strong anisotropy. Alteration: locally, olivine porphyroblasts are altered to a fine-
grained mesh which most likely are of serpentine composition.  
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A. 5X magnification, XPL. Photomicrograph of rather fresh 
olivine porphyroblastic marble. 

B. 5X magnification, RL. Photomicrograph of a safflorite 
porphyroblasts overgrown by cobaltite. Cubanite exsolution 
lamellae in chalcopyrite and subordinate sphalerite next to the 
porphyroblast.  
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Sphalerite ore – massive sphalerite hosted by carbonate  

Hand specimen 
Fine-grained massive sphalerite hosted in carbonate. Red-brown, fine-grained sphalerite is the predominant mineral 

with subordinate carbonate containing skarn minerals. The sample is moderately to locally strongly magnetic and 
also contain a significant amount of pyrrhotite. 

 
 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate, phlogopite, diopside, amphibole, garnet, sphalerite, pyrrhotite and magnetite. Carbonate 
occurs as anhedral aggregates throughout the thin section and is colourless in plane-polarized light. Some crystals 

exhibit perfect rhombohedral cleavage. Phlogopite occurs as subhedral to anhedral crystal both in the carbonate and 
in the ore minerals. It exhibits a pale green colour in plane-polarized light and have a distinct pleochroism. Diop-

side form local aggregates and some crystals exhibit the characteristic lamellae. Furthermore, it is spatially associ-
ated with the carbonate. Amphibole can be found in the carbonate as well and display anhedral green-blue and 
strongly pleochroitic crystals. Garnet occurs as anhedral porphyroblasts spatially associated with mainly sphalerite 

but also apatite. It exhibits a pale pinkish colour in plane-polarized light and is isotropic. Sphalerite is the main 
mineral in this the section, comprising more than 50 %. It exhibits characteristic internal reflection and medium 

polishing hardness. Pyrrhotite occurs enclosed by sphalerite and not as individual grains. Magnetite occurs inter-
grown with sphalerite and is spatially associated with spinel, Apatite and garnet. The high relief of magnetite makes 

it easy to distinguish. Minor minerals: spinel, apatite, allanite, pentlandite and arsenopyrite. Spinel occurs both in 
the carbonate and the sphalerite, the latter however host a higher frequency and larger crystals. The crystal shape 
ranges from anhedral to subhedral. Where spinel occurs, magnetite is always present and intergrown with it. Apa-

tite aggregates and one allanite grain are found locally in the sphalerite zone, spatially associated with garnet and 
magnetite. Sporadic grains of apatite occur in the carbonate. Pentlandite occurs as isotropic rims around pyrrhotite. 

A few arsenopyrite grains with no distinct crystal shape are found in the carbonate close to the sphalerite.  
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A. 5X magnification, XPL. Apatite spatially associated with 
magnetite, aluminium spinel, garnet and sphalerite. Due to the 
extinction angle some apatite crystals are not visible.  

B. 10X magnification, RL. Photomicrograph, illustrating the 
strong correlation between aluminium spinel and magnetite. 
Other minerals visible are sphalerite, pyrrhotite and pentland-
ite.  
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Marble – semi-massive to massive sphalerite replacement  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate, olivine, sphalerite and pyrrhotite. Equigranular, anhedral carbonate (grainsize: c. 0.7 
mm) with distinct rhombohedral cleavage and high interference colours predominates. The carbonate host rounded 
granular olivine porphyroblasts with lack of cleavage and 2nd order interference colours. They are locally partly 

fractured but not altered. Sphalerite is the second most common mineral and exhibits the characteristic brown inter-
nal reflections and low reflectivity. Furthermore, it hosts abundant carbonate inclusions. Pyrrhotite occurs as fine-

grained frequent inclusions in the sphalerite and exhibits high polishing hardness. Minor minerals: biotite, apatite, 
aluminium spinel, graphite, chalcopyrite, pentlandite, magnetite, safflorite, cobaltite and arsenopyrite. Biotite 

locally forms aggregates in the carbonate which exhibit parallel extinction and cleavage in one direction. The crys-
tals are subhedral and brown in plane-polarized light and strongly pleochroitic. Apatite occurs highly frequently 

both as individual grains, in the carbonate and the sphalerite but also as larger aggregates in the sphalerite in the 
transition between the two domains. Apatite is spatially associated with subordinate magnetite, biotite and spinel. 
The latter exhibit a green colour in plane-polarized light and appear isotropic in crossed polars. Graphite is found 

locally, spatially associated with magnetite and exhibit an extreme anisotropy. Chalcopyrite occurs rarely but can 
locally be observed intergrown with sphalerite. Pentlandite is commonly found as rims around the pyrrhotite inclus-

ions and appears isotropic in crossed polars. It has lower polishing hardness compared to pyrrhotite. One safflorite 
porphyroblast with a cobaltite rim is observed intergrown with sphalerite and carbonate. The cobaltite exhibits a 

weak bluish anisotropy while the safflorite crystals have complex twins and intergrowths. Arsenopyrite is rarely 
observed but occurs subhedral with a strong pleochroism in blue-red.  
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A. 5X magnification, XPL. Apatite in sphalerite, spatially 
associated with carbonate, magnetite and aluminium spinel.   

B. 10X magnification, RL. Safflorite porphyroblast with a 
cobaltite rim with surrounding sphalerite and magnetite.  
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Skarn – diopside skarn  
Hand specimen 
Fine- to medium-grained skarn with brown, grey and green colours. The green parts are mainly diopside while the 
dark grey parts consist of magnetite. The brown parts are pyrrhotite. The specimen is moderately to locally strongly 

magnetic. It is rich in sulphides  
 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside, spinel and magnetite. Diopside predominates and occurs as medium-grained anhedral 
crystals with lamellae due to the good cleavage. It hosts abundant inclusions of magnetite. Spinel occurs as sub-

hedral to anhedral crystals, strongly correlated with magnetite. The spinel crystals are rich in tiny inclusions of 
magnetite and appear green in plane-polarized light. Magnetite occurs evenly distributed, locally forming aggrega-

tes as veinlet networks together with other sulphides. Minor minerals: amphibole, garnet, carbonate, apatite, pyrr-
hotite, pentlandite, chalcopyrite, sphalerite, galena and arsenopyrite. Amphibole exhibits a light green colour in 

plane-polarized light and is markedly pleochroitic. It is spatially associated with carbonate and diopside and exhibit 
inclined extinction. Garnet is rare and appears light pink in plane-polarized light and is commonly intergrown with 
spinel and diopside. Subordinate carbonate is overprinted by silica-rich minerals, it is fine-grained and with an an-

hedral crystal shape. Apatite occurs unevenly distributed, locally forming aggregates in the magnetite and a few 
crystals in the carbonate. It exhibits a hexagonal shape, high relief and locally widely spaced cross-fractures. Pyrr-

hotite occurs together with magnetite in the veinlet network. It occurs as exsolution flames in pentlandite and ex-
hibit a very strong anisotropy in crossed polars. Pentlandite commonly form rims around pyrrhotite and appear 

isotropic in crossed polars. Fine-grained chalcopyrite is intergrown with pentlandite in the sulphide-bearing veins. 
Sphalerite exhibit chalcopyrite disease and is spatially associated with pentlandite and magnetite. Galena occurs in 

trace quantities in the sulphide-bearing vein, intergrown with magnetite. Arsenopyrite occurs in trace quantities as 
inclusions in diopside. It has strong anisotropy in blue-red. 
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A. 1X magnification, XPL. Medium-grained diopside crystals 
with sporadic apatite crystals in top right corner. Opaque min-
erals are mainly magnetite, pyrrhotite and pentlandite.  

B. 5X magnification, RL. Photomicrograph of pyrrhotite with 
exsolution flames in pentlandite surrounded by a rim of pent-
landite. The image also shows magnetite and sphalerite.  
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Skarn – garnet-amphibole skarn  

Hand specimen 
Fine-grained, dark green skarn with local red patches. The groundmass consists of amphibole with local patches of 
biotite. In addition, there are light red porphyroblasts of garnet and cross-cutting carbonate veinlets. There are no 

visible sulphides.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: amphibole, biotite and garnet. The main minerals consist of both clino- and orthoamphiboles. The 

clinoamphibole is blue-green, has a strong pleochroism and inclined extinction. These optical properties best fit 
with hornblende. The orthoamphibole has symmetric extinction, varies between green-beige colour and exhibit a 
strong pleochroism. It is most likely gedrite. Biotite occurs interstitial to amphibole crystals, locally sharing mutual 

grain boundaries with chlorite and carbonate. It also occurs as inclusions in amphibole. Garnet occurs as anhedral-
euhedral fractured porphyroblasts. The garnet also envelopes amphibole at places. Minor minerals: chlorite, carbo-

nate, quartz, graphite, chalcopyrite, arsenopyrite and sphalerite. Chlorite occurs as a fracture fill in garnet but also 
as veinlets crosscutting amphibole together with carbonate. Chlorite also occurs as aggregates. It is probably an Mg

-rich chlorite as it has no colour in PPL and exhibits no pleochroism. Quartz occurs as anhedral crosscutting vein-
lets. The veinlets carry sphalerite and chalcopyrite. Sphalerite locally exhibit chalcopyrite disease. Sphalerite also 
occurs interstitial to amphibole crystals and as fracture filling in garnet. Graphite occurs as elongated grains in 

amphibole but occur more commonly as a fracture fill in garnet. The prominent anisotropy makes it easy to identi-
fy. Arsenopyrite occurs as fine-grained euhedral crystals in a cryptocrystalline groundmass that is altered. Alterat-

ion: weak chlorite alteration along fractures in amphiboles and garnet. 
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A. 5X magnification, XPL. Amphibole crystals cross-cut by 
carbonate and chlorite veinlets.  

