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Abstract 

The Mäkärä mineralization is located in the Tanaelv Belt next to the Lapland 

Granulite Belt. It is a hydrothermal vein-type deposit enriched in gold and iron. The 

aim of this study was to provide a geological and mineralogical overview of the 

mineralization and classify the associated rock types and their alteration styles. In 

addition, a formation model, mineral paragenesis and possible classification of the 

mineralization are discussed.  

The results of petrological, geochemical and FESEM studies showed that the major 

vein minerals are hematite, quartz, pyrite, and magnetite. Multiple vein generations 

with variable mineral assemblages were detected. The major rock types hosting ore-

bearing veins are arkose- and granite gneisses, arkose quartzite, and amphibolite. 

Sericite, quartz, propylitic, carbonate and limonite alterations were observed. Gold 

occurs as native microscopic (≤20 µm) grains and is hosted by pyrite and limonite in 

ore veins. Silver and iron were detected in gold grains in FESEM analyses. In whole-

rock compositions, gold correlates with silver, bismuth, iron, tellurium, and tungsten. 

The results also suggest that gold has been remobilized after brittle deformation 

and/or vein recrystallization. The Mäkärä mineralization could not be assigned to any 

specific gold deposit class. The most feasible analogues are distal granitoid-related 

IRG, IOCG, or epithermal Au ± Ag occurrences related to porphyry Cu systems. The 

genesis of the Mäkärä mineralization is likely related to the ca. 1.77 Ga Nattanen 

granite intrusions. 
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1. Introduction 

 

The gold-enriched mineralization at Mäkärä is located in the municipality of Sodankylä 

15 kilometers northwest of the Vuotso village (Fig.1). By car, the drive from Vuotso to 

Mäkärä takes ca. 25 minutes and most of the drive goes through dirt roads, which are in 

a relatively good shape. Exposures are sparse in the area due to thick layers of till and 

saprolite and wide-spread mires. 

The first indications of the Mäkärä mineralization were discovered in 1949 when M.Sc. 

(Tech) Holger Jalander, who was working for a private enterprise, found hematite-rich 

boulders with elevated Au contents at Siikalehto, ca. 1.5 km south of Mäkärä. Inspired 

by this discovery, the Geological Survey of Finland (GTK) commenced an exploration 

program, which took place from 1949 to 1955. Afterwards, exploration was proceeded 

by Suomen Malmi Ltd. from 1955 to 1957, Rautaruukki Ltd. in 1970 and GTK from 

1978 to 1987. In 1976, Jussi Tuomas Ollila wrote a M.Sc. thesis on the mineralogy and 

petrology of the Mäkärä mineralization (Ollila, 1976; GTK, 2016). 

The latest exploration campaign including percussion drilling, excavation and diamond 

drilling was carried out by GTK from 2009 to 2015. The author took part in the 

excavations in 2014-2015, during which multiple research trenches were dug enabling 

saprolite sampling from different parts of the mineralization. The largest research trench 

was dug in the place where the mineralization is widest. A major part of the samples 

studied in this work were collected from this excavation.  

Despite the described active research and exploration history, there is no consensus on 

the genesis of the Mäkärä mineralization. The purpose of this study is to make detailed 

petrographic description of various rock types and alteration zones associated with the 

mineralization. Together with FESEM work and geochemical assays, it is hoped to 

achieve better understanding of the mineral paragenesis and classification of the 

mineralization. The most recent drilling and excavation data also enabled a compilation 

of a lithological map of the area (Fig. 4) and a N-W-trending cross section of the 

mineralization. 
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2. Geological setting 

2.1 Regional geology 

The Mäkärä Au-Fe mineralization is located in the Tanaelv Belt (TB), south of the 

Lapland Granulite Belt (LGB) of the northeastern Fennoscandian Shield, northern 

Finland (Fig. 1) (Sarapää and Sarala, 2013).  

 

Figure 1. Left: Location of the Mäkärä mineralization shown as a yellow star on lithological map. Roads in 

red. Right: Location of Mäkärä on a bedrock map of Finland. Modified after data of GTK © Geological 
Survey of Finland 2013 and data of Maanmittauslaitos © Maanmittauslaitos 2015. 

 

The LGB and TB are situated between two Archean blocks, the overlying Inari-Kola 

Craton (IC) to the north and the underlying South Lapland Craton (SLC) to the 

southwest (Cagnard et al., 2011) (Fig. 2). In the west, the TB is bordered to the 

underlying Karasjok Greenstone Belt located north of the SLC (Hanski & Huhma, 

2005). 
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Figure 2. Geological cross-section (SW to NE) through the South Lapland Craton (SLC), Tanaelv Belt 

(TB), Lapland Granulite Belt (LGB) and Inari-Kola Craton (IC). Modified after Gaál et al. (1989). Cross-

section is presented on simplified regional geology map of LGB and the adjacent domains. Modified after 

Cagnard et al. (2011). 

The amphibolite-facies TB consists of high-strain and banded gneisses, for which the 

protoliths were tholeiitic and calc-alkaline metavolcanic rocks (Tuisku and Huhma, 

2006). Typical rock types are amphibolites and garnet biotite and arkose gneisses. 

These rocks have been intruded by 1.95 to 1.75 Ga plutonic rocks. 

According to Barbey and Raith (1990) and Tuisku and Huhma (2006), the TB is most 

likely Paleoproterozoic in age.  Radiometric dates range from 1.9 Ga (Bernard-Griffits 

et al., 1984) to 2.36 Ga (Meriläinen, 1976). The TB has been interpreted to represent 

either a tectonic melange of the Archean Karelian basement (Mints et al., 2007) or a 

Paleoproterozoic island arc system (Perchuk et al., 2006). Abundant ultramafic rocks 

along the margin of the Russian part of the TB are interpreted as remnants of an 

ophiolitic complex (Daly et al., 2006)  

High-pressure rocks, which reached equilibrium at 12 kbar and radical transposition 

during the thrusting of the LGB to the SW, indicate that the TB was included in the 

subduction slab and formed a foreland area (Tuisku and Makkonen, 1999). In addition, 
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the TB contains Archean gneisses (3.1-2.6 Ga) and Paleoproterozoic supracrustal rocks 

(2.3-2.0 Ga), which were folded during thrusting of the LGB (Korja et al., 1996).  

The LGB is dominantly sedimentary in origin and consists of Paleoproterozoic high-

grade garnet-sillimanite and garnet gneisses ranging from psammitic to pelitic in 

composition (Tuisku and Huhma, 2006).  Based on Sm-Nd model ages and detrital 

zircon U-Pb isotope data, it is suggested that the detrital material of the LGB is as 

young as 2.0 Ga (Cagnard et al. 2011). Protoliths of the LGB are interpreted as 

turbidites, which were deposited after 1.94 Ga. These sediments were intruded 

conformably by enderbitic and noritic igneous rocks around 1.92-1.91 Ga in a 

subduction setting (Tuisku and Huhma, 2006). The LGB contains minor granodiorites 

and one major anorthosite massif. In addition, post-tectonic granite plutons and diabase 

dikes cut the LGB rocks (Tuisku et al., 2012). Meriläinen (1976) divide the LGB into 

two subunits on the basis of their deformation intensity:  

1) Sheared granulites in the western and southern parts of the belt 

2) Migmatites containing cordierite in the eastern part of the belt. 

 Various depositional environments have been proposed for the sedimentary rocks of 

the LGB. According to Marker (1985), protoliths of the LGB deposited in a back-arc 

basin alongside a magmatic arc. Barbey and Raith (1990) suggest that the depositional 

environment was a passive continental margin, which was intruded by arc magmas. 

Windley (1992) inferred that protoliths deposited in an accretionary wedge. Regardless 

of the depositional environment, common understanding is that compression culminated 

during synkinematic granulite-facies metamorphism and was followed by exhumation 

marked by widespread anatexis and high-grade normal-sense shear zones (Tuisku and 

Huhma, 2006). The LGB is probably a result of a full Wilson cycle (Barbey and Raith, 

1990). 

The LGB is interpreted as a granulite-facies nappe, which has been intensively 

deformed and thrust along with the amphibolite-facies TB against the Central Lapland 

Greenstone Belt (part of SLC) at ca. 1.91 Ga (Tuisku and Huhma, 2006). The age of 

metamorphic recrystallization in the LGB and TB are estimated to be coeval (Tuisku et 

al. 2006, Tuisku and Huhma 2006). Cagnard et al. (2011) suggest that the LGB 

represents a mixed-type orogeny between modern cold orogenies involving stiff 

lithospheres and ultra-hot accretionary-type orogenies involving weak lithospheres. 
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They supported this hypothesis with the occurrence of coeval thrusts and normal-sense 

shear-zones in the LGB combined with the important role of distributed erosion during 

the final exhumation stages. On the other hand, according to Tuisku et al. (2012), 

structural elements of the LGB rather suggest a cold modern-type collisional tectonic 

setting.  

Tuisku and Huhma (2006) interpret that the metamorphism of the LGB and TB 

followed a prograde clockwise PT path (Fig. 3). They also suggest that the TB and the 

lower, middle and upper parts of the LGB have followed different prograde PT paths. 

Arc-related magmas are thought to be important heat sources for the metamorphism of 

the LGB and TB (Tuisku and Huhma, 2006). 

                                                                           

Figure 3. Clockwise PT evolution of the LGB. Red arrow represents lower parts and blue arrow upper 

parts of the LGB. Modified after Tuisku and Huhma (2006). 

The peak conditions of the main thrusting event of the LGB and TB can be estimated by 

the synkinematic growth of garnet porphyroblasts (Barbey and Raith, 1990). Garnets 

grow at the expense of biotite and sillimanite and this can be described with the 

following reaction: 

Biotite + Sillimanite + Quartz = Garnet + melt + H2O 

Tuisku et al. (2006) estimated that the metamorphic peak conditions of the LGB were 

850 °C and 5-8.5 kbar. Cooling from these conditions to temperatures less than 650 °C 
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and decompression to pressures less than 2-3 kbar occurred in a 20-30 Ma time period 

(Tuisku and Huhma, 2006). Mints et al. (2007) suggest that the metamorphic peak 

conditions were even higher at the base of the LGB (860-960 °C and 10-14 kbar). 

According to Tuisku and Makkonen (1999), high-pressure metamorphic conditions (670 

°C/9-12 kbar) prevailed in the TB during the LGBs granulite-facies recrystallization at 

1.9 Ga.             

The IC overlying the LGB and TB consists mainly of Paleoproterozoic granitic-

granodioritic orthogneisses with lesser amounts of gabbroic rocks and supracrustal 

schists (Tuisku et al., 2012). The age of the foliated gabbros and granodiorites ranges 

between 1.95 to 1.93 Ga (Rasilainen et al., 2008).  

The SLC underlying the TB and LGB consists of the Paleoproterozoic Kittilä and 

Karasjok greenstone belts that are dated at 2.45-2.0 Ga. Typical rocks in these belts are 

sedimentary rocks, komatiitic and tholeiitic volcanic rocks, and felsic porphyritic rocks, 

which were metamorphosed under low- to medium-grade conditions. The SLC also 

consists of Archean 3.1-2.6 Ga gneiss complexes, which contain paragneisses and 

migmatites, for example. In addition, the whole SLC is intruded by Paleoproterozoic 

plutonic bodies (Hanski and Huhma, 2005; Tuisku et al., 2006). 

Mäkärä is situated ca. 18 km from three ca. 1.77 Ga, post-tectonic, discordant, shallow-

level granite intrusions named Nattanen, Riestovaara, and Pomovaara. These intrusions 

together with the Tepasto intrusion are examples of the rounded-shaped Nattanen-type 

intrusions (Front et al., 1989). Heilimo et al. (2009) classified these intrusions as A-type 

granites. Age determinations using the U-Pb zircon method indicate that the Nattanen-

type intrusions were emplaced in the Nattanen area at 1775 ± 10 Ma (Heilimo et al., 

2009). 

The Nattanen stock with an areal extent of 70 km2 is intruded mainly into granulites of 

the LGB and partly into the underlying garnet-hornblende gneisses (Heilimo et al. 

2009). It consists mainly of red, homogeneous, equal-grained granite with a coarse or 

medium grain size and no orientation (Front et al., 1989). Few hundred meters west of 

the contact to the granite are located gold-bearing hematite-quartz veins of 

Palokiimaselkä (Kinnunen, 1980).  
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The well-preserved Riestovaara granite intrusion with an areal extent of 140 km2 

intrudes granite gneisses on its northern and eastern sides and quartzites, mica schists, 

mica gneisses, and metavolcanic rocks on its southern and western sides. On the 

southern side are also found elongated and serpentinized metaperidotites. Hematite 

breccias occur in the contact zone between the intrusion and quartzites. The stock is 

zoned and consists of three different non-oriented granite types with sharp contacts. 

From oldest to youngest, they are: (1) coarse-grained porphyric granite, (2) porphyric 

granite, and (3) medium-grained granite (Front et al., 1989).  

The Pomovaara granite complex covers an area of 130 km2 and consists of three stocks: 

Lehtovaara, Pomovaara, and Tenniövaara. The northernmost Lehtovaara stock is closest 

to Mäkärä (ca. 18 km SE) and intrudes granite gneisses and amphibolites. It consists of 

coarse-grained porphyritic granite and is cut by a NW-SE-trending shear zone. The 

Pomovaara stock intrudes granite gneisses and consists of biotite- and mica granite, 

which are surrounded by porphyritic granite. The porphyritic granite is partly sheared 

and quartz and epidote occur as fissure fillings. The Lehtovaara stock consists mainly of 

porphyritic granite, which intrudes arkose quartzite and granodiorite (Front et al., 1989).  

2.2 Local geology 

 

The Mäkärä Au-Fe mineralization consists of multiple subparallel hematite-quartz-

sulfide-gold veins with an irregular morphology. The veins are structurally controlled 

by the NW-SE-trending shear zone. Part of the rock in the shear zone shows a 

brecciated texture. The mineralization strikes 350° and its dip varies from 85° to 90° to 

NE. According to Härkönen (1987), some of the veins follow diagonal tensional 

fractures in the shear zone. Diagonal veins were not detected during the field work of 

this study. 

Based on the field work done by the author, the main vein zone is at least 1.6 km long. 

Results of geochemical mapping in turn indicate that the vein system is several 

kilometers in length (Härkönen (1987). Typically, the thickness of individual veins 

ranges widely between 1 mm to 10 m. This feature occasionally gives veins lens-like 

shapes. In the lithological map presented in Fig. 4, the veins are merged together and 

drawn as vein zones. Based on drill core and trench geochemistry and drilling data, the 

main vein is not continuous. The author interpret that a dextral strike-slip fault is located 

in the area. 
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 Hematite and quartz are the most abundant vein minerals. Magnetite is also detected in 

the veins but mainly at deeper (<100 m) levels. Magnetite is martitized to hematite with 

increasing intensity towards the surface. Pyrite is the dominant sulfide mineral and may 

be accompanied with accessorial chalcopyrite. Near surface pyrite has been oxidized 

and limonitized resulting in cubic limonite pseudomorphs. In addition, the veins contain 

ilmenite and calcite locally. Härkönen (1987) observed both zonal and homogeneous 

veins, but he did not notice any differences in the gold content between the two vein 

types. 