B. 5X magnification, RL. Graphite occurs as fracture infill in 
garnet together with chlorite. 
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Marble – sphalerite-impregnated, olivine-porphyroblastic marble  

Hand specimen 
Fine-grained, granoblastic, olivine-porphyroblastic marble with sphalerite impregnation. The groundmass consists 
of carbonate and exhibits a grey colour. The specimen is moderately magnetic and contains sulphides, but they are 

too fine-grained to identify with a naked eye.  

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: calcite/dolomite, serpentine and sphalerite. The main mineral - which comprises nearly the entiry 
thin section - is carbonate. It occurs as anhedral, fine-grained crystals which display perfect rhombohedral cleavage 
and high interference colours. Furthermore, it is colourless in plane-polarized light. Serpentine is another common 

mineral and is an alteration product of olivine. It exhibits a greyish colour and occur as rims around olivine porphy-
roblasts but occurs also in fractures cross-cutting the latter. Sphalerite occurs sporadically throughout the whole 

thin section, locally forming larger aggregates and is easily distinguished with the help of its characteristic internal 
reflection and colour. Minor minerals: olivine, biotite, apatite, aluminium spinel, magnetite, chalcopyrite, cubanite 

and pyrrhotite. Olivine occurs as porphyroblasts in the marble. There are no entirely unaltered olivines left, only 
remnant cores to pseudomorphs are found. They display second-order interference colours and exhibit distinct 
fracturing and lack of cleavage. Biotite seems to be spatially associated with sphalerite and occurs in higher fre-

quency with biotite than with carbonate. It is pale green in plan polarized light and exhibit a distinct pleochroism. 
Apatite occurs in the same frequency in the carbonate as it does with sphalerite and magnetite. The marble also 

hosts distinct aluminium spinel porphyroblasts. Magnetite occurs in the alteration rims of the olivine porphyroblasts 
throughout the whole thin section, but also as rims around sphalerite at several places. Cubanite occurs as exsolut-

ion lamellae in chalcopyrite usually intergrown with pyrrhotite. Alteration: moderate-strong alteration of olivine 
porphyroblasts to serpentine and magnetite.  
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A. 5X magnification, XPL. Photomicrograph of olivine porhy-
roblastic marble with serpentine along fracture planes and 
rims as a result of alteration. 

B. 5X magnification, RL. Photomicrograph of magnetite as an 
alteration product of olivine. Magnetite predominantly occur 
as rims but also as fracture infill. Sphalerite are intergrown 
with magnetite. 
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Main ore horizon – laminated sphalerite in quartzite 

Hand specimen 
Fine-grained laminated sphalerite hosted in quartzite. The specimen consists predominantly of quartz and biotite 
with laminae of sphalerite and subordinate galena. The sample is non-magnetic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: quartz, biotite, microcline and sphalerite. Fine-grained and anhedral quartz with low relief and un-
dulatory extinction predominates.  Biotite mainly occurs in between the quartz grains and display a banded charac-

ter. It is brown in plane-polarized light and strongly pleochroitic. Perfect (001) cleavage in one direction can be 
observed on the tabular subhedral and euhedral grains. Microcline form the largest crystals and appear massive, 

commonly 1000 μm. It is colourless in plane-polarized light and exhibit tartan-twinning in crossed polars. Due to 
the twinning, the extinction angle is hard to determine. Most crystals display an anhedral crystal habit. Sphalerite 

occur as fine-grained laminae throughout the thin section and is spatially associated with galena, chalcopyrite and 
pyrrhotite. It is dark brown translucent in plane-polarized light and exhibit low reflectance and internal reflections 
in reflected light. Minor minerals: galena, chalcopyrite and pyrrhotite. Galena occurs together with the other sul-

phide minerals. Locally it displays distinctive triangular pits due to its cleavage in three directions. Furthermore, it 
is isotropic. Chalcopyrite usually occur in close proximity to pyrrhotite and exhibit moderate reflectance and weak 

anisotropy in crossed polars. Pyrrhotite occur as inclusions at several places in sphalerite and galena despite that it 
usually being intergrown with chalcopyrite. It exhibits a strong anisotropy, moderate reflectance and a brownish 

tint.   
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B. 5X magnification, RL. Photomicrograph of sphalerite which 
occurs as laminae. Spatially associated with pyrrhotite, chalco-
pyrite and galena.  

A. 5X magnification, XPL. Photomicrograph of anhedral 
quartz and biotite which are the dominating minerals. Biotite 
id usually found at the grain boundaries of quartz.  
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Main ore horizon – breccia style  
 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: microcline, quartz, biotite, sphalerite and galena. The thin section can be divided into two major 

parts where one consists of quartz and microcline with subordinate biotite and the other domain consist of mainly 
sphalerite and galena. The contact between the domains are rather sharp, but one can observe gangue minerals in 

the sulphide rich domain as well. Quartz is the main mineral in this thin section and varies from fine- to medium-
grained and appear anhedral. It displays low relief, low birefringence and undulatory extinction. Microcline which 

co-exist with quartz displays fine-grained tartan-twinned crystals and usually appear subhedral or anhedral. Biotite 
occurs in the whole thin section and appear light brown in plane-polarized light. It displays distinct pleochroism 
and is usually situated at the grain boundaries of quartz but also intergrown with sphalerite. The tabular crystals 

have high birefringence and perfect cleavage in one direction. Sphalerite makes up the major part of the sulphide 
rich domain. Together with galena, it constitutes a breccia style mineralization where one can note sporadic gangue 

mineral fragments inside. Sphalerite is commonly found intergrown with galena and has the characteristic brown 
internal reflections and low reflectivity (17 %). Whereas galena exhibits moderate reflectivity, low polishing 

hardness and triangular pits due to the cleavage in three directions. Minor minerals: sericite, amphibole, zoesite, 
apatite and pyrrhotite. One can note a fine-grained turbid mica matrix with second to third order birefringence 
spatially associated with microcline. Amphibole is also present, and it is likely to be of tremolite composition due 

to that it is colourless in plane-polarized light and has an inclined extinction. Zoisite can also be found intergrown 
with mainly sphalerite but also biotite. It exhibits anomalous interference colours in deep blue and occur as local 

aggregates mainly in the sulphide-rich domain. Apatite is rarely found, there are however a few occurences in in the 
massive sphalerite in the sulphide-rich zone. It occurs as first order grey, hexagonal crystals with rather high relief. 

Subordinate pyrrhotite exhibits a high relief and occur as inclusions in sphalerite. Alteration: microcline is affected 
by weak sericite alteration.  
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A. 1X magnification, XPL. Photomicrograph of the contact 
between the microcline- and quartz-rich domain and the spha-
lerite- and galena-rich domain. One can note a rather sharp 
contact with some sporadic fragments in the ore.   

B. 5X magnification, RL. Photomicrograph of sphalerite and 
galena, breccia style.   
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Marble – olivine-porphyroblastic marble  
Silicate-rich, granoblastic fine-grained marble with grey areas dominated by carbonate, yellow areas dominated by 

olivine porphyroblasts and dark-green areas dominated by pyroxene with subordinate phlogopite. Dark grey areas 
consist of magnetite. The specimen is moderately magnetic and characterized by sphalerite impregnation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: carbonate and olivine. Fresh, unaltered olivine porphyroblast-rich marble dominates with subordi-
nate heterogeneously distributed sulphides.  Carbonate is predominant, occurring as fine-grained (c. 100 μm) 
equigranular crystals. Olivine occur as rounded intact anhedral porphyroblasts, lacking cleavage and locally con-

taining inclusions of carbonate. Minor minerals: aluminium spinel, pyroxene, phlogopite, serpentine, apatite, graph-
ite, magnetite, sphalerite and pyrrhotite. The sulphide-rich parts are full of up to 550 μm euhedral-anhedral spinel 

crystals with a bimodal grain size distribution. The spinels are usually spatially associated and intergrown with 
magnetite, graphite and sphalerite. The crystals are rich in magnetite inclusions. Pyroxene occur as irregular grains 

with no distinct cleavage, and has inclusions of carbonate. Spinel occur as inclusions in pyroxene. Phlogopite is 
colourless and weakly pleochroitic in plane-polarized light and overprint pyroxene and locally occur at the grain 

boundaries of carbonate. Serpentine occurs as an alteration product after olivine and has a light brown colour in 
plane-polarized light. Apatite occur as fine-grained crystals, locally with a pleochroitic halo and is commonly spa-
tially associated with magnetite, spinel, sphalerite, graphite and pyrrhotite. Graphite occurs as elongated grains, 

both as individual sporadic grains and intergrown with mainly magnetite and sphalerite. Sphalerite is commonly 
intergrown with magnetite and contains inclusions of pyrrhotite which show exsolution lamellae. Alteration: olivine 

porphyroblasts are very locally weakly altered to serpentine and magnetite and where so, there is still locally relict 
olivine cores.  
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A. 5X magnification, XPL. Photomicrograph of rather fresh 

and unaltered olivine porphyroblasts in a carbonate ground-

mass. 

B. 5X magnification, PPL. Photomicropgraph of two inter-
grown aluminium spinel crystals (550 um) one euhedral and 
one anhedral. It is intergrown with magnetite and sphalerite. 
Other minerals in the picture which are not visible are graphite 
and pyrrhotite.  



 

76 

Marble – olivine-porphyroblastic marble  
Hand specimen 
The groundmass is composed of fine-grained-carbonate with a light grey colour that hosts abundant porphyroblasts. 
The round porphyroblasts occurs in two ways (1) exhibiting a black rim and yellowish interior or (2) completely 

black. Local areas have a greenish tint. The specimen is moderately magnetic and has traces of fine-grained sul-
phides.      

 

Thin section 
Main minerals: carbonate, serpentine and olivine. Carbonate occurs as anhedral crystals with extreme birefringence 
and rhombohedral cleavage. The specimen is rich in olivine porphyroblasts with distinct irregular fractures. They 

are rounded and exhibit second order interference colours. Another distinguishing feature of olivine is its strong 
association with serpentine. In this thin section, the majority of olivine porphyroblasts are completely altered to 

serpentine (pseudomorphed), whereas some still contain a core of olivine. Minor minerals: apatite, graphite, mag-
netite, aluminium spinel, pyrite, pyrrhotite, chalcopyrite and sphalerite. Apatite occurs as fine-grained crystals in 

the carbonate. They exhibit microfractures and impurities. Graphite occurs as individual elongated grains, scattered 
in the thin section, locally incorporated or intergrown with magnetite. Magnetite occurs mainly as rims around oli-

vine but also as larger aggregates around aluminium spinel. The larger aggregates of magnetite usually encompass 
pyrrhotite which in turn envelopes pyrite and chalcopyrite. In addition, there are some individual grains of arseno-
pyrite. Alteration: Substantial alteration of olivine porphyroblasts to magnetite and serpentine to variable extent 

along the rims and fracture planes.  
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A. 5X magnification, XPL. Abundant olivine porphyroblasts 
in marble. Serpentine occur along the boundaries of olivine 
crystals and in veins cross-cutting them. The dark areas con-
sist both of isotropic aluminium spinel and opaque minerals.  

B. 5X magnification, RL. Same view as ‘A’ but with reflected 
light. Magnetite occur in rims and fracture infill of olivine 
crystals. In the bottom left corner there is graphite (cream 
beige).  
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Skarn – magnetite-garnet-diposide skarn  

Hand specimen 
Fine-grained yellow skarn with a green tint and black thin bands. The groundmass crystals are too small to differen-
tiate with the naked eye. There are however local translucent porphyroblasts of garnet. Pyrrhotite aggregates and a 

weak impregnation of chalcopyrite can be noted. The specimen is moderately magnetic, locally strongly in dark-
grey, magnetite-bearing parts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside (Di65Hd32Jhn3) and garnet (Alm43Grs30Sps15Py7Adr5). The thin section mainly consists of 

diopside with a bimodal grain size distribution. The diopside crystals are anhedral and most show distinct lamellas. 
Garnet has a light pinkish colour in PPL and occurs as anhedral porphyroblasts. Minor minerals: amphibole, car-

bonate, apatite, aluminium spinel, graphite, magnetite, pyrrhotite, cubanite, chalcopyrite, arsenopyrite, sphalerite 
and pyrite. One mineral exhibits a strong pleochroism in green-blue colour and it is thought to be an amphibole, 

plausible an alteration product. There are small sporadic occurrences of carbonate in the thin section. Furthermore, 
there seem to be a strong correlation between garnet, aluminium spinel, magnetite and apatite. Apatite occurs as 
inclusions in garnet together with aluminium spinel and magnetite at several places. Aluminium spinel has inclu-

sions of magnetite. Graphite occurs as sporadic elongated grains locally sharing mutual grain boundaries with mag-
netite. As for sulphide minerals, arsenopyrite has anhedral-euhedral shape locally intergrown with chalcopyrite and 

pyrrhotite. Pyrite occurs as euhedral inclusions in pyrrhotite. Furthermore, there seem to be exsolution ‘flames’ in 
pyrrhotite of cubanite, due to the reddish anisotropy. Sphalerite commonly exhibits chalcopyrite disease and mag-

netite commonly have dark grey inclusions of an unknown mineral. Structure: The thin section displays spaced 
tectonic cleavage defined by minerals similar to the surroundings. The cleavage planes cross-cut ore minerals. 
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A. 10X magnification, PPL. The image shows the association 
between apatite (white), aluminium spinel (green with mag-
netite inclusions), magnetite (opaque) and garnet (pinkish). 
The remaining area consists of amphibole and diopside.  

B. 10X magnification, RL. The same image as ‘A’ but in re-
flected light. It displays the inclusions in spinel and magnetite.  
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Skarn – biotite-garnet-amphibole skarn  

Hand specimen 
Fine-grained green skarn which locally exhibits a red colour. The green groundmass consists of amphibole and bio-
tite, whereas the red parts are dominated by porphyroblastic garnet. The specimen is moderately magnetic.  
 

Thin section 
Main minerals: biotite, garnet, amphibole and magnetite. The thin section can be divided into two domains, separat-

ed by a coarser-grained amphibole ‘vein’. One domain is biotite-rich whereas the other is amphibole-rich. The bio-
tite-rich part also contains garnet and remnants of amphibole where the latter has a mosaic texture. The other side 

of the ‘vein’ is more amphibole rich. However, the amphiboles lose their strong green pleochroism and grade into a 
brown coloured variety at places away from the vein. Magnetite is anhedral and usually intergrown with aluminium 

spinel, which in turn occur as inclusions in garnet. In addition, magnetite occurs as fracture fill in garnet and as 
larger aggregates. Minor minerals: aluminium spinel, apatite, graphite, pyrrhotite, sphalerite, chalcopyrite and arse-
nopyrite. Apatite occurs as small rounded grains with grey colour in cross-polarized light. It is intergrown with 

magnetite or garnet. Graphite occurs as elongated beige crystals in reflected light, locally intergrowth with magnet-
ite and exhibit extreme anisotropy. Remnants of biotite occur inside sphalerite. There seem to exist an association 

between sphalerite, pyrrhotite and chalcopyrite as they are commonly intergrown with one another. Furthermore, 
pyrrhotite and chalcopyrite occur as inclusions inside sphalerite. Arsenopyrite occurs as euhedral sporadic grains 

intergrown with garnet, graphite or magnetite.  

 

 

DBH 2851@207.60 Burkland 

BT XX 

GRT XX 

AMP XX 

SPL (X) 

AP (X) 

GR (X) 

MAG X 

SP (X) 

PO (X) 

SP (X) 

CCP (X) 

APY (X) 

A. 10 X magnification, PPL. Photomicrograph of garnet (light 
pink) overgrowing amphibole. Note sphalerite (dark brown) 
on the left site. The opaque mineral is magnetite.  