Veins are surrounded by zones of metasomatic alteration, which is referred to as 

sericitization in the lithological map (Fig. 4). The name “Mäkärä quartzite” is also used 

in the literature (Härkönen, 1987). The sericite alteration halo extends 0.1–5 m around 

the veins. Thicker veins seem to have thicker alteration zones but there are exceptions. 

The alteration zones have a green color and they are mainly composed of quartz, 

sericite, and chlorite. Härkönen (1987) observed that yellowish and red alteration zones 

with similar composition also occur. Sericite quartzite is only found around hematite-

bearing veins. Sericite quartzite contains elevated gold content of up to 1 ppm. 

The veins are hosted by highly deformed arkose gneisses, amphibolites, and hornblende 

gneisses. Radiometric dates of these rocks are between 1.9 and 2.36 Ga (Meriläinen, 

1976; Bernard-Griffits et al., 1984). Numerous veins give their country rocks a 

brecciated appearance. The country rocks are fine- to medium-grained and associated 

with granitic and pegmatitic sequences. Alternation between these rock types gives the 

bedrock a heterogeneous and migmatitic appearance. The orientation of these rocks 

ranges from 335° to 340° and the strike of the mineralization cuts it with an angle of 

10–15°. Based on drill core data and bedrock observations, the dip of the bedding is 

from 45° to 65–70°. 

Mica-rich gneiss was intersected in drill holes 20 meters east of the mineralization (Fig. 

4). It may have been altered during the formation of the mineralization. Minor amounts 

of ultramafic talc-chlorite schist were also observed in drill cores. These rock types 

were not included in the petrographic research. A minor amount of mafic intrusive 

bodies were detected in the research trenches. Based on petrography and geochemistry, 

they are gabbronorites in composition and have been variably serpentinized. The talc-
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chlorite schists and gabbronorites may be linked to the komatiites that occur 5 km 

south-east of the research area (Härkönen, 1987). 

Figure 4. Lithological, drill hole and research trench map of the Mäkärä area. The large research trench is 

shown in the upper right corner; it includes five sampling lines V4342014R33-R37. Au refers to parts of the 
mineralization that have a gold concentration of ≥ 0.5 ppm. They are based on 0.600–1.004 m composite 
data from drill cores and trenches. Hem-Qtz-Py vein represents multiple, mainly parallel veins with an 



12 
 

irregular morphology and sericite alteration zone around them. Source data © Geological Survey of 
Finland 2016: ground geophysics, drilling and bedrock observations. Basemap © National Land Survey of 
Finland, basic map raster 2016. 

 
Figure 5. W-E cross section from the research area. Source data © Geological Survey of Finland 2016: 

drilling and bedrock observations. 
 

Based on the 2014-2015 drilling and research trench observations, the W-E-oriented 

cross-section was outlined under the research trench V4342014R34 (Fig. 5). Two 

parallel veins are shown in the cross section. The easternmost 1-m-thick vein consists 

mainly of hematite. The westernmost vein consists of a brecciated vein zone that 

consists of multiple veins and is up to 12 meters thick. The veins consist mainly of 

hematite, quartz, magnetite, and pyrite in variable proportions. Both the easternmost 

vein and the westernmost vein zone have an elevated Au content of ≥5 ppb. 

Arkose- and granite gneisses are shown with the same color in the cross section but 

arkose gneiss is the dominant rock type (Fig. 5). Especially in drill core R45, 0.85-3.30-

m-thick brecciated granite gneiss bands in arkose gneiss were observed. Closer to the 

mineralization, granite gneiss contains a higher amount of magnetite. Likewise, 

amphibolite and hornblende gneiss are illustrated with the same color but amphibolite is 

more abundant. 

 

Chernet et al. (2014) determined three U-Pb ages on xenotime, monazite, and zircon 

found within a hematite quartz vein in drill core R318. The obtained ages of the 
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xenotime, monazite and zircon are 1781±17 Ma, 1814±21 Ma, and 1872±4.0 Ma, 

respectively. 

Due to abundant mires and thick till layers, outcrops at Mäkärä are sparse. Up to 500-m-

wide arkose gneiss boulder fields are located west of the Mäkärä research area. A 

special feature at Mäkärä is that a preglacial 5- to 30-m-thick saprolite is preserved 

because the area is located in the ice divide zone of the latest (late Weichselian) 

glaciation. Saprolite consists of illite, kaolinite with minor smectite, and vermiculite 

(Al-Ani and Sarapää, 2010). Based on research trench observations, weathering of the 

bedrock is most intense close to the contact to the mineralization. In the cross section of 

Fig. 5, the saprolite is 20 meters thick at the site where the hematite-quartz-pyrite-Au 

veins occur while the thickness decreases to 5 meters when moving away from the 

mineralization. 

The distances of till transportation have been short and subglacial erosion very weak. A 

0.5- to 15-m-thick, clay-rich till layer covers the saprolite (Sarapää and Sarala, 2013). 

Härkönen (1987) detected the regolith at a depth of 100 meters during previous 

drillings. Based on field observations by the author, primary lithological fabrics are 

preserved and glaciogenic deformation is present in the saprolite (Fig. 6).  

 

Figure 6. Side wall from a research pit. A) Till layer cuts kaolinitic saprolite. B) Glacial deformation has 

caused banding in a hematite vein. 
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3. Material and research methods 

 

3.1 Sampling and analytical methods 

 

Drill holes used in this work were drilled by the Geological Survey of Finland in 2010, 

2011, and 2015. The 2015 drill holes were used to construct the lithological map (Fig. 

4) but not employed in the petrological research. Drilling information from years 2010 

and 2011 is presented in Appendix 1.  

The locations of the drill holes are presented in Fig. 4 and only those that were chosen 

for closer petrological research are marked with the hole ID. The descriptions of the 

2010 and 2011 drill holes were reported by Antero Karvinen and those of the 2015 drill 

holes by Olli Sarapää, Juuso Pynttäri, and the author using the ArcGIS-based 

KairaLogger software. The drill cores were photographed as dry and wet. Only wet drill 

cores are presented in the figures of this work. 

The GTK workers dug several research trenches and made saprolite sampling lines in 

2014 and 2015. Trench and sampling line information is presented in Appendix 2. 

Sampling lines R33-R37 are located in an exposed area 55 x 20 meters in size (Figs. 4, 

7). Most of the hand samples used in this work were picked from this location. Hand 

sample VMVE-2015-1 was collected from research trench V4342015R63 and hand 

sample VMVE-2015-3 from an outcrop (Fig. 4). 

 
Figure 7. Geologist Juuso Pynttäri observing saprolite in research trench R33-37 in summer 2014. 

Hematite-rich mineralization stands out as bluish dark veins. 
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Drill cores and hand samples were assayed in the Labtium Oy laboratory. Labtium is 

accredited according to ISO/IEC 17025 by FINAS (Finnish accreditation service. 

Testing laboratory T25). The assay detection limits and analyzed elements are presented 

in Appendix 3. The following assays with the ICP-AES-technique were used for drill 

cores: multi-element assay (Labtium method + 720P) and Au-Pd-Pt fire assay (Labtium 

method + 704P). A total of 4648 assays were made mainly using core intervals 2-3 m in 

length. Saprolite from research trenches was analyzed with following methods: multi-

element assay with the ICP-MS (Labtium method + 511M) and ICP-OES (Labtium 

method + 511 P) techniques, and Au-Pd-Pt fire assay (Labtium method +704P). The 

following analytical methods were used for hand samples: multi-element assays with 

the XRF (assay code + 175X), ICP-MS (Labtium method + 511M) and ICP-OES-

techniques (Labtium method +511P), Au-Pd-Pt fire assay (Labtium methods + 703P & 

+ 704P), and carbon combustion analysis (Labtium method + 811L).  Diagrams and 

graphs for the geochemical data were made with the GCDkit software. 

3.2 Thin section research 

 

A total of 44 polished thin sections were made using samples from the 2010 and 2011 

drill cores and the author selected 10 for more detailed work. Twenty thin sections were 

made of the 2014 and 2015 hand samples collected by the author and supervisor Olli 

Sarapää. The author selected 10 for more detailed work. Thin section data are presented 

in Table 4. In addition, 36 thin sections of the 1984 drill core samples of GTK were 

studied by the author to get better understanding of the mineralization. 

Polished thin sections were studied with polarization and ore microscopes in the 

microscope laboratory of Oulu Mining School in the University of Oulu. Photographs of 

the thin sections were taken using a microscope-embedded Canon Powershot G10 

camera and the Remote Capture DC software. Scale bars were measured by hand.  

Table 4. Thin section data for different rock types from Mäkärä. 

Rock type Sample ID Sample type Hole ID From depth (m) Assay interval (m) 

Qtz-hem-py--Au 
veins: 140875 Trench V4342014R33-R37 - - 

 
151206 Outcrop - - - 

 
151209 Trench V4342014R33-R37 - - 

 
150342 Trench V4342014R33-R37 - - 

 
140874 Trench V4342014R33-R37 - - 

 
140872 Trench V4342014R33-R37 - - 
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150362 Drill hole 37242010R320 102.1 101.30-102.20 

 
150350 Drill hole V4342011R6 193.35 192.90-193.85 

Sericite quartzites: 140877 Trench V4342014R33-R37 - - 

 
140876 Trench V4342014R33-R37 - - 

 
150354 Drill hole V4342010R318 19.95 19.50-21.20 

 
150355 Drill hole V4342010R318 38.40 37.55-39.30 

 
151208 Trench V4342014R33-R37 - - 

Gneisses: 1215039 Drill hole V4342011R9 98.5 98.10-99.00 

 
150352 Drill hole V4342011R7 49.95 49.40-50.65 

 
1215041 Drill hole V4342011R11 6.95 5.10-7.10 

 
150356 Drill hole V4342010R318 47.25 46.60-49.70 

Amphibolites: 150361 Drill hole V4342010R320 35.10 34.60-36.60 

 
1215034 Drill hole V4342011R6 236.25 234.95-237.00 

Mafic plutonic rocks: 151204 Trench V4342015R63 - - 

 

Minerals from selected thin sections were analyzed with field emission scanning 

electron microscopy (FESEM) using a Zeiss ULTRA plus instrument (Fig. 8) in the 

Center of Microscopy and Nanotechnology, University of Oulu. The acceleration 

voltage was 0.02-30 Kv and the resolution 1.0 nm/15 kV, 1.7 nm/1 kV, and 4.0 nm/0.1 

kV. A STEM (Scanning Transmission Electron Microscope) detector was used to locate 

gold grains in thin sections. An EDS (Energy-Dispersive X- ray Spectroscopy) analyzer 

and EBSD (Electro Backscatter Diffraction) camera were employed in chemical 

analyses and the AZtec software was used in EDS analyses.  

 
Figure 8. Zeiss ULTRA plus FESEM equipment in the Center of Microscopy and Nanotechnology, 

University of Oulu. 
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3.3 Bedrock map and cross section 

 

The rock type map (Fig. 4) was constructed with the ArcGIS-software using GTK’s 

drill core, ground geophysics, bedrock and boulder observation data base. The map was 

edited with the PaintShop Pro X8 program. The cross-section (Fig. 5) is based on 

GTK’s drill core data and it was first drawn by hand by the author. Viena Arvola 

digitized the drawing with the softwares CorelDraw Graphics Suite X6 and Adobe 

Illustrator CC 2015. 

4. Petrographic research and classification of samples 

 

There are abundant research data and samples available from the Mäkärä 

mineralization. A total of 20 thin sections were chosen for more detailed work. The 

criteria for the sample selection were to give a comprehensive picture from different 

rock types, alterations types, and mineralization styles related to the Mäkärä 

mineralization. The samples are classified into the following five main groups: 

1. Hydrothermal quartz-hematite-magnetite-sulfide-gold veins (8 samples) 

2. Intensely sericite-altered quartzites and gneisses (5 samples) 

3. Arkose and granite gneisses (4 samples) 

4. Amphibolites (2 samples) 

5. Mafic plutonic rocks (1 sample) 

 

4.1 Hydrothermal quartz-hematite-magnetite-sulfide-gold veins 

 

This group represents hydrothermal vein rocks, which are economically the most 

interesting rocks at Mäkärä. Samples were collected from the central parts of the 

hematite-quartz veins and they have a gold concentration of up to 13200 ppb. 

Microscopically visible gold grains were also detected in samples 151206 and 151209. 

The vein rocks in this group have variable mineral compositions but the main phases are 

hematite, quartz, and pyrite. Pyrite is brecciated and contains a lot of fractures and 

cavities. Gold occurs as up to 20-µm-sized, anhedral grains within these fractures and 

cavities. Macroscopic gold has also been discovered by panning material from the 

hematite-rich regolith.  
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The veins consist mainly of hematite, quartz, pyrite, and carbonate in variable 

proportions. The thickness of the veins varies from a few centimeters to a few meters. 

The veins are typically surrounded by green rock with considerable sericite alteration. 

Most of the samples were collected near the surface from research trenches made in 

2014 and 2015. The trenches cut hematite veins in various locations but the best cross-

section was achieved from an approximately 25-m-wide, 50-m-long and 2.5-m-deep 

research trench excavated in 2014 (Figs. 4, 7). Near the surface, the hematite vein is 

surrounded by saprolite, which consists of variably colored clay minerals. The saprolite 

preserves the primary lithological fabrics, and effects glacial deformation can be seen. 

Weathering of pyrite and carbonate, martitization, and limonitization are intense near 

the bedrock surface.  

Thin section 140875, hematite-quartz vein 

Thin section 140875 is from hand sample VMVE-2014-25.1. The hand sample is from 

the main a few-m-wide hematite-quartz vein, which was detected in the research trench 

in 2014 (Figs. 4, 7). The hematite-quartz vein brecciates arkose gneiss and is 

surrounded by a 0.5- to 2.5-m-wide sericite alteration halo. Macroscopically, the hand 

sample seems to consist almost solely of hematite (Fig. 9). The reason for selecting this 

sample for a closer study was that it gives good information on the deformation and 

crystal habit of hematite. It is also interesting to note that the highest gold 

concentrations known at Mäkärä are from hematite veins. As mentioned earlier, 

macroscopic gold grains have been found by panning from the hematite-rich regolith, 

which most likely represents weathered hematite veins similar to this sample.  

                                      
Figure 9. Hand sample VMVE-2014-25.1. 
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Based on microscopic observations, 98% of the thin section consists of hematite. Minor 

amounts of accessory ilmenite, quartz, titanite, limonite, and muscovite comprise the 

rest 2% of the sample. Hematite gives the sample a scaly texture. It occurs as thin, 0.05- 

to 0.2-mm-thick, elongated, eu- to subhedral grains, which have been intensely 

deformed (Fig. 10). Hematite is mainly creamy grey and very fine grained (≤0.2 mm). 