B. 5X magnification, RL. Example of magnetite (dark grey), 
arsenopyrite (white) and graphite (cream beige) in thin sec-
tion.  
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Skarn – Pyroxene skarn  

Hand specimen 
Fine- to medium-grained pyroxene skarn. The groundmass exhibits a green-yellowish colour with black spots con-
sisting of biotite. The specimen is rich in pyrrhotite and is weakly magnetic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Thin section 
Main minerals: diopside, orthopyroxene, biotite, quartz and pyrrhotite. Diopside is the predominant mineral togeth-

er with orthopyroxene. Diopside is coarse-grained and exhibits lamellas and inclined extinction. Orthopyroxene 
occurs mainly as elongated crystals with parallel extinction. It is pale yellow and weakly pleochroitic which is char-

acteristic for ferrosilite. Fayalite might be present but the optical properties are similar whereby it can be difficult to 
distinguish them. The biotite exhibits both a green and brown colour in plane-polarized light, both with strong ple-
ochroism. At several places, biotite is spatially associated with pyrrhotite but it also occurs as large individual 

grains, approximately 5 mm in size. Biotite also occur inside a quartz cluster. Biotite overprints the orthopyroxene 
at places and also contains inclusions of it. Anhedral, 0.1 mm, quartz grains are common which in turn host numer-

ous black inclusions proximal to the centra. This is most evident in the diopside-rich part as orthopyroxene has a 
much lower frequency of quartz inclusions. Pyrrhotite occurs mainly in the diopside-rich part as well and shows a 

very strong greyish blue anisotropy in crossed polars. Minor minerals: carbonate, chalcopyrite, magnetite and arse-
nopyrite. Carbonate occurs scattered throughout the thin section and exhibit high birefringence and perfect rhombo-

hedral cleavage. Chalcopyrite occurs both as inclusions in pyrrhotite but also intergrown with it. There are traces of 
magnetite along fractures of orthopyroxene and between grain boundaries. This can however not be observed in the 
diopside domain. Arsenopyrite occurs mainly as individual grains in the diopside domain but also intergrown with 

pyrrhotite. It is easily identified by its high reflectance and moderate-strong anisotropy in crossed polars. Structure: 
kink band which is a form of deformation bands can be observed in the thin section and is especially common in 

the orthopyroxene domain.  

DBH 4214@232.40 Mellanby 

DI XXX 

OPX XX 

BT X 

QZ X 

CAL/DOL (X) 

PO X 

CCP (X) 

MAG (X) 

APY (X) 

A. 1X magnification, XPL. Photomicrograph of elongated 
orthopyroxene crystals overprinted by biotite. One can also 
note quartz bombardment in the surrounding area.  

B. 5X magnification, RL. Photomicrograph of anhedral pyr-
rhotite intergrown with arsenopyrite and chalcopyrite. The 
bombardment of quartz is also evident here (circular shapes). 
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Tab. 1. Representative composition of garnet.     

Sample no.   2417@179.2 2851@205.70 FI06 FI12 

Location 
 

Burkland Burkland Mellanby Åmme 7  

Mineral 
 

Grs 
Alm Grs Alm 

Rock type 
 

Skarn* Skarn Skarn Skarn 

Points  2 5 5 5 

SiO2  
38.74 36.95 37.08 36.02 

Al2O3  
19.08 21.20 20.80 21.03 

FeO-tot  
10.66 20.89 17.21 31.09 

Fe2O3-calc  
3.99 1.78 2.28 1.16 

FeO-calc  
7.07 19.28 15.16 30.05 

MgO  
0.06 1.89 1.02 1.11 

CaO  
28.26 12.50 16.88 3.93 

TiO2  
0.17 0.00 0.01 0.02 

MnO  
2.76 6.65 6.74 7.12 

Cr2O3  
0.00 0.02 0.01 0.01 

Raw TOT  99.76 100.17 99.83 100.40 

Corr TOT  100.11 100.27 99.96 100.46 

      

Number of ions on the basis of 24 O and Fe3+/Fe2+ estimated on the basis of 16 cations and 
garnet end-members normative calculation 

Si  
6.02 5.84 5.86 5.84 

AlIV  0.00 0.16 0.14 0.16 

Ti  
0.00 0.00 0.00 0.00 

Fe3+(IV)  0.00 0.00 0.00 0.00 

[R]IV  6.02 6.00 6.00 6.00 

AlVI  3.49 3.79 3.73 3.85 

Ti  
0.02 0.00 0.00 0.00 

Cr  
0.00 0.00 0.00 0.00 

Fe3+(VI)  0.47 0.21 0.27 0.14 

[R3+]VI  3.98 4.00 4.00 4.00 

Fe2+  0.92 2.55 2.00 4.07 

Mn  
0.36 0.89 0.90 0.98 

Mg  
0.01 0.45 0.24 0.27 

Ca  
4.70 2.12 2.86 0.68 

[R2+]VIII  6.00 6.00 6.00 6.00 

Total   
16.00 16.00 16.00 16.00 

* The skarn sample is taken from the upper part of the main ore horizon 

      

Molecule %      

Uvarovite  
0.00 0.06 0.02 0.03 

Spessartine  
6.05 14.84 15.02 16.29 

Pyrope  
0.23 7.43 4.01 4.46 

Almandine  
15.31 42.47 33.37 67.88 

Grossular  
65.76 29.90 40.79 7.72 

Andradite  
12.16 5.31 6.79 3.62 

Total  
99.50 100.00 100.00 100.00 

9.2 Electron microprobe results  
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Tab. 2. Representative composition of olivine. 
            

Sample no.   2417@138.25 NJ046 FI15 FI05 FI01 FI07 FI10 FI11 

Location  Burkland Burkland Burkland Mellanby Mellanby Västerby 2  Åmme 2 Åmme 1  

Mineral  Fo-Fa Fo-Fa Fo Fo Fa Fa Fa Fo 

Rock type  Marble Marble 
Semi-massive 
to massive 
magnetite 

Marble Yellow skarn 
Semi-massive 
to massive 
magnetite 

Skarn Marble 

Points  2 4 5 5 5 5 5 5 

SiO2  35.24 36.54 35.76 38.06 30.63 32.90 33.21 38.00 

Cr2O3  0.04 0.01 0.00 0.01 0.00 0.03 0.01 0.00 

NiO  0.06 0.02 0.04 0.00 0.01 0.01 0.03 0.02 

Fe2O3  0.00 0.00 2.10 3.29 2.04 2.13 0.83 3.41 

FeO  38.51 36.10 26.01 10.03 59.34 40.40 43.08 16.55 

MnO  3.74 3.11 7.55 4.27 1.79 6.77 7.14 0.87 

CaO  0.05 0.10 0.02 0.02 0.02 0.03 0.03 0.01 

MgO  21.34 23.32 29.57 43.80 7.22 18.13 16.44 42.03 

Total  98.97 99.20 101.07 99.50 101.06 100.39 100.78 100.88 

          

Number of ions on the basis of 3 cations and 4 oxygen      

Si  1.03 1.05 0.98 0.97 0.98 0.98 0.99 0.97 

Cr  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ni  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+  0.00 0.00 0.04 0.06 0.05 0.05 0.02 0.07 

Fe2+  0.94 0.87 0.60 0.21 1.58 1.00 1.08 0.35 

Mn  0.09 0.08 0.17 0.09 0.05 0.17 0.18 0.02 

Ca  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mg  0.93 1.00 1.21 1.66 0.34 0.80 0.73 1.59 

Total   3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Molecule %          

Fo  47.35 51.43 59.72 81.85 16.98 39.66 36.47 78.52 

Fa  47.94 44.67 31.61 13.62 80.64 51.92 54.54 20.56 

Tep  4.71 3.89 8.67 4.53 2.38 8.42 8.99 0.92 
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Tab. 3. Representative composition of serpentine. 

Sample no.   NJ046 FI05 

Location  Burkland Mellanby 

Mineral 
 

Fe-srp Ctl 

Rock type  Marble Marble 

Points  1 5 

SiO2  
36.4 39.91 

Al2O3  
0.23 0.66 

FeO  
37.91 2.75 

Cr2O3  
0.01 0.01 

MnO  
5.07 0.42 

NiO  
0.00 0.03 

MgO  
4.96 40.19 

CaO  
0.83 0.06 

H2O  
12.19 15.39 

Cl  
0.00 0.41 

Total   97.61 99.82 

F, Cl = O  0 0.09 

Corr TOT  
97.61 99.73 

    

Number of ions on the basis of 2 cations, 2.5 oxygen and 

Si  
0.90 0.77 

Al  
0.01 0.02 

Fe2+  
0.78 0.04 

Cr  
0.00 0.00 

Mn  
0.11 0.01 

Ni  
0.00 0.00 

Mg  
0.18 1.16 

Ca  
0.02 0.00 

H  
2.00 1.99 

Cl  
0.00 0.01 

Total   
2.00 2.00 
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Tab. 4. Representative composition of biotite-group.       

Sample no.   2417@141.95 NJ046 FI01 FI05 FI03 

Location  Burkland Burkland Mellanby Mellanby Mellanby 

Mineral  Phl Phl Bt Phl Bt 

Rock type  Marble Marble Yellow skarn Marble 
Semi-massive 
to massive 
magnetite 

Points  3 3 5 5 5 

SiO2  
38.78 38.21 37.88 38.04 36.42 

Al2O3  
14.74 15.36 12.07 17.20 14.60 

MnO  
0.16 0.22 0.12 0.25 0.41 

FeO  
8.57 8.64 23.77 3.96 23.02 

MgO  
20.69 20.37 12.55 23.35 11.59 

NiO  
0.02 0.02 0.01 0.01 0.03 

Cr2O3  
0.00 0.00 0.01 0.01 0.01 

TiO2  
0.40 0.28 0.18 0.02 0.15 

CaO  
0.01 0.13 0.01 0.05 0.01 

Na2O  
0.10 0.21 0.14 0.05 0.14 

K2O  
10.02 9.79 9.53 10.60 9.49 

H2O  
3.82 3.74 3.85 4.13 3.77 

F  
0.43 0.56 0.00 0.00 0.00 

Cl  
0.06 0.07 0.09 0.03 0.36 

Total   
97.79 97.60 100.22 97.70 99.98 

F,Cl=O  0.19 0.25 0.02 0.01 0.08 

Corr TOT  
97.60 97.35 100.20 97.69 99.90 

       

Number of ions on the basis of 8 cations, 11 oxygen and 2 OH sites  

Si  
2.88 2.85 2.93 2.76 2.83 

Al  
1.29 1.35 1.10 1.47 1.34 

Mn  
0.01 0.01 0.01 0.02 0.03 

Fe2+  
0.53 0.54 1.54 0.24 1.49 

Mg  
2.29 2.26 1.45 2.52 1.34 

Ni  
0.00 0.00 0.00 0.00 0.00 

Cr  
0.00 0.00 0.00 0.00 0.00 

Ti  
0.02 0.02 0.01 0.00 0.01 

Ca  
0.00 0.01 0.00 0.00 0.00 

Na  
0.01 0.03 0.02 0.01 0.02 

K  
0.95 0.93 0.94 0.98 0.94 

H  
1.89 1.86 1.99 2.00 1.95 

F  
0.10 0.13 0.00 0.00 0.00 

Cl  
0.01 0.01 0.01 0.00 0.05 

Total   
8.00 8.00 8.00 8.00 8.00 

Mg/(Mg+Fe)  0.81 0.81 0.48 0.91 0.47 
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Tab. 5. Representative composition of pyroxene.           

Sample no.   2417@179.20 2417@145.70 2851@205.70 FI06 FI07 FI10 FI12 

Location 
 

Burkland Burkland Burkland Mellanby Västerby 2  Åmme 2 Åmme 7 

Mineral 
 

Hd 
Di Di Di Di Di Fs 

Rock type  Skarn* 
Semi-massive 
to massive 
magnetite 

Skarn Skarn 
Semi-massive 
to massive 
magnetite 

Skarn Skarn 

Points  2 5 5 5 5 5 5 

SiO2  
50.09 50.62 50.22 48.18 49.95 50.72 45.96 

Al2O3  
0.21 0.64 0.74 3.08 1.52 1.39 0.17 

TiO2  
0.04 0.00 0.01 0.01 0.00 0.01 0.05 

MnO  
1.13 0.94 0.83 1.17 1.11 1.15 3.23 

MgO  
4.17 12.69 11.97 10.70 12.18 12.50 6.03 

Fe2O3  
0.05 3.92 3.75 5.63 4.96 3.97 3.94 

FeO  
21.34 5.91 7.08 5.72 5.11 5.59 40.20 

Cr2O3  
0.00 0.01 0.00 0.01 0.01 0.02 0.03 

NiO  
0.00 0.03 0.02 0.02 0.03 0.00 0.02 

Na2O  
0.07 0.03 0.01 0.06 0.02 0.01 0.02 

CaO  
23.18 24.12 23.99 24.49 24.70 24.65 0.53 

Total  
100.26 98.92 98.62 99.08 99.59 100.00 100.17 

         

Number of ions based on the Wood & Banno Norm (stoichiometric, 4 cations, 12 charges)   

Si  
2.00 1.93 1.93 1.85 1.90 1.91 1.93 

Al  
0.01 0.03 0.03 0.14 0.07 0.06 0.01 

Ti  
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn  
0.04 0.03 0.03 0.04 0.04 0.04 0.12 

Mg  
0.25 0.72 0.69 0.61 0.69 0.70 0.38 

Fe3+  
0.00 0.11 0.11 0.16 0.14 0.11 0.12 

Fe2+  
0.71 0.19 0.23 0.18 0.16 0.18 1.41 

Cr  
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ni  
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na  
0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Ca  
0.99 0.99 0.99 1.01 1.00 1.00 0.02 

Total   
4.00 4.00 4.00 4.00 4.00 4.00 4.00 

* The skarn sample is taken from the upper part of the main ore horizon    

         

Molecule %         

Di  
24.79 68.53 65.38 61.44 67.00 68.34 

 

Jhn  
3.84 2.88 2.57 3.80 3.48 3.57 

 

Hd  
71.38 28.59 32.05 34.76 29.52 28.09 

 

En        19.73 

Fs        80.27 
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 Tab. 6. Representative composition of amphibole. 

Sample no.   FI06 FI12 

Location 
 

Mellanby Åmme 7  

Mineral 

 

Mhs/(Fprg) Gru 

Rock type 
 

Skarn Skarn 

Points  4 10 

SiO2  
37.69 50.31 

TiO2  
0.07 0.04 

Al2O3  
16.35 0.52 

Cr2O3  
0.01 0.02 

Fe2O3  
6.52 0.36 

FeO  13.20 38.44 

MnO  0.64 1.81 

MgO  7.49 6.73 

NiO  0.02 0.00 

CaO  11.74 0.49 

Na2O  0.89 0.13 

K20  2.89 0.01 

Cl  0.78 0.09 

H2O*  1.76 1.88 

Total   100.07 100.84 

O=F,CL  0.18 0.02 

Corr TOT  99.84 100.81 

    

Number of ions based on 13 cations and 23 oxygen* 

Si  5.79 7.90 

Al iv  2.21 0.10 

Al vi  0.74 0.00 

Ti  0.01 0.01 

Cr  0.00 0.00 

Fe3+  0.75 0.04 

Fe2+  1.69 5.05 

Mn  0.08 0.24 

Mg  1.71 1.58 

Ni  0.00 0.00 

Ca  1.93 0.08 

Na  0.26 0.04 

K  0.57 0.00 

Cl  0.20 0.02 

OH*  1.80 1.98 

Total   17.76 17.04 

* For Mg-Fe-Mn amphiboles 15 cations is assumed 

    

Calculation scheme 13 15 

Amphibole group Ca Fe-Mg-Mn 

(Ca+Na) (B)  2.00 0.09 

Na (B)  0.07 0.00 

(Na+K) (A)  0.76 0.04 

Mg/
(Mg+Fe2) 

 0.50 0.24 

Fe3/(Fe3+Alvi) 0.50 1.00 

Sum of S2  13.00 14.92 
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Tab. 7. Representative composition of spinel. 

Sample no.   2417@141.95 2417@138.25 NJ046 FI11 

Location  Burkland Burkland Burkland Åmme 1  

Mineral  Ghn Ghn Ghn Spl 

Rock type  Marble Marble Marble Marble 

Points  1 1 3 5 

SiO2  0.00 0.02 0.06 0.03 

Al2O3  59.44 58.96 59.06 63.83 

TiO2  0.03 0.01 0.00 0.01 

V2O3    0.00 0.00 0.03 0.02 

Cr2O3  0.04 0.03 0.02 0.00 

FeO-tot  10.31 11.6 10.62 19.83 

Fe2O3-calc  1.06 1.24 1.02 2.33 

FeO-calc  9.36 10.49 9.70 17.73 

MnO  0.37 0.33 0.37 0.39 

MgO  5.82 5.10 5.22 15.59 

NiO  0.00 0.07 0.01 0.02 

ZnO*  25.26 25.12 25.51 NA* 

CoO  0.01 0.04 0.04 NA 

CaO  0.03 0.00 0.31 0.12 

Raw TOT  101.32 101.31 101.31 99.85 

Corr TOT  101.42 101.4 101.36 100.06 

      

Number of ions on the basis of 3 cations and 4 oxygen  

Si  
0.00 0.00 0.00 0.00 

Al  
1.98 1.97 1.97 1.95 

Ti  
0.00 0.00 0.00 0.00 

V  
0.00 0.00 0.00 0.00 

Cr  
0.00 0.00 0.00 0.00 

Fe3+  
0.02 0.03 0.02 0.05 

Fe2+  
0.22 0.25 0.23 0.38 

Mn  
0.01 0.01 0.01 0.01 

Mg  
0.24 0.22 0.22 0.6 

Ni  
0.00 0.00 0.00 0.00 

Zn*  
0.53 0.53 0.53 NA* 

Co  
0.00 0.00 0.00 NA 

Ca  
0.00 0.00 0.01 0.00 

Total   
3.00 3.00 3.00 3.00 

* ZnO could not be determined in the analysis.    

      

Molecule %      

Spl  
23.92 21.04 21.73 57.89 

Ghn  
51.43 51.34 52.59 0.00* 

Hc  
23.78 26.85 24.80 41.30 

Glx  
0.87 0.77 0.88 0.82 
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 Tab. 8. Representative composition of chlorite. 