No clear orientation of hematite is distinguished in the sample. The length of the 

hematite scales varies between 0.2 and 5 mm. Based on FESEM work, hematite 

contains consistently cobalt as an impurity, with the average cobalt content being 

around 1.5 wt% (Appx. 5). Accessory minerals are very fine grained (<0.2 mm) and 

occur between elongated hematite grains. 

                                             
Figure 10. Photomicrograph of thin section 140875 in reflected plane-polarized light. He = hematite.  

Thin section 151206, limonitized hematite-pyrite-quartz-gold vein 

Thin section 151206 is from hand sample VMVE-2015-3.1. It is an example from a 

hematite-quartz-pyrite vein which contains microscopic gold grains (Fig. 11). The hand 

sample is collected from an outcrop found by GTK in 2015 (Figs. 4, 7). 

Macroscopically, the hand sample consists mainly of hematite but a small amount of 

quartz occurs between hematite lamellas. Hematite contains cubic cavities which are 

results of weathering pyrite. Limonite-rich inclusions represent altered pyrite. 
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Figure 11. Hand sample VMVE-2015-3.1. 

Based on microscopic observations, hematite comprises around 90 vol-% of the thin 

section. Limonite, quartz, carbonate, gold, and xenotime cover the rest 10 vol-%. The 

overall grain size of the thin section is fine- to medium grained. Abundant hematite 

gives the thin section a scaly texture. 

In plane-polarized light, the color of hematite varies between bluish grey to creamy 

grey. The color variation could be caused by oxidation. Based on FESEM work, 

hematite has an average cobalt content of 1.5 wt% (Appx. 5). Hematite has a similar 

grain size and crystal habit as in thin section 140875. Considerable bending of hematite 

is also observed.  

Limonite is closely associated with hematite. It occurs as a very fine-grained (≤0.2 mm), 

dark brownish mass with a similar content of cobalt to that of the hematite. The limonite 

mass surrounds cavities in the thin section, which are probably left behind by weathered 

pyrite grains. Quartz occurs as eu- to subhedral grains and has an average grain size of 1 

mm.  

In the limonite mass, a gold grain was detected. Based on microanalysis, the gold grain 

contains 89.9 wt% of Au, 5.40 wt% of Ag and 2.34 wt% of Fe (Appx. 4). It is 17 µm 

long and anhedral (Figs. 12, 13, 14) and occurs at the edge of a cavity, which is 

probably left behind by a dissolved pyrite grain.  
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Figure 12. Photomicrograph of thin section 151206 in reflected plane-polarized light. He = hematite, Au = 

gold, Lm = limonite. Pyrite has been totally limonitized and central parts of pyrite have been dissolved. 

                       
Figure 13. Back-scattered electron image of thin section 151206. Lm = limonite, Au = gold. 

Next to the gold grain, two fine-grained yttrium-rich euhedral grains were detected. 

Based on their chemical composition, the mineral is xenotime (Appx. 13)  
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Figure 14. Back-scattered electron image of thin section 151206. Xtm= xenotime, Lm = limonite, Au = 

gold. 

 

Thin section 151209, quartz-pyrite-gold vein 

Thin section 151209 is from hand sample VMVE-2015-29.1 It is another example of 

gold-bearing rocks at Mäkärä. The hand sample was collected from the research trench 

made in 2014 (Figs. 4, 7). Macroscopically, it has a druse texture and is composed 

mainly of quartz and pyrite. Euhedral secondary quartz is observed in cavities. Quartz 

has a reddish and yellowish tint in its margins in the hand sample, as can be seen in Fig. 

15. 

                                                                 
Figure 15. Hand sample VMVE-2015-29.1. 
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Approximately 70 vol-% of the thin section consists of quartz. Pyrite is the other main 

phase, constituting about 25 vol-% of the sample. The rest 5 vol-% consists of accessory 

minerals including limonite, monazite, chalcopyrite, hematite, and gold.  

Quartz is eu- to subhedral and medium- to coarse grained (1-5 mm) but there are also 

small (≤1 mm) grains that may be due to recrystallization. Pyrite occurs as eu- to 

subhedral, fine- to medium-grained (0.2-2 mm) grains, which are full of cracks and 

cavities, implying that the quartz-pyrite vein was deformed. Based on microanalysis, 

most of the pyrite grains contain minor amounts of thallium (Appx. 7). Limonite occurs 

as pyrite pseudomorphs and has a dark reddish brown color. Small amount of pyrite has 

completely or partly altered to limonite but most of the pyrite grains are unaltered. 

Limonite also seems to be associated with the cracks in pyrite grains.  

Monazite is eu- to subhedral and very fine grained (25-50 µm). It occurs in pyrite and 

quartz as inclusions. In pyrite, monazite is often closely associated with cracks and 

cavities. Brecciated monazite is also found. Microanalyses of monazite are presented in 

Appendix 17. Chalcopyrite is subhedral, very fine grained (25 µm) and was detected in 

pyrite. Microanalysis of chalcopyrite is presented in Appendix 14. Hematite is euhedral, 

very fine grained (35 µm) and occurs in pyrite. Based on microanalysis, hematite 

contains minor amounts of cobalt (Appx. 5). In addition, a microscopic anhedral gold 

grain was identified in pyrite. The grain is very small (18µm) and occurs at the edge of 

a cavity in pyrite (Fig. 16).  

                                                
Figure 16. Photomicrograph of thin section 151209 in reflected, plane-polarized light. Au = gold, Py = 

pyrite. 
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Based on microanalysis, the gold grain contains 88.0 wt% of Au, 3.68 wt% of Ag and 

0.74 wt% of Fe (Appx. 4). A chemical assay of the sample yielded 13200 ppb Au. 

Thin section 150342, limonitized quartz-pyrite vein 

Thin section 150342 is from hand sample OS$$-2014.200.4. The hand sample was 

collected from the research trench made in 2014 (Figs. 4, 7). It represents a quartz- and 

pyrite-rich vein rock, which has a very low hematite content. Macroscopically, the hand 

sample has abundant sub- to euhedral, milky quartz. It contains also pyrite but a large 

portion of pyrite has been altered or weathered leaving only cubic-shaped cavities 

behind. Euhedral, fine-grained quartz can be found in these cavities. The hand sample 

has a druse-like texture. A photograph of the sample is presented in Fig. 17. 

                           
Figure 17. Hand sample OS$$-2014.200.4. 

Quartz is the main mineral constituting about 80 vol-% of the thin section (Fig. 18).  

Pyrite, limonite, and hematite comprise the rest 20 vol-%. Overall, the grain size of the 

thin section is medium grained. Quartz has a bimodal grain size distribution, with the 

finer grains (around 0.2 mm) appearing in a close proximity to pyrite and the more 

abundant coarser ones (around 1–1.5 mm) throughout the thin section. Up to 3-mm-

wide quartz grains can also be found. Both quartz generations occur as eu- to subhedral 

grains showing strong undulose extinction, which indicates effects of deformation. 

Quartz grains have a cloudy appearance due to abundant fluid inclusions in them.  
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Figure 18 Photomicrograph of thin section 150342 in transmitted, cross-polarized light. Lm = limonite, Py 

= pyrite, Qtz = quartz. 

Pyrite is another main vein mineral and occurs as fine- to medium-grained (0.5–1.5 

mm), euhedral grains. Intense alteration and weathering of pyrite can be observed in the 

thin section. The degree of limonite alteration in pyrite varies: pyrite grains have been 

replaced by limonite only partly from the edges or replaced completely, resulting in 

cubic limonite pseudomorphs. In some cases, the central parts of limonite 

pseudomorphs have been eroded completely and there is only a cavity left behind. 

Limonite has a botryoidal like texture and displays zoning.  

An anisotropic, opaque, bluish oxide mineral was identified in association with limonite 

grapes, being probably hematite (Figs. 19a, b). It is also possible that some of the 

limonite pseudomorphs are products of altered magnetite. Reddish orange hematite and 

limonite occur along grain boundaries of quartz grains.  
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Figure 19. A) Photomicrograph of thin section 150342 in reflected, plane-polarized light. Hem = hematite, 

Lm = limonite, Py = pyrite. (B) Photomicrograph of thin section 150342 in transmitted, plane-polarized light. 
Hem = hematite, Lm = limonite, Qtz = quartz, Py = pyrite. 

 

Thin section 140874, limonitized quartz-pyrite-hematite vein 

Thin section 140874 is from hand sample VMVE-2014-24.1. The hand sample was 

collected from a research trench made in 2014 (Figs. 4, 7). Macroscopically, it is clearly 

brecciated, with pale quartz occurring as breccia clasts and fine-grained, brownish 



27 
 

limonite and dark, highly lustrous hematite as the breccia infill (Fig. 20). Pyrite has 

been altered to limonite or weathered away completely, leaving behind cubic cavities in 

the hand sample.  

                                                         
Figure 20. Hand sample VMVE-2014-24.1. 

 

Based on microscopic observations, quartz comprises 75 vol-% of the thin section. The 

rest 25 vol-% consists of limonite, hematite, monazite, and xenotime. The overall grain 

size of the thin section is fine- to medium grained.  

There appears to be at least two generations of quartz. The first one forms most 

stretched, subhedral grains, which has a medium-coarse size, usually strong undulose 

extinction, microfractures, milky appearance and abundant fluid inclusions. The second 

one occurs as euhedral, medium-grained quartz with a dominant grain size between 2.5 

and 2.0 mm. These euhedral quartz grains do not display undulose extinction and they 

have a cleaner appearance. All quartz grains are thoroughly microfractured, as 

illustrated in Fig. 21. It seems that the concentration of fluid inclusions increases in the 

microfractures. The grain boundaries of quartz are either very straight or bulging. 

                                                           
Figure 21. Photomicrograph of thin section 140874 in transmitted, plane-polarized light. Microfractures in 

a second generation euhedral quartz crystal. 
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Quartz grains are rimmed by fine-grained hematite and limonite. These iron oxides and 

hydroxides are later-stage minerals. Hematite appears as fine-grained scales, which are 

mainly less than 1 mm in length. A small amount of hematite can also be found as deep 

red grains. Limonite occurs locally as botryoidal aggregates, as presented in Fig. 22. 

Small limonite grains (<0.2 mm) form the matrix between brecciated quartz grains and 

cavities left behind by weathered pyrite.  

Very fine-grained (5-100 µm) monazite and xenotime were recognized in quartz during 

FESEM work. Monazite replaces xenotime. Brecciated monazite grains were also 

detected. Chemical compositions of xenotime and monazite are presented in 

Appendices 13 and 17. Very fine-grained (0.2 mm) quartz can also be observed in 

association with iron oxides and hydroxides, representing the later-stage quartz 

generation. A chemical assay of the hand sample yielded 3343 ppb Au though gold was 

not discovered in microscopic studies. 

 

                           
Figure 22. Photomicrograph of thin section 140874 in transmitted, cross-polarized light. Hem = hematite, 

Lm = limonite, Qzt = quartz. 

Thin section 140872, quartz vein 

Thin section 140872 is from hand sample VMVE-2014-23.1. The hand sample was 

collected from the research trench made in 2014 (Figs. 4, 7). It has similarities with 
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hand sample VMVE-2014-24.1 in having a high content of milky quartz. The limonite 

content is lower and the rock is less brecciated than hand sample VMVE-2014-24.1. 

Quartz grains have yellowish brown boundaries in the hand sample and based on the 

optical microscopic work, the color is due to limonite or mica occurring in the 

boundaries of the quartz grains. A photograph of the hand sample is presented in Fig. 

23. 

                                                  
Figure 23. Hand sample VMVE-2014-23.1. 

Approximately 95 vol-% of the thin section consists of medium-grained quartz. The rest 

consists of hematite and limonite. Quartz has a bimodal grain size and was formed in at 

least two generations (Fig. 24). Medium- to coarse-grained (1-5 mm) quartz grains with 

sub- to anhedral forms were formed first. This quartz has a cloudy appearance due to a 

high content of fluid inclusions. It has microfractures, strong undulose extinction, and 

bulging or straight grain boundaries. Many grains are elongated due to stretching and 

show signs of brittle deformation. The second quartz generation is fine grained with a 

grain size of 0.2-0.05 mm and lacks deformation textures. This quartz probably 

represents later-stage crystallization and may have been formed when the vein was 

reactivated later. Deformation and brecciation of the vein could also explain the 

bimodal grain size distribution of quartz. It is also interesting that places rich in fine-

grained later-stage quartz contain a higher content of hematite and eroded pyrite. 

Cavities left behind by dissolved pyrite are often rimmed by limonite and hematite. 
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Figure 24. Photomicrograph of thin section 140872 in transmitted, cross-polarized light. Hem = hematite, 

Py = pyrite, Qtz = quartz. 

 

Thin section 150364, hematite-pyrite-quartz vein with carbonate- and chlorite 

alteration 

Thin section 150364 is from the down-hole depth of 102.1 m in drill core 

37242010R320 (Fig. 4), representing the assay interval of 101.30-102.20 m. There is a 

20-cm-thick hematite-pyrite-quartz vein with abundant carbonates in the core. 

Macroscopically, the vein can be divided into two zones, one consisting of milky white 

quartz and the other of hematite, pyrite, carbonate, and chlorite. These zones have a 

gradual contact with each other and sharp contacts with the host rock (Fig. 25).  

The host rock is arkose gneiss showing a heterogeneous, banded texture with reddish 

light and dark grey bands. Thin amphibolite bands also cut the arkose gneiss throughout 

the drill core. The vein is anomalous in terms of gold concentration (95.3 ppb Au) as 

compared to its host rock (5 ppb Au). 
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Figure 25. Drill core sample 37242010R320. The down-hole depth is 102.1 meters. Py = pyrite, Cb = 

carbonate mineral, Qtz = quartz, He = hematite, Chl = chlorite. 

The thin section consists approximately of 30 vol-% opaque hematite and pyrite in a 

ratio close to 1:1. Carbonates constitute 30 vol-%, quartz 25 vol-% and chlorite 15 vol-

% of the thin section. The overall grain size is medium grained. 

Pyrite occurs as sub- to euhedral, roundish grains with a grain size of 0.5-2 mm. There 

are also smaller grains inside chlorite, with a size down to 0.1 mm. The largest pyrite 

grains are typically full of cavities filled with carbonates or chlorite. Based on 

microanalysis, pyrite contains up to 4.10 wt% thallium. On the other hand, pyrite grains 

that do not contain thallium are also present (Appx. 7) Hematite occurs as 0.05- to 0.2-

mm-thick and 0.5- to 2-mm-long scales, which are banded and deformed in many cases. 