Sample no.   FI15 FI11 

Location  Burkland  Åmme 1 

Mineral  Clc Pennine 

Rock type  
Semi-massive 
to massive 
magnetite 

Marble 

Points  5 5 

SiO2  
30.35 35.62 

Al2O3  
19.05 9.68 

TiO2  
0.01 0.00 

MnO  
1.00 0.08 

MgO  
29.88 36.71 

Fe2O3  
0.00 0.99 

FeO  
5.86 1.83 

Cr2O3  
0.00 0.01 

NiO  
0.01 0.02 

Na2O  
0.01 0.02 

CaO  
0.03 0.04 

K20  
0.02 0.01 

H2O  
12.36 12.47 

F  
0.00 0.00 

Cl  
0.05 0.09 

Total   
98.63 97.57 

F,Cl=O  0.01 0.02 

Corr TOT  
98.62 97.55 

    
Number of ions based 20 cations, 28 oxygen and 16 OH 
sites 

Si  
5.88 6.84 

Al  
4.35 2.19 

Ti  
0.00 0.00 

Mn  
0.16 0.01 

Mg  
8.63 10.50 

Fe3+  
0.00 0.14 

Fe2+  
0.95 0.29 

Cr  
0.00 0.00 

Ni  
0.00 0.00 

Na  
0.00 0.01 

Ca  
0.01 0.01 

K  
0.00 0.00 

H  
15.98 15.97 

F  
0.00 0.00 

Cl  
0.02 0.03 

Total   
20.00 

20.00 
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Tab. 9. Representative composition of magnetite.             

Sample no. 2417@141.95 2417@138.25 NJ046 FI15 FI03 FI05 FI07 FI11 

Location Burkland Burkland Burkland Burkland Mellanby Mellanby Västerby 2  Åmme 1  

Mineral Mag Mag Mag Mag Mag Mag Mag Mag 

Rock type Marble Marble Marble 
Semi-massive 
to massive 
magnetite 

Semi-massive 
to massive 
magnetite 

Marble 
Semi-massive 
to massive 
magnetite 

Marble 

Points 4 3 4 5 5 5 5 5 

SiO2 
0.11 0.12 0.06 0.02 0.10 0.02 0.06 0.03 

Al2O3 
0.02 0.13 0.02 0.61 0.41 0.33 0.62 0.06 

MnO 
0.19 0.36 0.17 1.13 0.12 1.89 0.49 0.52 

Cr2O3 
0.03 0.00 0.01 0.01 0.01 0.01 0.02 0.02 

FeO-tot 
92.22 91.72 91.71 92.03 93.39 91.02 92.67 92.74 

Fe2O3-calc 
68.50 67.92 68.37 68.80 69.01 69.11 68.54 69.48 

FeO-calc 
30.57 30.60 30.18 30.12 31.29 28.83 31.00 30.22 

NiO 
0.01 0.03 0.03 0.02 0.02 0.00 0.02 0.02 

ZnO 
0.12 0.05 0.10 NA NA NA NA NA 

MgO 
0.15 0.14 0.19 0.13 0.02 0.41 0.08 0.23 

TiO2 
0.02 0.25 0.01 0.11 0.02 0.14 0.16 0.06 

CaO 
0.01 0.07 0.13 0.01 0.01 0.01 0.00 0.19 

Raw TOT 
92.87 92.88 92.43 94.10 94.16 93.86 94.15 93.90 

Corr TOT 
99.73 99.68 99.28 100.96 101.03 100.75 100.96 100.83 

         

Number of ions on the basis of 3 cations and 4 oxygen      

Si 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Al 
0.00 0.01 0.00 0.03 0.02 0.01 0.03 0.00 

Mn 
0.01 0.01 0.01 0.04 0.00 0.06 0.02 0.02 

Cr 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe3+ 
1.99 1.97 1.99 1.97 1.97 1.98 1.96 1.99 

Fe2+ 
0.99 0.99 0.98 0.96 0.99 0.92 0.98 0.96 

Ni 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Zn 
0.00 0.00 0.00 NA NA NA NA NA 

Mg 
0.01 0.01 0.01 0.01 0.00 0.02 0.00 0.01 

Ti 
0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Ca 
0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 

Total 
3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
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 Tab. 10. Representative composition of calcite. 

Sample no.   NJ046 FI05 

Location  Burkland Mellanby 

Mineral  Cal Cal 

Rock type  Marble Marble 

Points  3 5 

Calc CO2  
43.11 44.19 

FeO  
0.94 0.39 

MnO  
1.09 1.93 

MgO  
1.79 1.93 

CaO  
51.48 52.43 

Calc TOT  
98.41 100.87 

    

Number of ions on the basis of 1 cations and 1 oxygen 

Fe2+  
0.01 0.01 

Mn  
0.02 0.03 

Mg  
0.04 0.05 

Ca  
0.93 0.92 

Total   
1.00 1.00 
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Sample no. Unit FI01 FI03 FI04 FI05 FI06 FI07 FI08 FI09 

Location  Mellanby Mellanby Mellanby Mellanby Mellanby Västerby 2  Åmmeberg 6 Västerby 1 