Hematite can also be detected as roundish grains 0.5-1 mm in size (Fig. 26). In addition, 

some elongated hematite grains have a skeletal texture, which may have been formed 

during chlorite and carbonate alteration. Based on microanalysis, hematite contains 

some cobalt (Appx. 5).  
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Figure 26. Photomicrograph of thin section 150364 in reflected, plane-polarized light. He = hematite, Py = 

pyrite. 

Carbonate minerals and especially calcite are abundant in the central part of the vein. 

Probably most of the carbonate is calcite as the hand sample reacted strongly with 

hydrochloric acid (HCl). The size of the carbonate grains varies from 2 mm to less than 

0.2 mm and the grains are usually subhedral.  

The grain size of quartz varies from less than 0.2 mm to up to 4 mm, with the most 

common grain size being between 1 and 2 mm. Quartz has a cloudy appearance and 

displays strong undulose extinction due to deformation.  

Pyrite and hematite grains occur in the chlorite matrix. Chlorite comprises 

approximately 15 vol-% of the thin section. It is medium grained (1-3 mm) though it 

may also be found as smaller grains (<0.2 mm) between elongated hematite grains. The 

age relationship of the calcite and chlorite cannot be deduced with certainty but it 

appears that the chlorite alteration of the vein represents a later episode than the 

carbonate alteration (Fig. 27). 
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Figure 27. Photomicrograph of thin section 150364 in transmitted, plane-polarized light. Cb = carbonate 

mineral, Chl = chlorite. 
 

According to microanalysis, very fine-grained, euhedral xenotime grains are also 

present as inclusions in pyrite (Appx. 13). It is interesting to note that an approximately 

0.2-mm-thick calcite vein cuts coarse quartz grains, indicating that there has been a late-

stage carbonatization event post-dating the formation of quartz (Fig. 28). Hematite also 

cuts quartz or can be observed between euhedral quartz grains. This indicates that 

quartz pre-dates hematite. Euhedral pyrite grains occur as inclusions in quartz, 

suggesting that there is a quartz generation that post-dates the formation of pyrite.     

                                             
Figure 28. Photomicrograph of thin section 150364 in transmitted, plane-polarized light. He = hematite, Py 

= pyrite, Cb = carbonate mineral, Qtz = quartz. 
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Thin section 150350, hematite-quartz-pyrite vein with carbonate alteration 

Thin section 150350 is from the down-hole depth of 193.35 m in drill core 

V4342011R6 (Fig. 4), representing the assay interval of 192.90-193.85 m. The core 

sample represents a 3.5-cm-thick hematite-pyrite-carbonate-quartz vein (Fig. 29). The 

dark central part of the vein consists mainly of magnetite, hematite, pyrite, and 

carbonate with minor amounts of quartz. The thickness of the central part is 2.5 cm. The 

marginal parts of the vein, which vary in thickness from 0.2 to 0.5 cm, consist of pale 

quartz, yellowish carbonate, and minor amounts of hematite, chlorite and pyrite.  The 

host rock is a gneiss consisting of dark hornblende-rich amphibolite bands and more 

felsic, reddish, feldspar-rich bands. The vein is found in an amphibolite band and has a 

sharp contact with it. Sericite alteration in amphibolite is observed along the vein. 

Sericitized amphibolite has a green color and a thickness of up to 10 cm. It grades 

gradually into unaltered dark amphibolite.   

 Figure 29. Sample from drill core V4342011R6. Depth 193.35 m. Qtz = quartz, Cb = carbonate mineral, 

Py = pyrite, Mag = magnetite, He = hematite, Ser = sericite, Cal = calcite, Ms = muscovite. 

Opaque minerals comprise about 40 vol-%, carbonates 40 vol-% and quartz 12 vol-% of 

the thin section. The rest 8 vol-% consist of muscovite, sericite, and chlorite. The 

overall grain size of the thin section is difficult to estimate.  
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The veins core has three opaque phases, magnetite, hematite, and pyrite (Fig. 30), of 

which magnetite is most abundant. The magnetite grains are anhedral and subhedral and 

they are full of cavities. Grain boundaries are somewhat difficult to distinguish but up to 

5-mm-sized magnetite grains can be recognized. Elongated magnetite grains with a 

similar grain size as that of hematite are also present. Hematite occurs as elongated, 

bluish grey grains, which are about 0.05- to 0.2-mm-thick and up to 3 mm long. Some 

hematite grains display a radial texture. Pyrite occurs as euhedral, cubic and anhedral, 

elongated grains. Its grain size varies between 0.1 and 3 mm. Magnetite inclusions, 

which partly replace pyrite, can be observed. Based on microscopic observations, it is 

probable that magnetite replaces hematite and has formed elongated pseudomorphs 

(Fig. 30). 

                        
Figure 30. Photomicrograph of thin section 150350 in reflected, plane-polarized light. Py = pyrite, Cb = 

carbonate, He = hematite, Mag = magnetite. 

Mainly subhedral carbonate is observed in the core and rim parts of the vein. The 

average grain size of carbonate is 1 mm but grains up to 5 mm in size can also be found. 

In addition, tiny (0.1-0.2 mm) grains occur in the vein core, filling the space between 

hematite and magnetite grains. Quartz is located mainly in the marginal part of the vein. 

It has a bimodal grain size distribution, occurring as medium- to fine-grained (0.2-3 

mm) crystals.  Quartz has a cloudy appearance and undulose extinction. Minor fine-
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grained (0.2 mm) chlorite is recognized in the marginal part of the vein. Chlorite is in 

contact with hematite and carbonate. 

The intensely sericitized host rock consists mainly of fine-grained muscovite, carbonate, 

quartz, and sericite. Elongated muscovite occurs as 0.2-mm-thick bands, which are 

almost parallel to the vein. Carbonate, quartz, and sericite occur between muscovite 

bands. In addition, tiny (<0.2 mm) magnetite, hematite and pyrite are found in the 

sericitized host rock. Magnetite and hematite are concentrated in muscovite bands. Of 

them, magnetite is more abundant and occurs as cubic and elongated grains. Some 

magnetite grains display a skeletal habit. Hematite is found mainly as anhedral, 

elongated grains in the rims of magnetite grains. Pyrite occurs as euhedral individual 

grains in carbonate. Figure 31 presents a photomicrograph of the core and rim parts of 

the vein and its sericitized host rock.  
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Figure 31. A) Photomicrograph of thin section 150350 in transmitted, cross-polarized light. Cb = carbonate 

mineral, Ms = muscovite, Qtz = quartz. B) Photomicrograph of thin section 150350 in reflected plane-
polarized light. He = hematite, Py = pyrite, Mag = magnetite. 

It seems that deformation and stretching has occurred in the vein as pyrite occurs as 

elongated grains and the hematite blades are commonly sheared. The carbonate mineral 

reacts weakly with HCl, indicating that it is not calcite. The vein has an Au 

concentration of 2.5 ppb, which is not anomalous compared to the host rock 

composition, whereas Fe, Mg, and Cam show higher contents in the vein compared to 

its host rock. 

 

4.2 Intensely sericite-altered quartzites and gneisses 

 

The proximal alteration zone around the hematite veins consists of fine-grained, 

greenish, sericite-altered quartzites and arkose gneisses. Also amphibolites have been 

sericite-altered though they were not included in the petrographic study of this work. 

Characteristic minerals of these rocks are muscovite, quartz, limonite, hematite, 

phengite, zircon, and rutile. Limonite typically form pseudomorphs after pyrite and/or 

magnetite. These rocks have an elevated gold content due to their close proximity to the 
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gold-bearing hematite-quartz-sulfide veins described in the previous chapter. Based on 

drill core observations, the thickness of the sericite–altered zone ranges between 10 cm 

and 5 m.  

Thin section 140877, quartzite with sericite alteration 

Thin section 140877 is from hand sample VMVE-2014-30.1. The hand sample 

represents sericite-altered quartzite that is in contact with a hematite-quartz-pyrite vein. 

It was collected from the large research trench made in 2014 (Figs. 4, 7). 

Macroscopically, the rock is light-greenish grey and fine grained (Fig. 32). Limonite 

pseudomorphs with a cubic shape and up to 1.5 mm in size can be found in the rock. 

The cubic shape indicates the former existence of pyrite or magnetite which were 

completely replaced by iron hydroxides.  

                                                                     
Figure 32. Sericite quartzite of hand sample VMVE-2014-30.1. 

Based on microscopic observations, quartz comprises approximately 45 vol-% and 

sericite and muscovite 45 vol-% of the thin section. The rest 10 vol-% consist of 

hematite, limonite, and pyrite. The overall grain size is fine grained. The quartz grains 

are rounded and their average grain size is around 0.5 mm. In addition, quartz grains 

with a grain size of >2 mm can be observed. Muscovite occurs as 0.5- to 1-mm-long, 

elongated grains with a weak orientation. Quartz and elongated muscovite are 

surrounded by a very fine-grained (<0.2 mm) muscovite-sericite matrix. Muscovite and 

sericite have replaced completely up to 1-mm-wide feldspar grains. 

Hematite occurs as 0.1- to 0.2-mm-long, elongated grains and some of them occur as 2-

mm-wide clusters. Limonite is distinguished by its cinnamon-reddish color and cubic 

shape. They have replaced nearly completely pyrite or magnetite and usually have 

hollow grain forms (Fig. 33). In most cases, the limonite grains are between 0.2 and 0.5 

mm in size. A minor amount of unaltered, fine-grained, euhedral pyrite is found in 



39 
 

quartz. The hand sample contains an elevated content of gold (928 ppb) but 

microscopically visible gold was not identified in the thin section. 

                              
Figure 33. Photomicrograph of thin section 140877 in transmitted cross-polarized light. Lm = limonite, Qtz 

= quartz, Ser = sericite, Ms = muscovite. 

Thin section 140876  

Thin section 140876 is from hand sample VMVE-2014-26.1. The hand sample was 

collected from a large research pit made in 2014 (Figs. 4, 7). The reason for selecting 

this sample for a closer study was to identify the deep green mica that is in contact with 

hematite. Based on microscopic observations and microanalysis, the mineral is 

muscovite. It contains iron and minor amounts of chromium and hence fuchsite may be 

present (Appx. 19). Macroscopically, the hand sample shows a brecciated texture and 

consists mainly of quartz and hematite (Fig. 34).  

                                                              
Figure 34. Sericite quartzite of hand sample VMVE-2014-26.1. 
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Quartz constitutes approximately 65 vol-%, hematite 20 vol-%, and muscovite 15 vol-% 

of the thin section. The overall grain size is difficult to estimate. Quartz has a highly 

variable grain size. When occurring close to hematite, quartz is subhedral and medium- 

to coarse grained (2-5 mm). It has a cloudy appearance. Further away from hematite, 

0.1- to 0.2-mm-sized, fine quartz becomes more abundant. The fine-grained quartz 

seems to be less cloudy than the medium- and coarse-grained variants.  

Hematite is the main opaque mineral and occurs as 0.05- to 0.2-mm-thick and 0.5- to 2-

mm-long, elongated grains. Some twinning is observed in the hematite scales. 

Muscovite and quartz fill the space between hematite scales (Fig. 35). Muscovite is 

mainly very fine (<0.2 mm) grained. Most of the muscovite occurs in association with 

hematite. A minor amount of muscovite is found in quartz as tiny (20 µm) inclusions. In 

addition, the thin section contains trace amounts of fine-grained pyrite and chalcopyrite. 

It is apparent that there are other accessory minerals but they are mainly too fine grained 

(≤0.1 mm) to be identified with optical microscope. For example, there is a purple 

mineral inclusion in quartz, which could be fluorite. In addition, green, cloudy, roundish 

grains with a high relief can be found in quartz.  

                                                       
Figure 35. Photomicrograph of thin section 140876 in transmitted, cross-polarized light.  Ser = sericite, Qtz 

= quartz, He = hematite, Ms = muscovite. 
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Thin section 150354, sericitized arkose gneiss 

Thin section 150354 is from the down-hole depth 19.95 m in drill core V4342010R318 

(Fig. 4), representing the assay interval of 19.50-21.20 m. The core sample is part of a 

greenish grey, intensely sericitized arkose gneiss zone with a thickness of 40 cm. A 

few-cm-thick hematite vein is observed in the core sample. Core loss is quite extensive, 

which is a typical feature at Mäkärä around the hematite veins. A 4-mm-wide quartz 

vein cuts the core sample. In addition, hematite-quartz veins less than 1 mm in thickness 

can be observed, which are not parallel to the quartz vein. A photograph of the core 

sample is presented in Fig. 36. 

Figure 36. Sample from drill core V4342010R318. 

Approximately 90% of the thin section consists of quartz, muscovite, and sericite in 

equal amounts. Muscovite and sericite seem to be slightly more abundant than quartz. 

About 10% of the thin section consists of hematite, rutile, zircon, and biotite. The 

overall grain size is fine- to medium grained. Quartz is fine grained with an average 

grain size of 0.5 mm. It appears to form roundish grains. Quartz has a coarser grain size 

in the quartz vein where eu- to subhedral grains up to 3 mm in size are found. They are 

overprinted with fine-grained quartz, which is often around 0.05-1 mm in size. Feldspar 
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is completely replaced by matric material composed of fine-grained (<0.2 mm) sericite 

and muscovite (Fig. 37). Elongated muscovite grains up to 1 mm in length and with a 

weak orientation are also present. Based on FESEM analysis, there are also very fine-

grained biotite grains in association with sericite.  

                        
Figure 37. Photomicrograph of thin section 150354 in transmitted, cross-polarized light. Ser = sericite, Ms 

= muscovite, Qtz = quartz. 

The main opaque mineral is hematite (Fig. 38). It occurs typically as very fine-grained 

(<0.2 mm), anhedral grains in the sericite-muscovite matrix. In thin quartz-hematite 

veins, elongated, euhedral hematite grains up to 1 mm in length are observed. Clusters 

of elongated hematite grains show sometimes a radial texture in the hematite-quartz 

veins. Minor amounts of hematite can also be detected near the microfractures in the 

quartz vein. A large amount of tiny (<0.1 mm), blackish brown grains occurs in the 

sericite-muscovite matrix. Based on FESEM analysis, they comprise rutile, zircon, and 

quartz. The rutile-zircon-quartz aggregates have sometimes a rhombus-like shape. This 

indicates that they probably replace former euhedral titanite. Minor amounts of hematite 

can sometimes be found in the central part of these pseudomorphs.  
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Figure 38. Photomicrograph of thin section 150354 in reflected, plane-polarized light. He = hematite, Rt = 

rutile, Qtz = quartz, Zrn = zircon. 

 Overprinting of the medium-grained quartz vein by fine-grained quartz suggests some 

thermal effects that may be linked to the formation of hematite veins that cut the quartz 

vein. Microfracturing is present in nearly all quartz grains (veins and host rock), which 

suggest brittle deformation. On the other hand, macroscopically, hematite veins seem to 

be deformed in a ductile manner.  

 

Thin section 150355, arkose gneiss with sericite alteration 

Thin section 150355 is from the down-hole depth 38.40 m in drill core V4342010R318 

(Fig. 4) and is part of the assay interval of 37.55-39.30 m. The core sample represents 

greenish, intensely sericite-altered arkose gneiss. The thickness of the sericite alteration 

is 40 cm. Two parallel, 10-cm-thick hematite veins are observed in the core sample. The 

core sample can be divided into two zones, which have a sharp contact with each other. 

Zone 1, which is more proximal to the hematite vein, has a reddish appearance due to a 

high content of limonite. Zone 2 represents a more typical greenish Mäkärä sericite 

quartzite, which has a lower iron and limonite content than zone 1 (Figs. 39, 40). 
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Figure 39. Sample from drill core V4342010R318. 

Sericite comprises 45 vol-%, limonite 30 vol-%, and quartz 25 vol-% of the thin section. 

The overall grain size is fine grained. Sericite and limonite are very fine grained (≤0.2 

mm) and have a weak orientation. In zone 1, there are also cubic pseudomorphs of fine-

grained (up to 0.4 mm), reddish brown limonite (Fig. 41). Limonite has replaced either 

pyrite and/or magnetite.  

Quartz is variable in its grain size. Roundish, fine-grained (0.8-0.2 mm) quartz is 

abundant in both zones. Microfractures are visible in quartz, which could indicate brittle 

deformation. Medium-grained, up to 3-mm-sized quartz occurs closer to the hematite 

vein. In addition, very fine-grained (≤0.1 mm) quartz is found in the sericite matrix. 

Fine-grained opaque minerals are also present in zone 1, which are hematite or other 

iron-bearing oxide or hydroxide.  
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Figure 40. Photomicrograph of thin section 150355 in transmitted, plane polarized light, showing two 

different zones. Qtz = quartz, Lm = limonite, Ser = sericite. Zone 1 is closer to a hematite vein. 

                        
Figure 41. Photomicrograph of thin section 150355 in transmitted, plane-polarized light. Qtz = quartz, Lm 

= limonite pseudomorph after pyrite or magnetite. 

Thin section 151208, arkose gneiss with sericite alteration 

Thin section 151208 is from hand sample VMVE-2015-8.1. The hand sample was 

collected from the research trench made in 2014 (Figs. 4, 7). It represents green, 

intensely sericitized arkose gneiss (Fig. 42), which is in contact with a quartz-hematite-
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pyrite veins. The hand sample contains green mica, which was thought to be fuchsite in 

the field. Based on petrographic observations and FESEM analysis, it turned out that the 

thin section consists of quartz and iron-bearing sericite mass. A very low content of 

chromium was obtained from the sericite matrix during the FESEM work. It is unlikely 

that fuchsite is present in the hand sample even though it is possible that a small amount 

might be mixed in with the sericite matrix.  

                         
Figure 42. Hand sample VMVE-2015-8.1. 

Approximately 50 vol-% of the thin section consists of sericite and muscovite, 40 vol-% 

of quartz, and 10 vol-% of hematite, rutile, and limonite. The overall grain size is fine 

grained. Eu- to subhedral quartz and sericite are mainly very fine grained (≤0.2 mm). 

Elongated muscovite grains up to 0.8 mm in length show a weak orientation. Up to 4-

mm-wide quartz veins cut the sericite quartzite (Fig. 43). Quartz is coarser (0.2–0.5 

mm) in the vein than in the host rock and occurs as eu- to subhedral grains.  

Fine-grained, elongated, up to 0.5-mm-long hematite grains are found in the quartz 

veins. Hematite occurs as clusters of multiple grains. Rutile is very fine grained (≤0.2 

mm), occurring in the quartz-sericite mass (Fig. 44). Limonite is present as tiny (0.2 

mm), cubic pseudomorph in quartz veins. Limonite has replaced completely either 

pyrite or magnetite. Microfractures are visible in quartz veins, and macroscopical 

observations suggest that quartz veins have been deformed in a ductile manner. This 

indicates that the quartz veins formed before the last deformation phase took place. 
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Figure 43. Photomicrograph of thin section 151208 in transmitted, cross polarized light. Qtz = quartz, Ms = 

muscovite, Ser = sericite. 

                                        
Figure 44. Photomicrograph of thin section 151208 in transmitted, cross polarized light. Qtz = quartz, Rt = 

rutile, Ms = muscovite. 
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4.3 Gneisses 

 

Gneisses are typical country rocks around the Mäkärä mineralization. Based on mineral 

composition, they have been metamorphosed under amphibolite facies conditions. 

Sericite alteration of gneisses is detected along quartz-hematite-sulfide veins. 

Martitization, albite, epidote and, biotite indicate propylitic alteration. The origin of 

gneisses is not always definite but probably both para- and orthogneisses occur at 

Mäkärä. 

 Thin sections 1215039 and 150352 are classified as arkose gneisses with a sedimentary 

origin. They are mainly fine grained (≤1 mm) and have typically a reddish color due to 

a high content of K-feldspar. In addition to K-feldspar, typical minerals are quartz, 

albite, titanite, epidote, rutile, biotite, amphibole, and zircon. Also, apatite, chamosite, 

carbonates, pyrite, magnetite, and REE-bearing minerals can be found.  

Thin sections 1215041 and 150356 are classified as fine- to medium-grained granite 

gneisses. Their mineral composition is similar to that of arkose gneisses excluding more 

abundant REE-bearing minerals. The protoliths of these samples are probably igneous 

rocks but they can also sedimentary. Coarse-grained pegmatite veins with granitic 

mineral composition cut gneisses in various drill holes but they were not included in the 

petrographic study. 

Thin section 1215039, arkose gneiss 

Thin section 1215039 is from the down-hole depth of 98.5 m in drill core V4342011R9 

(Fig. 4), being part of the assay interval 98.10-99.00 m. Macroscopically, the rock is a 

homogeneous, unfractured arkose gneiss, which has a red appearance due to a large 

content of K-feldspar. Dark magnetite grains are also visible in the rock. At the depth of 

96.20-96.60 m, a quartz-carbonate vein cut the arkose gneiss. There are also very thin 

(0.2 mm) carbonate-rich veins cutting the rock at depth 98.5 m from where the thin 

section was taken, even though they are not seen in Fig. 45. 
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Figure 45. Part of drill core V4342011R9. Thin section place is marked as KOH. 

Quartz comprises 30 vol-%, K-feldspar 30 vol-%, and plagioclase 20 vol-% of the thin 

section. Magnetite, ilmenite, and hematite cover 12 vol-% and the rest 8 vol-% consist 

of the following accessory minerals: titanite, chlorite, epidote, carbonate, rutile, 

amphibole, allanite, zircon, apatite, pyrite, and chalcopyrite. The overall grain size is 

fine grained (≤1 mm). 

Quartz and K-feldspar occur in a ratio close to 1:1. Quartz is fine grained (0.2-0.8 mm) 

and has rounded, anhedral grains. Subhedral quartz is also detected. K-feldspar and 

plagioclase are fine to medium grained, with the most common grain size being 

between 0.8 and 1.2 mm. They also have sharper grain boundaries than quartz and occur 

mainly as subhedral grains. 

The main opaque mineral is magnetite, which has a variable grain size: it appears as eu- 

to subhedral, 1– to 0.5-mm-sized, roundish grains. Based on microanalysis, magnetite 

has cobalt as an impurity at a level of around 1.0 wt% (Appx. 6). Ilmenite exsolutions 

occur inside magnetite (Fig. 46). The thin section also contains very fine-grained 

hematite (≤0.2 mm), which has been replaced by ilmenite quite intensively. Hematite 

has often elongated grains, occurring in the central parts of ilmenite exsolutions in 

magnetite. This could indicate that before ilmenite replaced hematite, martitization 

occurred. Hematite can also be detected associated with chlorite, carbonate and 

feldspars. 



50 
 

                                         
Figure 46.  Photomicrograph of thin section 1215039 in reflected, plane-polarized light. Ilm = ilmenite, 

Hem = hematite, Mag = magnetite. 

Accessory minerals appear mainly as large aggregates throughout the thin section (Fig. 

47). Titanite appears as light pinkish, fine-grained (0.1-0.2 mm), subhedral grains and is 

often in contact with opaque minerals. Chlorite is fine grained and has an average grain 

size of approximately 0.4 mm. It is often associated with magnetite. Fine-grained 

carbonate and rutile are detected in a close proximity to chlorite with a similar grain size 

(0.4 mm). Amphibole appears as 0.2- to 0.5-mm-sized, subhedral grains, which show a 

pleochroism of yellowish green to dark green. Zircon is very fine grained (10-30 µm) 

and is detected in titanite, allanite, and amphibole. Very fine-grained (50 µm), subhedral 

apatite is found in contact with titanite. 

     
Figure 47. Photomicrograph of thin section 1215039 in transmitted, cross-polarized light. Cb = carbonate 

mineral, Chl = chlorite, Kfs = K-feldspar, Rt = rutile, Ttn = titanite, Q = quartz, Pl = plagioclase. 
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A minor amount of roundish, fine-grained (0.2-0.05 mm), subhedral pyrite is also 

present. Euhedral pyrite occurs inside quartz, which indicates that pyrite was formed 

first. It seems that a small amount of pyrite has been replaced by magnetite. Based on 

microanalysis, pyrite may have a thallium content of 4.75 wt% (Appx. 7). Fine-grained, 

subhedral chalcopyrite with a similar grain size to that of pyrite is also present. It occurs 

in contact with carbonate and chlorite. Magnetite is often closely associated with 

sulfides. An interesting feature is that 0.1- to 0.2-mm-wide carbonate veins cut this thin 

section (Fig. 48). Fine-grained, elongated hematite grains can be observed within 

carbonate in the vein.  

      
 Figure 48.  Photomicrograph of thin section 1215039 in reflected, plane-polarized Mag = magnetite, Ilm = 

ilmenite, Py = pyrite. Hematite occurs in the central parts of elongated ilmenite grains. 

Thin section 150352, arkose gneiss 

Thin section 150352 is from the down-hole depth of 49.95 m in drill core V4342011R7 

(Fig. 4), representing the assay interval 49.40-50.65 m. Macroscopically, the rock has a 

reddish light color due to an abundant K-feldspar content. Magnetite can also be 

observed in the drill core. The rock is fractured and core loss is intense in the drill core 

in general. A 0.7-cm-wide quartz vein cuts the drill core, as shown in Fig. 49. 
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Figure 49. Sample from drill core V4342011R7. Depth 49.95 m. 

Approximately 45 vol-% of the thin section consists of quartz, 30 vol-% of K-feldspar, 

and 20 vol-% of plagioclase (Fig. 50). The rest 5 vol-% consist of the following 

accessory minerals: biotite, magnetite, hematite, titanite, rutile, chlorite, and possibly 

allanite. The overall grain size is fine grained (≤1 mm), excluding the quartz vein, 

which is medium- to coarse grained. 

Quartz appears as roundish, sub- to anhedral, fine-grained (0.4-1 mm) grains with 

undulose extinction. This is a typical feature for arkose gneisses at Mäkärä. There is 

also an approximately 7-mm-wide vein cutting the thin section and consisting mainly of 

medium- to coarse-grained quartz. Quartz has an average grain size of 2.5 mm in the 

vein but up to 5-mm-sized grains can be found. The vein has a granoblastic texture as 

grain triple junctions with approximately 120 degrees are common. Quartz seems to 

have a cloudier appearance in the vein than in its host rock. K-feldspar occurs typically 

as less than 1-mm-sized grains, which appear to be less rounded compared to quartz. 

Elongated K-feldspar is present in the quartz vein with a more or less parallel 

orientation to that of the vein. Cross-hatched twinning is often visible in K-feldspar. 

Plagioclase has an average grain size of 0.5 mm. It has a less rounded appearance than 

quartz and a minor amount of plagioclase also occurs in the quartz vein.  
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Figure 50. Photomicrograph of thin section 150352 in transmitted, cross-polarized light. Pl = plagioclase, 

Q = quartz, Kfs = K-feldspar, Bt = biotite. 

Biotite is very fine grained (≤0.2 mm) and without a distinct orientation. Magnetite is 

euhedral and very fine grained (0.5-0.1 mm). It is martitized to a varying degree. Very 

fine-grained hematite occurs mainly within magnetite. In some cases, hematite has 

replaced magnetite completely and occurs as cubic pseudomorphs. Elongated hematite 

occurs at the margins of quartz or K-feldspar. Hematite is often in contact with biotite. 

Titanite is very fine grained (≤0.3 mm) and sub- to euhedral. 

Thin section 1215041, granite gneiss 

Thin section 1215041 is from drill core V4342011R11 (Fig. 4), from assay interval 

5.10-7.10 meters and from down-hole depth of 6.95 meters. The rock is relatively 

unfractured and homogeneous apart from pegmatite veins, which cut the rock. 

Macroscopically, the drill core is reddish dark grey and contains abundant magnetite 

(Fig. 51). 

        
 Figure 51. Part of drill core V4342011R11. Thin section place is marked as KOH. 
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Quartz comprises approximately 30 vol-%, plagioclase 30 vol-%, K-feldspar 20 vol-%, 

and magnetite 5 vol-% of the thin section. The rest 15 vol-% consist of accessory 

minerals, which are biotite, amphibole, titanite, rutile, ilmenite, hematite, allanite, 

epidote, zircon, carbonate, pyrite, and chalcopyrite. The overall grain size is fine to 

medium grained.  

Quartz is mainly subhedral and medium grained with an average grain size of 1.5 mm 

and a maximum size of 3 mm. In addition, 0.2-mm-sized, rounded quartz grains occur 

in plagioclase. Quartz is less cloudy and rounded compared to the quartz in arkose 

gneiss of thin sections 1215039 and 150352. Plagioclase is mainly subhedral and has an 

average grain size of 1 mm, but there is variation from less than 0.5 mm to up to 2 mm. 

K-feldspar is mainly fine grained (≤ 1 mm) and shows a cloudy appearance. Cross-

hatched twinning can be observed in many grains (Fig. 52). 

Fine-grained magnetite occurs detected as separate up to 1-mm-sized, eu- to subhedral 

grains. Based on microanalysis, magnetite contains cobalt as an impurity (Appx. 6). 

Magnetite also forms clusters of small (0.1 mm), roundish grains. Martitization has also 

taken place, resulting in magnetite replacement by bluish hematite. Magnetite seems to 

be closely associated with amphibole, biotite, rutile, and titanite. Biotite is fine grained 

(≤1 mm), slightly elongated and anhedral without a distinct orientation.  The thin 

section contains dark green, slightly pleochroic mineral that is probably amphibole. It is 

fine grained (≤1 mm) and anhedral and occurs mainly in contact with magnetite. 

Typical 120-degree cleavage can be rarely observed in the amphibole. Based on 

microanalysis, amphibole is probably potassic ferrisadanagaite. Biotitization of 

amphibole can be detected. Titanite is very fine grained (≤0.2 mm) and euhedral. 