Rock type   Skarn 
Semi-massive 
to massive 
magnetite 

Biotite/
phlogopite 
schist  

Marble Skarn 
Semi-massive 
to massive 
magnetite 

Skarn Marble 

SiO2 % 33.8 19.27 29.43 5.83 38.79 27.43 34.25 4.33 

TiO2 % 0.03 0.09 0.18 0.05 0.15 0.01 0.02 0.05 

Al2O3 % 2.7 4.05 8.1 2.13 5.59 0.77 0.95 1.47 

Fe2O3 % 55.01 58.58 45.46 21.55 23.98 55.02 44.43 5.32 

MnO % 1.48 0.66 2.3 2.16 1.11 4.25 4.34 0.82 

MgO % 8.28 5.63 7.70 11.25 9.75 5.96 4.72 16.11 

CaO % 0.29 7.86 1.2 29.51 18.7 1.89 2.69 31.64 

Na2O % 0.02 0.04 0.04 <0.01 0.04 0.04 0.05 <0.01 

K2O % 2.24 2.33 5.54 0.02 0.08 0.05 0.01 <0.01 

P2O5 % 0.01 0.17 0.14 0.02 0.15 <0.01 <0.01 <0.01 

*FeO-tot % 49.46 52.67 40.88 19.38 21.56 49.47 39.95 4.78 

TOT/C % 0.09 0.69 0.13 8.05 0.18 0.05 0.15 11.33 

TOT/S % <0.02 <0.02 2.01 <0.02 0.59 3.48 5.01 0.07 

LOI % -4.1 1.1 -0.5 27.2 0.3 -1.3 -0.9 40 

Sum % 99.74 99.8 99.6 99.74 98.61 94.08 90.58 99.71 

Zr ppm 38 73.4 201.6 76 171.7 11.3 13.6 28.4 

Y ppm 14.1 20.8 37.3 57.8 72.4 14.8 15.4 7.4 

Nb ppm 4.2 5.6 9.8 4.4 7.7 1.1 1.9 1.6 

Co ppm 17.9 10.9 34.8 31.3 48.4 29.9 56.7 6.5 

Ni ppm 4.40 2.90 4.30 2.40 18.50 1.60 3.30 1.60 

Ba ppm 36 38 79 10 4 32 2 3 

Rb ppm 106.2 145.5 351.4 1.5 3.7 0.9 0.2 0.2 

Sr ppm 4.8 37.0 4.9 47.4 19.5 6.9 1.5 50.2 

Cu ppm 15.8 6.8 481.9 2.5 683.7 121.5 16.1 16.7 

Pb ppm 29.5 7.7 10.3 18.6 155.1 6.2 3.6 1.6 

Zn ppm 609 235 673 25 709 48700 77400 81 

As ppm 3.00 1.20 8.80 <0.5 328.20 1.70 26.80 <0.5 

Ag ppm <0.1 <0.1 0.9 <0.1 3.1 1.6 0.8 0.1 

Au ppb 3.6 117.5 282.2 1.1 16.6 11.9 1.0 1.0 

Zr/ TiO2  0.13 0.08 0.11 0.15 0.11 0.11 0.07 0.06 

Ti/Zr  4.73 7.35 5.35 3.94 5.24 5.31 8.82 10.55 

Zr/ Al2O3  14.07 18.12 24.89 35.68 30.72 14.68 14.32 19.32 

Al2O3 /TiO2  90.00 45.00 45.00 42.60 37.27 77.00 47.5 29.4 

Zr/Y  2.70 3.53 5.40 1.31 2.37 0.76 0.88 3.84 

Zr/Nb  9.05 13.11 20.57 17.27 22.30 10.27 7.16 17.75 

Nb/Y  0.30 0.27 0.26 0.08 0.11 0.07 0.12 0.22 

Be ppm <1 4 4 <1 <1 2 1 <1 

Bi ppm 0.2 0.8 1.7 <0.1 0.5 7.9 0.3 0.2 

Cd ppm 0.1 <0.1 0.3 0.4 0.3 158.7 228.9 0.3 

Cs ppm 4 5.4 15.3 <0.1 0.4 <0.1 <0.1 0.2 

Ga ppm 8.3 13.2 15.4 7.3 23.1 4.7 5.4 2.7 

Hf ppm 1.2 2.5 5.6 2.1 4.8 0.3 0.4 0.8 

Hg ppm 0.02 0.0 0.0 0.0 0.1 <0.01 <0.01 <0.01 

Mo ppm 1.2 6.9 4.5 1.7 29.1 5.4 2.8 0.4 

Sb ppm 0.3 1.0 0.4 1.3 1.2 0.3 <0.1 0.2 

Sc ppm 2 2 4 1 4 <1 <1 1 

Se ppm <0.5 <0.5 <0.5 <0.5 <0.5 1.70 <0.5 <0.5 

Sn ppm <1 1 1 <1 4 <1 <1 <1 

Ta ppm 0.2 0.4 0.8 0.4 0.6 <0.1 <0.1 0.1 

Tl ppm 1.0 1.6 5.1 <0.1 0.1 <0.1 <0.1 <0.1 

Th ppm 3.3 5.1 10.1 3.6 5.1 1.4 0.6 1.1 

U ppm 2.8 4.8 10.9 2.8 4.4 0.3 1.3 0.4 

V ppm <8 <8 <8 <8 <8 <8 <8 <8 

W ppm <0.5 <0.5 0.5 <0.5 0.8 0.6 <0.5 1.7 

La ppm 17.9 27 119.9 39.6 39.4 29.3 20.6 8 

Ce ppm 27.4 38.3 190.5 62.4 75.8 38.3 32.9 15.5 

Pr ppm 2.80 3.88 19.86 7.00 9.12 3.82 3.78 1.86 

Nd ppm 10.9 15.4 74.2 28.9 39.3 13.0 14.4 7.2 

Sm ppm 2.15 3.16 13.33 7.18 9.81 2.33 3.12 1.65 

Eu ppm 0.56 1.56 2.63 2.30 2.72 1.37 1.84 0.67 

Gd ppm 2.72 4.40 11.34 10.51 12.85 2.44 3.67 1.67 

Tb ppm 0.38 0.6 1.23 1.53 1.83 0.38 0.52 0.24 

Dy ppm 2.07 3.34 5.73 7.76 9.56 2.26 2.85 1.40 

Ho ppm 0.39 0.67 1.06 1.47 1.88 0.49 0.57 0.27 

Er ppm 1.11 1.91 3.31 3.54 4.68 1.61 1.6 0.72 

Tm ppm 0.18 0.27 0.47 0.43 0.57 0.27 0.24 0.10 

Yb ppm 0.92 1.67 3.3 2.58 3.14 1.91 1.45 0.63 

Lu ppm 0.17 0.29 0.51 0.37 0.46 0.3 0.25 0.11 

Sum REE ppm 69.65 102.45 447.37 175.57 211.12 97.78 87.79 40.02 

9.3 Raw whole-rock lithogeochemistry data   
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 Sample no. Unit FI10 FI11 FI12 FI13 FI15 NJ044 NJ045 NJ046 

Location  Åmmeberg 2 Åmmeberg 1 Åmmeberg 7 Burkland Burkland Burkland Burkland Burkland 