Titanite contains yttrium (Appx. 10). Rutile and allanite are very fine grained (≤0.2 mm) 

and they are detected in a close proximity to magnetite, titanite, and epidote (Figs. 53, 

54). A chemical composition of allanite is presented in Appendix 9. Ilmenite occurs as 

lamellar exsolutions in magnetite. Epidote is very fine grained (≤0.3 mm) and anhedral. 

Carbonate is mainly very fine grained (≤ 25 µm) and sub- to euhedral. It is close 

associated with quartz and magnetite. Based on microanalysis, carbonate is calcite. 
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Figure 52. Photomicrograph of thin section 1215041 in transmitted, cross-polarized light. Qtz = quartz, Kfs 

= K-feldspar, Cb = carbonate, Ep = epidote, Plg = plagioclase. Opaque minerals are mostly magnetite. 
Very fine-grained chlorite is associated with epidote and magnetite. 

There are also very fine-grained pyrite and an iron-, zinc-, copper-, silica-bearing 

heterogeneous mixture associated with martitized magnetite. A microanalysis indicates 

that it can contains up to 20.6 wt% of zinc.  Hematite, which contains cobalt and 

copper, is found in contact with the heterogenous mixture (Fig. 55, Appx. 5). Veins, 

which have a similar composition to that of impure hematite with an addition to 5 wt% 

of lead, cut pyrite grains.  

In addition to allanite, other REE-bearing minerals were detected. The thin section 

contains very fine-grained (≤20 µm), elongated Ce-rich silicate (22.5 wt% of Ce) in 

contact with titanite. Based on microanalysis, it could be polyakovite or vastmanlandite. 

Also yttrium-ytterbium-rich and Ce-rich exsolution lamellae were detected in allanite. A 

microanalysis of a Ce-rich lamellae is presented in Appendix 16. 
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Figure 53. Photomicrograph of thin section 1215041 in transmitted, plane-polarized light. Ep = epidote, 

Qtz = quartz, Lm = limonite, Zrn = zircon, Mag = magnetite, Cb = carbonate, Ttn = titanite, Aln = allanite. 

           
Figure 54. Photomicrograph of thin section 1215041 in transmitted, plane-polarized light. K-Fe-Sdg = 

potassic ferrisadanagaite, Aln = allanite, Ttn = titanite, Qtz = quartz. 
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Figure 55. Photomicrograph of thin section 1215041 in reflected, plane-polarized light. Py = pyrite, Kfs = 

K-feldspar, He = hematite, Mag = magnetite. Brownish color of pyrite is because there are leftovers of 
graphite coating on the thin section. 

 

Thin section 150356, martitized magnetite granite gneiss 

Thin section 150356 is from the down-hole depth of 47.25 m in drill core 

V4342010R318 (Fig. 4), representing an assay interval of 46.60-49.70 m. The rock type 

is a felsic gneiss. Based on drill core observations, it is 7.4 meters away from two 10-

cm-thick hematite veins. Greenish grey sericite quartzite, which forms proximal 

alteration zones around hematite veins, may be a more intensely altered version of this 

kind of gneiss. Core loss is intense and the rock seems to be located in a fracture zone. 

Macroscopically, the gneiss is heterogeneous due to the presence of feldspar-rich 

reddish and amphibolite-rich dark layers. The grain size varies from fine grained to 

medium grained. The drill core contains abundant macroscopically visible martitized 

magnetite (Fig. 56). 



58 
 

 
Figure 56. Sample from drill core V4342010R318. Depth 47.25 m. 

K-feldspar comprises 40 vol-%, quartz 30 vol-%, plagioclase 10 vol-%, biotite 6 vol-% 

and, magnetite 5 vol-% of the thin section. The rest 9 vol-% of the thin section consists 

of accessory rutile, epidote, ilmenite, hematite, titanite, limonite, chlorite, and allanite. 

The overall grain size is fine- to medium grained (Fig. 57). 

K-feldspar is the most abundant mineral and comprises 40 vol-% of the thin section. 

Due to a high K-feldspar content, the core sample has a reddish color. Perthite lamellas 

are often visible. K-feldspar has two dominant grain sizes, with one being medium 

grained (2-3 mm) and the other fine grained (1-0.8 mm). K-feldspar has a cloudy 

appearance and is partly epidotized. Quartz has a bidominal grain size distribution, with 

the dominant grain sizes being 0.5 mm and 1-2 mm. Microfractures are present in all 

quartz grains, which could indicate brittle deformation. Plagioclase is mainly fine 

grained (0.8-1 mm) and altered most intensively. The alteration minerals include very 

fine-grained sericite and probably epidote. Plagioclase is often in contact with fine-

grained (≤0.8 mm) biotite with a clear orientation if found in the thin section. Dark 

brown limonite with a reddish tint occurs in biotite. 
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Figure 57. Photomicrograph of thin section 150356 in transmitted, cross-polarized light. Kfs = K-feldspar, 

Bt = biotite, Plg = plagioclase, Mag = magnetite, Qtz = quartz. 

The main opaque mineral is magnetite, which is distributed all around the thin section 

as 0.5- to 1.2-mm-sized, euhedral grains. Magnetite is martitized, which is manifested 

as a net-texture formed by bluish light grey hematite (Fig. 58). The magnetite grains 

have abundant fractures and cavities and it seems that hematite is in contact with these 

structural elements. Ilmenite bands can be detected in magnetite. It seems that hematite 

has been formed between magnetite and ilmenite grains. Brownish yellow rutile is very 

fine grained (≤0.2 mm) and subhedral. It occurs in contact with biotite, epidote, and 

titanite. Epidote is eu- to anhedral and mainly very fine grained (≤0.2 mm). 

            
Figure 58. Photomicrograph of thin section 150356 in reflected, plane polarized light. Mag = magnetite, Ilm 

= ilmenite. If looked closely, bluish light grey hematite forms a net texture near fractures and cavities in 
magnetite. 
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4.4 Amphibolites 

 

Amphibolites are a common country rock type around the Mäkärä mineralization. They 

have a greenish dark color and mainly fine- to medium-grained grain size. Layering 

visible in amphibolites is due to variations in grain size. The dominant amphibole in the 

amphibolites is iron-rich ferrohornblende. Garnet grains can also be found. Based on 

microanalysis, they are almandine. Together with the sedimentary rocks, the 

amphibolites have been metamorphosed in amphibolite facies. The gold content in 

amphibolites is low.  

 

Thin section 150361, amphibolite 

Thin section 150361 is from drill core V4342010R320 (Fig. 4) and from the down-hole 

depth of 35.10 meters. The assay interval is 34.60- 36.60 m. The rock represents a 

medium- to fine-grained amphibolite sequence, which is 15 meters thick in this drill 

core. Amphibolite is unfractured and has a greenish dark color (Fig. 59). Small amounts 

of white and more felsic veins and bands can also be observed in the drill core. The gold 

content is slightly elevated (32.8 ppb) in the assay interval. 

 

Figure 59. Sample from drill core V4342010R320. Depth 35.10 m. 
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Approximately 80 vol-% of the thin section consists of amphibole. 10 vol-% is 

composed of plagioclase, 5 vol-% of garnet and the rest 5 vol-% of chlorite, ilmenite, 

epidote, biotite, sericite, hematite, and chalcopyrite. The overall grain size is medium 

grained.  

Amphibole is mainly subhedral and has an average grain size of 1.2 mm. It shows a 

strong pleochroism: the color changes from brownish green to green or from green to 

pale yellowish brown. Amphibole is probably hornblende. Plagioclase is detected as 

fine-grained (0.8–1.0 mm) and roundish subhedral grains. It displays clear polysynthetic 

twinning. Plagioclase is partly sericitized. The grain size of garnet varies from fine 

grained (0.1 mm) to coarse grained (3.5 mm). The garnet grains are intensely fractured 

(Fig. 60). A greenish accessory mineral, which is probably chlorite, can be found. It is 

often in contact with garnet and sometimes fills fractures in garnet grains. Ilmenite is 

the most common opaque mineral. It is fine grained (0.2–0.8 mm), often elongated and 

eu- to subhedral and has hematite exsolution lamellas. Ilmenite occurs as inclusions in 

garnet and amphibole. Epidote is fine grained (≤1 mm) and eu- to anhedral. It occurs in 

contact with chlorite and plagioclase. A minor amount of biotite is associated with 

fractures in garnets. Minor isotropic martitized magnetite can also be found in 

amphibole and plagioclase (Fig. 61). Chalcopyrite occurs in trace amounts in the thin 

section.  

                 
Figure 60. Photomicrograph of thin section 150361 in transmitted, plane-polarized light. Grt = garnet, Chl 
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= chlorite. Bt = biotite, Am = amphibole.

              
    Figure 61. Photomicrograph of thin section 150361 in reflected, plane-polarized light. Mag = magnetite, 

Ilm = ilmenite. Hematite can be detected as light-colored exsolution lamellas in magnetite. There are also 

hematite lamellas in ilmenite but they are too thin to be distinguished in this photomicrograph. 

 

Thin section 1215034, amphibolite with propylitic alteration 

Thin section 1215034 is from drill core V4342011R6 (Fig. 4) and from the down-hole 

depth of 236.25 meters.  The assay interval is 234.95-237.00 meters. The rock is dark, 

unfractured, and homogeneous (Fig. 62). There are light greenish grey areas, which are 

likely caused by chlorite- and/or sericite alteration of the rock. Gold was not assayed 

from the core sample but this rock was chosen for the thesis as the representative of an 

amphibole-rich rock type which occurs frequently in the deeper parts of the Mäkärä 

mineralization.  

 
Figure 62. Part of drill core V4342011R6. Thin section place is marked as KOH. 
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Approximately 45 vol-% of the thin section consists of quartz, plagioclase, and 

probably K-feldspar and 40 vol-% consists of biotite and amphibole (Fig. 63). Around 4 

vol-% consist of opaque oxide minerals, ilmenite, magnetite, and hematite. Pyrite and 

chalcopyrite occupy 3 vol-% of the thin section and the rest 8 vol-% consists of chlorite, 

epidote, garnet, and zircon. The overall grain size is fine grained (≤1 mm). 

Quartz is mainly fine grained (≤1 mm) but grains up to 2 mm in size can be found. 

Plagioclase is fine grained (≤1 mm), and albite twinning can be detected clearly in most 

grains. Plagioclase has also been partly altered to very fine-grained minerals, which are 

probably sericite and epidote. The thin section contains fine-grained (≤1 mm), intensely 

sericitized grains that could be K-feldspar as albite twinning cannot be detected and 

plagioclase is often relatively unaltered. K-feldspar is also replaced by epidote and 

chlorite.  

Biotite and amphibole are fine grained with an average grain size of 0.5 mm. Biotite 

shows a pleochroism that alters between dark brown and brownish yellow. Elongated 

biotite grains have a clear orientation in the thin section. The pleochroism of amphibole 

ranges between dark green and brownish yellow.  

Ilmenite is the most abundant opaque mineral. It is fine grained (≤0.5 mm) and an- to 

euhedral. Ilmenite is often elongated and a weak orientation similar to that of biotite is 

observed. It is likely that deformation has caused stretching in the rock. Magnetite is 

fine grained (≤0.5 mm), sub- to euhedral, and martitized. Bluesh white hematite occurs 

mainly as exsolution lamellas in ilmenite and magnetite, as illustrated in Fig. 64. Pyrite 

and chalcopyrite occur as fine-grained (≤0.5 mm), an- to euhedral grains. 

There is also moderate chloritization of amphibole in the thin section. Chlorite is fine 

grained (≤1mm) and often found at grain boundaries of amphibole. Amphibole is 

altered to epidote in many cases. Epidote occurs as fine-grained (≤1 mm), granular 

aggregates with cloudy rims, which are closely associated with chlorite and amphibole. 

It displays a pleochroism that alters between pale yellow and pale green, suggesting that 

it has a high iron content.  The presence of chlorite and epidote indicates effects of 

propylitic alteration. In addition, accessory garnet is observed throughout the thin 

section, with the largest grains being 1 mm in size. Garnet seems to have started to 

decompose to lower-pressure minerals and is often full of cavities. Chlorite and quartz 

seem to replace garnet, with euhedral garnet being no more present. A very fine-grained 
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(≤0.2 mm) mineral with a dark brown halo was observed in amphibole. It is probably 

radioactive and could be zircon.  

                     
 Figure 63. Photomicrograph of thin section 1215034 in transmitted, plane polarized light. Am = 

amphibole, Grt = garnet, Pl = plagioclase, Qtz = quartz, Kfs = K-feldspar, Bt = biotite, Chl = chlorite. 

         
 Figure 64. Photomicrograph of thin section 1215034 in reflected, plane polarized light. Ccp = chalcopyrite, 

Py = pyrite, Ilm = ilmenite, Hem = hematite. 

 

4.5 Mafic plutonic rocks 

 

Minor olivine- and pyroxene-rich plutonic rocks can be found in the vicinity of the 

Mäkärä mineralization. Serpentinization and chloritization are present in these rocks. In 
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addition, chlorite- and talc-rich rocks have been found in the Mäkärä drill cores. They 

are probably related to the komatiites that occur 5 km SE of Mäkärä (Härkonen, 1987). 

Thin section 151204, serpentinized magnetite gabbronorite 

Thin section 151204 is from hand sample VMVE-2015-1.1. The sample represents a 

mafic gabbronorite which occurs ca. 30 m to the Mäkärä quartz-hematite veins. It was 

collected from a research trench that was made in 2015 (Fig. 4). Macroscopically, the 

hand sample is greenish dark grey and euhedral olivine grains are observed in it (Fig. 

65). 

               
   Figure 65. Hand sample VMVE-2015-1.1 

Olivine comprises 50 vol-%, pyroxene 15 vol-%, and plagioclase 15 vol-% of the thin 

section. The rest 20 vol-% consists of chlorite, sericite, serpentine, magnetite, biotite. 

and pyrite. The overall grain size is fine grained (≤1 mm). 

The grain size of olivine ranges between 0.5 and 1.5 mm. It is euhedral but is commonly 

partly serpentinized, though unaltered olivine grains are also present. In addition to 

serpentine, olivine contains fine-grained secondary magnetite (Fig. 66), especially in 

randomly oriented cracks in olivine grains. Pyroxene is fine grained (0.2-1.0 mm), eu- 

to subhedral and is altered partly to amphibole. It seems that most of the pyroxene is 

clinopyroxene accompanied with minor orthopyroxene. Plagioclase is fine grained (0.2-

1.0 mm) and partly altered to very fine-grained sericite.  
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Greenish chlorite is fine grained (≤1 mm) and anhedral. It is often in contact with 

plagioclase. There is also a 2-mm-wide chlorite-bearing vein cutting the thin section. 

Part of the vein is presented in Fig. 67. 

Biotite is very fine grained (≤0.8 mm) and anhedral without a preferred orientation. 

Elongated biotite is rare. Very fine-grained (≤0.05 mm), euhedral pyrite is found in 

sericite and chlorite. The thin section contains trace amount of subhedral pinkish very 

fine grained (≤0.1 mm) sulfide that is probably pyrrhotite. Pyrrhotite is in contact with 

magnetite.  

                                                
Figure 66. Photomicrograph of thin section 151204 in transmitted, cross-polarized light. Bt = biotite, Ol = 

olivine, Plg = plagioclase, Px = pyroxene. 

                                                         
Figure 67. Photomicrograph of thin section 151204 in transmitted, plane polarized light. Plg = plagioclase, 

Chl = chlorite, Ol= olivine 
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4.6 Gold at Mäkärä 

 

Microscopic metallic gold is detected in limonite (Ollila, 1976) and pyrite. Gold is 

situated in small fractures (Fig. 68) or at the edges of cavities (Fig. 16) in pyrite. 

Limonite has mainly been formed by limonitization of pyrite. The intensity of 

limonitization increases towards the surface. During the petrographic research 

performed by the author, gold was detected between a cavity and limonite (Fig. 12). It is 

likely that during limonitization, part of the gold was liberated from pyrite. Based on 

gold analyses of GTK, most gold grains are ≤20 µm in size. 

 
Figure 68. Photomicrographs of a quartz-pyrite-gold vein in reflected, plane polarized light. Qtz = quartz, 

Py = pyrite, Au = gold. Gold is located in cracks in pyrite. 
 

In 2014, gold was detected in hematite-rich saprolite after panning. In 2016, GTK 

processed till and saprolite samples from the research area with a Knelson concentrator 

and micropanning. A high content of metallic microscopic gold was discovered. Part of 

gold grains from till sample JOV$-2015-21 are shown in Fig. 69. The location of this 

sample is shown in the lithological map (Fig. 4). 

 
Figure 69. Gold grains from till sample (volume = 1 l) JOV$-2015-21. The sample was processed with a 

Knelson concentrator and micropanning. In total, 38 gold grains were detected, with the largest being 155 

µm in size. 
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5. Geochemistry 

 

5.1 Variation diagrams 

 

One of the questions investigated in this work is the possible correlation between gold 

and major/minor elements.  To approach this problem, variation diagrams were 

compiled using geochemical data from hand samples, research trenches and drill cores.  

 

Figure 70 shows Au and Fe2O3tot contents separately for hand samples, drill cores and 

research trenches. There is no correlation between Au and Fe2O3 in hand samples (Fig. 

70a). The samples from the quartz-hematite-pyrite-Au veins can be divided into two 

groups: one with hematite as the dominant phase and the other consisting mainly of 

quartz and pyrite. Both groups can contain ≥1000 ppb Au. Sericite quartzites contain 

≤10 wt% Fe2O3 while the Au content is between 5–1000 ppb. Only nine hand samples 

were assayed and hence confident interpretations cannot be made. 

 

From the 2010 and 2011 drilling data, only samples with >5 ppb Au were used in the 

Fe2O3 vs. Au diagram (Fig. 70b). Gold and Fe2O3 have a similar relationship in quartz-

hematite-pyrite-Au vein sample and saprolite drill core samples as in hand samples: 

Fe2O3-rich (≥30 wt%) and Fe2O3-poor (≤30 wt%) groups appear in the diagram. The 

Au content in the Fe2O3-rich group is in the range of 80-7960 ppb and in Fe2O3-poor 

group between 101 and 5230 ppb. Sericite quartzites, amphibolites, and gneisses 

contain ≤30 wt% Fe2O3, excluding one sericite quartzite sample. Sericite quartzites 

contain 26-998 ppb Au, amphibolites 5-201 ppb Au and gneisses 5-530 ppb Au. They 

show less variation in comparison to the vein rocks and saprolite. Two carbonate-

bearing felsic vein rock samples with minor sulfide have a slightly elevated Au content 

of 6.3-6.7 ppb and a low Fe2O3 content of 9.1-17.3 wt%. Invariably, in all plotted and 

unplotted samples, the Au content is above the detection limit (5 ppb) if Fe2O3 ≥23.9 

wt%. 

 

The ICP-OES and ICP-AES data from the sampling lines in the research trenches are 

most comprehensive in terms of the number of analyses (Fig. 70c). When the data are 

plotted in a Fe2O3 vs. Au diagram, a curve-shaped pattern appears. A positive 

correlation between Au and Fe2O3 is distinct: if the Fe2O3 content is ≥21 wt%, the Au 
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content is invariably ≥260 ppb. On the other hand, samples with Fe2O3 less than 21 

wt% can contain ≥1000 ppb Au. 
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Figure 70. Fe2O3tot vs. Au diagrams for (A) hand samples (A), drill cores (B) and saprolite samples in 

research trenches (C). Fe2O3 was analyzed with the XRF method from hand samples. Fe was assayed 

with the ICP-AES technique from drill cores and the ICP-OES technique from saprolite in research 
trenches. Au was assayed with the fire-assay pre-concentration and ICP-AES technique from all samples. 

 

Geochemical data from hand samples, drill cores and research trenches were used to 

examine the relationship of Au and S (Figs. 71a, b, c). Two hand samples from a quartz-

hematite-pyrite-Au vein have elevated S contents of ≥2.0 wt% and Au concentrations of 

119-3860 ppb. The rest four samples have low S contents of 0.007-0.015 wt% and Au 

concentrations of 1.94-13200 ppb (Fig. 71a). Sericite quartzites plot near the low-S vein 

rocks. They contain 54-928 ppb Au and 0.009-0.010 wt% S. In the case of vein rocks, S 

and Au show a positive correlation. In sericite quartzites, the Au content varies 

independently from the S content. Hand samples were collected close to the surface and 

therefore it is probable that limonitization and erosion of sulfides have decreased their S 

content. The number of samples is also low and hence it is not meaningful to make 

profound interpretations. 

From the 2010 and 2011 drilling data, only samples with >5 ppb Au and >0.01 wt% S 

were used in the S vs. Au diagram (Fig. 71b). The quartz-hematite-pyrite-Au vein rock 
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sample with the highest S content of 5.34 wt% has also a high Au content of 5230 ppb. 

However, no distinct positive correlation between Au and S is seen. Amphibolites, 

felsic vein rocks and arkose and granite gneisses do not show any positive correlation. 

Many unplotted samples with an elevated Au content (Au ≥100 ppb) have a S content 

below the detection limit and this may be linked to limonitization and weathering. 

Interestingly, not a single sericite quartzite sample has sufficiently Au and S to be 

included in the plots. 

From the 2014 and 2015 research trench samples, only those with >10 ppb Au and >20 

ppm S were used (Fig. 71c). Saprolite samples show a positive correlation between Au 

and S. Due to limonitization and intense weathering, the S content is very low of ≤250 

ppm in the samples.  
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Figure 71. S vs. Au diagrams for hand samples (A), drill cores (B) and saprolite samples in research 

trenches (C). Sulfur was assayed with the XRF technique from hand samples, ICP-AES technique from 
drill cores and ICP-OES technique from research trench saprolite samples. Au was assayed with the fire-
assay pre-concentration and ICP-AES technique from all samples. 
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Correlation between Au and trace elements Ag, Bi, Te, and W were investigated from 

research trench saprolite data (Figs. 72a, b, c, d). Only samples with >5 ppb Au and Te, 

>10 ppb Ag and Bi, and >50 ppb W were plotted in the diagrams. All mentioned trace 

elements show a positive correlation with Au. The correlation is most distinct for Au 

and Ag (Fig. 72a). The Au-Te and Au-Bi diagrams (Fig. 72b, c) show evidence for two 

trends, which are more or less distinct. The Au-W diagram (Fig. 72d) has the most 

scattered data but a positive correlation is still evident. These results correspond to those 

of Hulkki and Peltoniemi-Taivalkoski (2013), though they did not analyze Ag and W. 

 

 
Figure 72. Diagrams of Au vs. Ag (A), Au vs. Bi (B), Au vs. Te (C), and Au vs. W (D) for saprolite samples 

picked from the 2014 and 2015 research trenches. Gold and W were assayed with the ICP-AES technique 
and Ag, Bi and Te with the ICP-MS technique. 
 

Based on FESEM work, gold grains contain up to 5.50 wt% of Ag and 2.26 wt% of Fe 

(Appx. 4) while other trace elements were not detected.  
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Hulkki and Taivalkoski-Peltoniemi (2013) suggest that As and Se are not related to gold 

at Mäkärä. The Au vs. As and Au vs. Se diagrams of the research trench sampling data 

(Figs. 73a, b) support this hypothesis as no clear positive correlations are visible. Only 

samples with >5 ppb Au were plotted in the diagrams. All samples have As and Se 

contents above the detection limit (0.05 ppm). 

 
Figure 73. Logarithmic Au vs. As (A) and Au vs. Se (B) diagrams for saprolite samples from the 2014 and 

2015 research trenches. Gold ws assayed with the ICP-AES technique and As and Se with the ICP-MS 
technique. 
 
 

 

5.2 FESEM work 

 

Chemical analyses by FESEM were made on the following minerals: gold, hematite, 

magnetite, pyrite, rutile, allanite, ferro-hornblende, almandine, titanite, zircon, 

xenotime, chalcopyrite, monazite, hellandite, and muscovite. For each mineral, only 

elements that have concentrations of ≥0.1 wt% in at least one analysis are discussed 

here. 

Gold was difficult to locate in the samples and hence only two microanalyses were 

made. Gold contains 88.1-89.8 wt% Au, 3.68-5.50 wt% Ag and 0.74-2.25 wt% Fe 

(Appx. 4).  

Hematite contains 53.2-69.7 wt% Fe and 0.99-1.15 wt% Co (Appx. 5). Also 0.19 wt% 

S, 0.15-1.33 wt% Si, 0.14 wt% Ca, 1.76 wt% Cu, 1.02 wt% Zn and 0.72 wt% Pb were 

measured in part of the analyses. 
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Magnetite contains 61.5-68.4 wt% Fe and 0.85-1.26 wt% Co (Appx. 6). Also 0.14-0.17 

wt% Si and 0.17 wt% Ti were detected in part of the analyses. 

Pyrite yielded interesting FESEM results as Tl was detected (Appx. 7). The Tl content 

is between 3.56 and 4.69 wt%. The S content ranges between 47.4 and 50.5 wt% and Fe 

content between 41.0 and 42.4 wt%. Also 0.58 wt% Co was detected in an individual 

analysis.  

The Ti content of rutile varies between 59.7-62.2 wt%. Rutile also contains 0.46-0.96 

wt% of Fe and 0.44-1.49 wt% of Si and additionally trace amonts of Al, Cl, K and Ca 

(Appx. 8).  

Microanalyses of allanite have a poor quality: total-% is between 59.6-84.12-% (Appx. 

9). Allanite contains 3.29-5.49 wt% Al, 4.81-6.32 wt% Ca, 3.96-6.90 wt% Ce, 0.95-

1.43 wt% Ti, 6.73-9.56 wt% Fe, 0.38-0.57 wt% Ag and 1.70-2.52 wt% Nd. Also 0.30-

0.32 wt% Na, 0.22 wt% Cl, 0.60 wt% Mn, 0.54-0.68 wt% Y, 0.67-0.81 wt% Pr and 

0.52-0.62 wt% Ir were detected in part of the analyses.  

The Ti content in titanite ranges between 16.4-20.9 wt%. It contains 0.86-1.82 wt% of 

F, 0.97-2.93 wt% of Fe and 0.58-1.86 wt% of Y if detected. (Appx. 10). 

Amphibole occurring in arkose- and granite gneisses contains 21.3-24.1 wt% of Fe 

(Appx. 11). Based on this microanalysis, amphibole is probably Fe-rich ferro-

hornblende. It contains 0.70-1.65 wt% Na, 1.07-1.50 wt% of K, 0.67-1.29 wt% Mn, 

0.13-0.90 wt% Cl, 0.46-0.70 wt% Ti and 0.41-0.43 wt% Co. In addition, 0.54 wt% Tb 

and 0.37 wt% Tl were detected in individual separated analyses.  

Garnet occurring in amphibolites contains 18.9-21.9 wt% Fe (Appx. 12). Based on 

microanalysis and macroscopic observations, garnet is probably Fe-poor almandine. It 

also contains 1.97-6.93 wt% Mg, 1.54-2.91 wt% Ca and 1.22-2.04 wt% Mn. Chlorite is 

observed in fractures in garnets and it could explain why Mg was detected. 

All xenotime are rich in Y rich and the Y content varies between 28.9-33.5 wt% and the 

P content between 13.0-15.2 wt% (Appx. 13). In addition to Y and P, xenotime can 

contain other elements with wide-scale. Gadmium (1.78-4.09 wt%) and Dy (3.94-6.83 

wt%) were detected in all analyses. Xenotime contains 0.64-5.54 wt% Fe, 0.73-3.50 
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wt% Ho, 2.16-4.82 wt% Er, 0.28-0.34 wt% Lu and 1.81-4.12 wt% Yb if detected. In 

addition, 0.29 wt% S was detected in individual micro analyzes.  

Only one chalcopyrite grain was analyzed (Appx. 14). It contains 33.0 wt% S, 29.2 wt% 

Fe and 35.4 wt% Cu (Appx. 14). 

The Zr content in the analyzed zircon grains ranges between 40.4 and 49.9 wt% (Appx. 

15). In addition, 1.04 wt% Na, 0.96 wt% P, 1.10 wt% Cl, 1.75 wt% Ti, 0.52 wt% Fe, 

and 0.91 wt% Hf were measured in individual microanalyses. 

All monazites are rich in Ce, with the Ce content varying between 22.1 and 26.7 wt% 

(Appx. 17). The P content is between 11.6-12.6 wt%, La content between 8.57-13.9 

wt% and Nd content between 9.95-14.6 wt%. Thorium was not detected. Monazite 

contains Pr (1.79-2.95 wt%) in all microanalyses. Also 0.18-0.30 wt% S, 0.17-0.39 wt% 

Ca, 1.31-3.76 wt% Sm, 1.07-2.05 wt% Gd, 0.62 wt% Fe, 0.62 wt% Mo and 1.27 wt% 

Eu are detected in part of the microanalyses.  

 One microanalysis was made of an Y- and Yb-rich silicate that is probably a 

borosilicate mineral called hellandite. It contains 4.82 wt% B, 11.00 wt% Si, 8.16 wt% 

Ca, 0.94 wt% Ti, 5.38 wt% Fe, 11.07 wt% Y, 1.66 wt% Er, 5.63 wt% Yb and 1.76 wt% 

Lu (Appx. 18). 

A green mineral was analyzed from sample 140876 and based on microanalysis, it is 

Fe- and Cr-bearing muscovite (Appx. 19). Muscovite contains 0.13-0.23 wt% Na, 0.85-

1.16 wt% Mg, 13.7-16.0 wt% Al, 21.8-21.9 wt% Si, 8.72 wt% K and 3.24-3.25 wt% Fe. 