Rock type   Skarn Marble Skarn 
Biotite/
phlogopite 
schist  

Semi-massive to 
massive magne-
tite 

Marble Marble Marble 

SiO2 % 34.02 1.48 46.88 23.19 8.97 3.25 20.51 15.87 

TiO2 % 0.02 0.02 0.12 0.48 0.09 0.03 0.17 0.09 

Al2O3 % 1.17 0.77 7.09 18.82 3.41 1.09 6.38 3.40 

Fe2O3 % 31.85 3.76 37.72 37.20 47.80 5.14 34.74 16.89 

MnO % 2.86 0.47 3.58 0.62 2.88 0.70 2.42 1.44 

MgO % 11.65 19.43 4.07 8.45 8.45 17.93 9.93 10.65 

CaO % 15.57 29.43 2.02 1.85 15.13 30.37 16.40 27.74 

Na2O % 0.01 <0.01 0.05 0.04 <0.01 <0.01 0.03 0.01 

K2O % <0.01 <0.01 0.02 5.44 0.02 0.56 0.26 1.34 

P2O5 % <0.01 <0.01 0.02 0.13 0.33 <0.001 0.72 0.65 

*FeO-tot % 28.64 3.38 33.92 33.45 42.98 4.62 31.24 15.19 

TOT/C % 1.09 12.59 0.06 0.55 4.61 11.46 2.89 6.01 

TOT/S % 0.02 <0.02 <0.02 0.54 0.60 0.54 1.18 1.57 

LOI % 2.60 44.30 -1.90 2.00 11.80 40.00 7.10 18.10 

Sum % 99.69 99.67 99.64 98.25 98.88 99.04 98.71 96.22 

Zr ppm 20.30 15.20 142.90 577.10 124.50 18.60 187.80 60.90 

Y ppm 27.70 3.50 29.10 90.30 74.40 25.80 187.70 160.30 

Nb ppm 0.80 0.40 8.40 29.40 4.90 0.60 10.40 3.70 

Co ppm 5.80 5.50 7.10 167.50 43.80 34.30 233.60 159.60 

Ni ppm 1.10 1.30 0.30 23.80 9.50 40.00 76.20 24.80 

Ba ppm 2.00 2.00 13.00 60.00 2.00 61.00 7.00 56.00 

Rb ppm 0.10 <0.1 1.70 95.30 0.20 12.60 5.80 21.90 

Sr ppm 6.20 19.00 1.60 4.70 31.80 31.00 44.60 88.30 

Cu ppm 7.00 1.90 1.40 1491.90 714.00 4453.50 6061.10 432.20 

Pb ppm 6.20 1.20 2.10 3361.50 151.10 18.10 139.80 40.70 

Zn ppm 445.00 23.00 238.00 1964.00 2259.00 181.00 170.00 24600.00 

As ppm 53.70 <0.5 2.20 299.60 114.50 14.60 533.20 356.70 

Ag ppm 0.10 <0.1 <0.1 24.60 16.10 3.00 21.60 1.30 

Au ppb 0.80 1.60 <0.5 1.40 1.00 3.80 2.80 2.80 

Zr/ TiO2  0.10 0.08 0.12 0.12 0.14 0.06 0.11 0.06 

Ti/Zr  5.91 7.89 5.03 4.99 4.33 9.67 5.55 9.25 

Zr/ Al2O3  17.35 19.74 20.16 30.66 36.51 17.06 29.44 17.91 

Al2O3 /TiO2 58.50 38.50 59.08 39.21 37.89 36.33 36.67 36.17 

Zr/Y  0.73 4.34 4.91 6.39 1.67 0.72 1.00 0.38 

Zr/Nb  25.38 38.00 17.01 19.63 25.41 31.00 18.06 16.46 

Nb/Y  0.03 0.11 0.29 0.33 0.07 0.02 0.06 0.02 

Be ppm 2.00 <1 3.00 1.00 <1 <1 2.00 <1 

Bi ppm <0.1 0.20 <0.1 0.60 0.30 0.50 0.30 0.20 

Cd ppm 0.80 <0.1 1.10 3.60 8.70 0.80 1.00 33.20 

Cs ppm <0.1 <0.1 0.40 4.00 <0.1 0.50 0.30 2.40 

Ga ppm 3.30 0.80 11.20 40.90 7.50 2.30 12.40 10.80 

Hf ppm 0.50 0.40 4.30 16.50 3.60 0.50 5.30 1.70 

Hg ppm <0.01 <0.01 <0.01 0.23 0.19 0.12 0.07 0.14 

Mo ppm 0.60 <0.1 1.00 0.50 5.30 0.20 6.20 2.70 

Sb ppm 0.20 <0.1 0.30 12.50 6.50 34.70 11.80 5.20 

Sc ppm 1.00 <1 3.00 9.00 3.00 <1 6.00 3.00 

Se ppm <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.20 

Sn ppm 1.00 <1 <1 3.00 1.00 <1 1.00 <1 

Ta ppm <0.1 <0.1 0.60 2.50 0.50 0.10 0.80 0.30 

Tl ppm <0.1 <0.1 <0.1 8.50 <0.1 0.20 0.20 1.50 

Th ppm <0.2 0.20 8.10 30.40 5.70 <0.2 8.60 3.10 

U ppm <0.1 0.20 2.80 1.80 2.80 <0.1 4.60 2.00 

V ppm <8 <8 <8 <8 <8 11.00 18.00 23.00 

W ppm <0.5 <0.5 1.50 0.90 3.50 <0.5 2.40 <0.5 

La ppm 9.90 2.40 39.00 34.80 60.40 13.80 125.40 203.20 

Ce ppm 19.40 4.90 67.90 51.30 86.70 20.90 207.70 280.10 

Pr ppm 2.69 0.60 7.81 4.82 9.11 2.22 21.65 25.95 

Nd ppm 12.60 2.40 29.00 17.50 34.70 8.80 87.90 99.90 

Sm ppm 4.08 0.61 5.88 3.54 7.61 2.53 21.24 20.29 

Eu ppm 1.64 0.14 1.94 1.77 3.43 0.95 7.66 10.58 

Gd ppm 6.35 0.68 5.54 5.84 11.11 3.83 31.57 28.11 

Tb ppm 0.93 0.10 0.82 1.14 1.64 0.63 4.65 3.78 

Dy ppm 4.70 0.54 4.73 8.47 8.81 3.38 25.11 19.72 

Ho ppm 0.80 0.10 1.00 2.03 1.84 0.69 4.83 3.89 

Er ppm 1.88 0.26 3.00 6.05 5.20 1.70 11.37 9.86 

Tm ppm 0.25 0.04 0.42 0.73 0.67 0.23 1.37 1.18 

Yb ppm 1.45 0.26 2.80 3.92 3.80 1.30 7.21 6.43 

Lu ppm 0.24 0.04 0.42 0.57 0.56 0.21 1.02 0.94 

Sum REE ppm 66.91 13.07 170.26 142.48 235.58 61.17 558.68 713.93 
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Sample no. Unit NJ051 NJ198 NJ199 NJ274 Z012 Z013 NJ323 NJ325 

Location  Burkland Nygruvan Nygruvan Sävsjön Västerby Garpa Rutaviken Brännlyckan 

Rock type   Marble Skarn 
Semi-massive 
to massive 
magnetite 

Semi-massive 
to massive 
magnetite 

Semi-massive 
to massive 
magnetite 

Semi-massive 
to massive 
magnetite 

Marble Marble 

SiO2 % 5.39 49.10 38.05 11.85 22.32 25.96 3.48 9.58 

TiO2 % 0.02 0.07 0.05 0.10 0.04 0.06 0.01 0.03 

Al2O3 % 0.52 2.15 2.57 3.90 1.25 5.04 0.46 1.00 

Fe2O3 % 5.82 9.06 57.26 67.16 63.88 56.60 0.26 1.23 

MnO % 0.63 0.62 0.07 4.69 3.52 1.95 0.03 0.15 

MgO % 18.03 13.89 1.13 6.14 6.26 3.77 2.08 17.01 

CaO % 30.98 22.44 0.37 3.18 2.75 3.08 52.49 34.13 

Na2O % <0.01 0.11 0.04 <0.01 0.01 0.01 <0.01 <0.01 

K2O % 0.03 0.22 0.89 1.27 0.03 0.14 0.15 <0.01 

P2O5 % <0.001 0.03 0.04 0.23 <0.001 0.02 <0.01 0.01 

*FeO-tot % 5.23 8.15 51.49 60.39 57.44 50.89 0.23 1.11 

TOT/C % 10.51 0.37 0.02 0.84 0.91 0.81 11.81 9.22 

TOT/S % 1.31 <0.02 0.64 0.53 0.49 0.03 0.03 0.11 

LOI % 36.80 2.30 -0.60 1.10 -1.10 3.20 41.00 36.50 

Sum % 98.24 99.93 99.87 99.66 98.89 99.81 99.94 99.69 

Zr ppm 12.90 28.20 22.30 52.60 21.70 88.20 8.40 21.30 

Y ppm 11.30 12.30 10.70 21.90 11.90 28.10 2.50 5.20 

Nb ppm 0.50 1.70 3.60 3.50 1.90 5.00 0.30 1.10 

Co ppm 142.80 10.50 5.10 11.30 8.00 24.70 1.60 1.90 

Ni ppm 57.50 1.10 2.60 3.70 1.20 2.30 <0.1 0.30 

Ba ppm 5.00 5.00 35.00 586.00 <1 72.00 12.00 2.00 

Rb ppm 1.50 8.10 39.30 62.60 0.20 11.00 4.10 <0.1 

Sr ppm 26.40 37.40 13.30 14.60 1.30 27.80 109.70 129.70 

Cu ppm 8808.10 11.80 373.80 134.10 30.50 196.80 5.30 5.30 

Pb ppm 284.50 1.70 1.20 20.00 1.10 5.00 4.20 2.70 

Zn ppm 2039.00 9.00 40.00 854.00 7184.00 326.00 8.00 26.00 

As ppm 50.20 0.90 0.70 198.00 1.60 35.50 <0.5 0.90 

Ag ppm 8.30 <0.1 0.30 0.60 1.10 0.50 <0.1 <0.1 

Au ppb 12.50 2.40 2.50 6.60 2.00 0.60 0.50 <0.5 

Zr/ TiO2  0.06 0.04 0.05 0.05 0.05 0.15 0.08 0.07 

Ti/Zr  10.22 14.24 12.90 11.40 11.88 4.01 7.14 8.44 

Zr/ Al2O3  24.81 13.12 8.68 13.49 17.36 17.50 18.26 21.30 

Al2O3 /TiO2 23.64 32.09 53.54 39.00 29.07 85.42 46.00 33.33 

Zr/Y  1.14 2.29 2.08 2.40 1.82 3.14 3.36 4.10 

Zr/Nb  25.80 16.59 6.19 15.03 11.42 17.64 28.00 19.36 

Nb/Y  0.04 0.14 0.34 0.16 0.16 0.18 0.12 0.21 

Be ppm 3.00 <1 3.00 <1 1.00 3.00 <1 <1 

Bi ppm 3.70 <0.1 0.60 <0.1 0.40 0.30 <0.1 <0.1 

Cd ppm 2.90 <0.1 <0.1 0.30 33.80 0.50 <0.1 0.10 

Cs ppm <0.1 0.70 3.30 3.10 <0.1 3.00 0.40 <0.1 

Ga ppm 0.90 3.20 6.50 11.50 4.70 7.70 <0.5 1.00 

Hf ppm 0.40 0.80 0.60 1.60 0.60 2.40 0.20 0.50 

Hg ppm 0.18 <0.01 <0.01 0.07 <0.01 <0.01 <0.01 <0.01 

Mo ppm 0.60 0.50 1.40 3.20 3.40 1.80 0.10 <0.1 

Sb ppm 27.40 <0.1 0.20 1.90 0.10 <0.1 <0.1 <0.1 

Sc ppm 2.00 3.00 11.00 15.00 2.00 4.00 <1 <1 

Se ppm <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 

Sn ppm <1 4.00 2.00 <1 4.00 3.00 <1 <1 

Ta ppm <0.1 0.20 0.20 0.30 <0.1 0.40 <0.1 0.10 

Tl ppm <0.1 <0.1 0.20 1.60 <0.1 <0.1 <0.1 <0.1 

Th ppm 0.50 1.90 1.80 4.00 0.50 3.90 0.50 1.20 

U ppm 4.90 1.60 4.70 2.20 0.60 2.10 0.90 1.60 

V ppm <8 14.00 19.00 31.00 12.00 11.00 <8 <8 

W ppm <0.5 <0.5 4.00 0.70 <0.5 1.20 <0.5 0.50 

La ppm 5.90 11.20 11.50 30.10 3.40 17.80 2.30 4.70 

Ce ppm 7.50 21.30 25.60 48.40 7.10 31.10 3.90 8.90 

Pr ppm 0.91 2.33 2.89 5.39 0.87 3.48 0.43 0.99 

Nd ppm 3.80 9.40 10.80 20.70 4.40 13.70 1.80 3.90 

Sm ppm 1.05 1.95 2.26 4.11 1.21 3.18 0.50 0.93 

Eu ppm 0.42 0.42 0.25 1.31 0.43 1.13 0.07 0.19 

Gd ppm 1.51 2.39 2.09 4.78 1.73 3.99 0.49 0.89 

Tb ppm 0.27 0.36 0.32 0.68 0.31 0.72 0.05 0.12 

Dy ppm 1.63 1.84 1.81 3.61 1.71 4.62 0.24 0.70 

Ho ppm 0.33 0.38 0.39 0.66 0.37 1.02 0.09 0.17 

Er ppm 0.79 1.09 1.16 1.75 1.18 3.04 0.27 0.43 

Tm ppm 0.13 0.16 0.17 0.27 0.17 0.49 0.03 0.06 

Yb ppm 0.63 1.01 1.15 1.58 1.23 3.31 0.22 0.43 

Lu ppm 0.11 0.15 0.19 0.25 0.21 0.54 0.04 0.08 

Sum REE ppm 24.98 53.98 60.58 123.59 24.32 88.12 10.43 22.49 