0.31 wt% Ti, 2.11 wt% Cr and 0.59 wt% Pr were detected in part of the microanalyses. 

 

6. Discussion 

 

The following petrographic observations give some hints to the formation model of the 

Mäkärä mineralization. In sample 140872, two quartz generations were identified and 

hematite is mainly associated with the younger one (Fig. 24). This observation suggests 

that hematite-bearing veins at Mäkärä were preceded by the formation of more silica-

rich veins. In sample 140874, abundant microfractures and bulging grain boundaries in 
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quartz were detected indicating brittle deformation. On the other hand, irregular 

morphology of the veins at Mäkärä suggests more ductile deformation. Different rock 

types may have behaved differently in single deformation event and/or the 

mineralization has undergone multiple deformation events. In Fig. 68, gold occurs in 

late fractures cutting pyrite. This indicates that a brittle deformation event and/or vein 

recrystallization happened before possible remobilization of gold.  

Multiple alteration types were recognized during the petrographic research. Sericite 

alteration around the quartz-hematite-magnetite-sulfide-Au veins is distinct (Figs. 31a, 

37). Considerable chlorite and carbonate alteration were observed in sample 150364 in a 

hematite-pyrite-quartz vein (Fig. 27). Albitization of plagioclase (Ollila, 1976) and an 

increase of the amounts of chlorite and epidote in granite gneisses indicate propylitic 

alteration. Both martitization (Fig. 58) and reduction of hematite to magnetite (Fig. 30) 

are observed. Considerable limonitization and partial dissolution of pyrite (Fig. 12) has 

significantly lowered the original S content of the ore veins. The original sulfide content 

has been locally relatively high. As shown in Fig. 20, preceding limonitization, sulfide 

had a net texture.   

FESEM work gave new information on the composition of various minerals. In both 

gold FESEM analyses, Au is accompanied with Ag (Appx. 4) Correlation between Au 

and Ag can also be observed in whole-rock compositions (Fig. 72a). Ag/Au ratio in 

FESEM analyzes is 0.05 and in research trench saprolite samples ca. 0.275. Cobalt is a 

common constituent of pyrite, hematite and, magnetite (Appendices 5, 6, 7). On the 

other hand, SEM study carried out by Al-Ani (2012) did not detect Co in the analyzed 

magnetite grains from arkose gneisses. Also thallium content of pyrite is surprisingly 

high. Thallium-bearing pyrite at Mäkärä was detected in limonitized quartz-pyrite veins 

and martitized gneisses, both representing oxidized environments. 

The rare earth element minerals that were identified in the petrographic research and 

FESEM work are allanite, xenotime, zircon, monazite, and possibly Y-rich hellandite. 

These minerals correspond well with those identified by Al-Ani (2012) in his SEM 

study, although he did not identify hellandite. Al-Ani reported an occurrence of two 

types of allanite: allanite-(Ce) with ≤10 wt% Ce and small amounts of La and Nd and 

allanite-(Y) with ca. 30 wt% Y and low contents of La and Nd. Mainly allanite-(Ce) 

with 3.96-6.90 wt% Ce, 2.12-2.82 wt% La and 1.70-2.52 wt% Nd was detected by 
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FESEM in this work (Appx. 9). Interestingly, allanite reported by Al-Ani can be 

detected filling fissures or veins within K-feldpar or albite. A similar situation is in Fig. 

53 where allanite fills fissures in quartz. Contrary to this work, Al-Ani and Sarapää 

(2010) detected Nb-rich columbite and euxenite in arkose gneisses of the Mäkärä area. 

Distinct correlations between Au and elements Ag, Bi, Fe, Te and W are demonstrated 

in variation diagrams (Figs. 70, 72). The observed metal combination gives clues to the 

genesis and classification of the Mäkärä mineralization while these metals could also 

prove useful tracers for in later exploration projects. Hulkki and Peltoniemi-Taivalkoski 

(2013) measured anomalous As contents in saprolite and till samples from Mäkärä. 

However, gold does not show a positive correlation with As and Se in the saprolite 

samples in this work (Fig. 73). Gold is hosted by pyrite at Mäkärä (Fig. 68) but it 

proved difficult to demonstrate correlation between sulfur and gold (Fig. 71) due to 

limonitization.  

A reliable paragenetic sequence of minerals is difficult to determine at Mäkärä. 

However, based on petrographic research, some speculations can be made. The 

paragenesis starts with precipitation of quartz and quartz-pyrite veins and is followed by 

hematite±quartz±magnetite±pyrite veins with variable mineral proportions. Gold was 

precipitated synchronously with the veins and/or remobilizated from the host rocks and 

concentrated into veins. Gold may also have been remobilizated inside the veins only. 

Ollila (1976) reported that the Au content in the host rocks at Mäkärä is higher than in 

average in the crust. The vein formation was accompanied by silicification, 

sericitization, carbonitization, chloritization, and propylitic alteration. The detailed 

relationship between these alterations is uncertain but based on the petrographic study 

of sample 150364, carbonatization preceded chloritization. Limonitization and 

dissolution of pyrite represent a later phenomenon at Mäkärä.  

Although uraninite was not detected and chalcopyrite is a minor mineral in Mäkärä’s 

brecciated vein zones, the zones resemble the hematite-quartz breccia of the Olympic 

Dam Cu-U-Au-Ag deposit in South Australia. Both deposits contain anomalous 

contents of Au, Fe, Ag, Co, Te, and As (Scott, 1987).  

Hydrothermal fluid at an elevated temperature was required in the formation of both the 

Mäkärä mineralization and Olympic Dam deposit. However, local heat sources are not 

observed in their immediate proximity (Hitzman et al., 1992). Coeval regional igneous 
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activity is a potential heat source for fluid circulation in both cases. At Mäkärä, the 

pluton related to the genesis of the mineralization could be one or more of the three 1.77 

Ga Nattanen-type granite intrusions situated ca. 18 km from Mäkärä or a yet 

undiscovered igneous body or both. The hematite breccia that occurs in the contact zone 

of the Riestovaara granite intrusion (Front et al., 1989) and the radiometric U-Pb age of 

xenotime (1718±17 Ma) in a hematite-quartz vein (Chernet et al. 2014) further suggest 

that Mäkärä is a Nattanen-related mineralization. Considering these intrusions as a 

driving force for mobilizing fluids to produce the metal enrichment at Mäkärä, it is 

required that fluid circulation was not limited to the immediate proximity of the 

intrusions. 

The Palokiimaselkä Au-Fe mineralization is situated 18 km SE of Mäkärä. Analogously 

with Mäkärä, Palokiimaselkä is a hydrothermal vein-type mineralization and has similar 

host rocks (hornblende gneisses, sericite quartzites). Up to 2-m-wide Au-bearing ore 

veins consist mainly of quartz, albite, hematite, and magnetite (Kinnunen, 1980). The 

maximum Au content in the veins is 10.8 ppm. Palokiimaselkä is located closer, only a 

few hundred meters from the contact of the Nattanen granitoid intrusion. Similarly to 

Mäkärä, the veins at Palokiimaselkä strike N-S (Ollila, 1976) and cut a NW-SE-oriented 

main deformation zone, which is also observed at Nattanen (Front et al., 1989). Typical 

features for Mäkärä, such as limonitization and magnetite occurring as hematite 

pseudomorphs, are also found at Palokiimaselkä (Kinnunen, 1980).  

The fluid inclusion study from Palokiimaselkä carried out by Kinnunen (1980) 

produced interesting results. Secondary fluid inclusions in quartz contain ≥24 wt% 

NaCl. Based on the fluid salinity and dissolution temperature of halite, he estimated a 

minimum pressure during the formation of the fluid inclusions to be 2.0 kbar. Based on 

the fluid inclusion data, Kinnunen (1980) suggest that gold was carried as chloro-

complexes. He did not recognize effects of contact metamorphism in the veins. 

Kinnunen (1980) suggest that the ore veins are of metamorphic origin. Reduction of 

hematite to magnetite is also observed at Mäkärä (Fig. 30). The similarities between 

Mäkärä and Palokiimaselkä indicate that magnetite alteration at Mäkärä is not linked to 

the emplacement of the Nattanen granites.  

Close to Mäkärä, in the contact area between the LGB and TB, placer gold has been 

panned for more than 100 years (Korkalo, 2006). Saarnisto and Tamminen (1987) 
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suggest that the Mäkärä and Palokiimaselkä mineralizations are among the potential 

sources for this placer gold, in addition to the carbonate-bearing quartz veins occurring 

in the area. The petrographic research of this work also supports this hypothesis. Eilu 

(2016) suggest that placer gold originated from a totally eroded gold mineralization 

genetically similar to that of Mäkärä (Fig. 75).  

Mäkärä is a hydrothermal mineralization, but due to the low amount of data, its 

classification into a specific genetic type is uncertain. Therefore, various models need to 

be considered when estimating the genesis of the mineralization. Subduction in northern 

Fennoscandia ended during the collisional stage between 1.93 and 1.91 Ga (Daly et al., 

2006). Eilu (2015) classified Mäkärä as a granitoid-related mineralization, which could 

be a distal IRG-related (intrusion-related gold) deposit. He suggests that Mäkärä is post-

orogenic because it appears to cut the dominant schistosity of the rocks in the area. In 

the light of the tectonic setting model of Au deposits by Groves et al. (2005), it is likely 

that the post-orogenic ca. 1.77 Ga Mäkärä mineralization is not related to an active 

subduction environment (Fig. 74).  

 

Figure 74. Tectonic setting of various gold deposit types. Modified after Groves et al. (2005). 

The following characteristics of the Mäkärä mineralization fit with the definition of the 

IRG group introduced by Thompson et al. (1999):  

1. Combination of anomalous Bi, W, Te, and As is typical for IRG.  

2. Sericite and quartz alteration of host rocks are common alteration types of IRG 

deposits.  

3. Multiple, mainly parallel hematite-quartz-pyrite-Au veins with an irregular 

morphology at Mäkärä together with a breccia-like texture of the mineralization 
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resemble the typical style of the IRG group mineralization. In addition, 2 km NE 

of Mäkärä, at Lehmäsaari, a quartz boulder field 100 x 300 m in extent is 

observed. Ollila (1976) recognized sheeted quartz veins and intersecting quartz 

veins of multiple generations in Lehmäsaari. Sheeted quartz veins are the most 

typical deposit style of the IRG class (Goldfarb et al., 2005). 

On the other hand, anomalous Mo and Sb contents typical for the IRG group are not 

found at Mäkärä. The Bi-W-Te-As metal combination, quartz veins and breccia-like 

textures also fit with other gold deposit types, e.g., orogenic gold. Sheeted quartz veins 

have not been directly found at Mäkärä and furthermore, there is no evidence for the 

potential genetic relationship between Lehmäsaari and Mäkärä. 

Considering mineralogy, alteration, and similarities with Olympic Dam, it is also 

feasible to think Mäkärä as a part of the IOCG group (iron oxide copper-gold deposits). 

The following characteristics of the Mäkärä mineralization are consistent with the 

IOCG classification introduced by Hitzman et al. (1992): 

1. Mineralization is dominated with hematite and magnetite. Magnetite is 

concentrated at deeper levels. Distinct REE mineral phases are present. 

2. Considerable sericite and quartz alteration of host rocks at shallow levels is 

typical for IOCG deposits. 

3. IOCG deposits can be discordant or concordant but both have strong structural 

controls. Discordant quartz-hematite-pyrite-Au veins at Mäkärä are controlled 

by permeability along NW-SE shear zones.  

Other possibility is to think Mäkärä as part of a larger porphyry Cu system, as also 

suggested by Eilu (2016) (Fig. 75). Due to the low Cu content, Mäkärä resembles 

epithermal Au ± Ag occurrences, which are typically linked toporphyry Cu systems 

(Sillitoe, 2010). A number of young porphyry deposits not directly related to subduction 

seem to exist, for example, at Bingham in Utah (Sillitoe, 2008). 
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Figure 75. Possible genesis of the Mäkärä mineralization: (1) An underlying mafic magma chamber, 

possibly Nattanen, cools down. (2) Magma and Cu-Au-Ag-bearing fluids leave the magma chamber. (3) 
Intrusions cool more. (4) Possible porphyry-style mineralization. (5) Sulfuric fluids together with metals 
ascend further in the crust. Star represents sudden pressure release in faults, resulting in precipitation of 
Au, Ag, Fe, Cu, and Ba. Modifies after Eilu (2016). 
 

Porphyry Cu systems are related to underlying plutons located at a paleodepth of 5 to 15 

km, which work as a supply for fluids and magmas creating associated mineralization. 

Therefore, one possibility is that fluid circulation was caused by other, yet undiscovered 

igneous body deep under the site of the Mäkärä mineralization. On the other hand, 

existing geophysical data do not indicate the presence of such intrusions. Another 

possibility is that the plutons related to a porphyry Cu system are represented by the 

Nattanen granite intrusions but in this case, it would be required that the igneous body is 

located directly beneath the epithermal mineralization. Fluids could have flowed to 

Mäkärä through faults and a NW-SE-trending shear zone. 

Extensive alteration zoning is typical for porphyry Cu systems, comprising, centrally 

from the bottom upward, sodic-calcic, potassic, chlorite-sericite, sericitic and, advanced 

argillic zones. Also distal chloritic and propylitic alteration occurs at shallow and deep 

levels (Sillitoe, 2010). Many of these alteration types are recognized at Mäkärä. 

Hematite is one of the key minerals of chlorite-sericite alteration (Sillitoe, 2010) and 

therefore, abundant hematite and extensive martitization of host rocks at Mäkärä 

provide further evidence for this alteration type (Figs. 58, 61).  
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The hematite-quartz-magnetite-pyrite veins at Mäkärä resemble banded A-type quartz-

magnetite-sulfide veins typical for Au-rich porphyry deposits. Hematite is more 

abundant than magnetite at Mäkärä due to considerable martitization. Major veinlets in 

Au-only porphyry deposits contain both translucent and fluid inclusion-rich, dark grey 

quartz (Vila and Sillitoe, 1991). Comparable quartz generations were detected in 

samples 140872 (Fig. 24) and 140874. On the other hand, the majority of porphyry 

deposits are related to calc-alkaline intrusions (Vila and Sillitoe, 1991) while Mäkärä is 

likely related to the A-type granite intrusions of Nattanen, Riestovaara and Pomovaara. 

 

Considering further research to be done at Mäkärä, a fluid inclusion study and isotopic 

work could provide interesting data on the origin of fluids and age of the hydrothermal 

fluid circulation. This would enable comparison with the fluid inclusion study from 

Palokiimaselkä carried out by Kinnunen (1980) and getting better ideas on the 

classification of the Mäkärä mineralization and its genesis. Vein-type gold deposits in 

metamorphic rocks can be extensive: the shear zone-hosted Champion Lode deposit in 

the Kolar are, India, has been mined along a strike length of 8 km (Radhakrishna and 

Curtis, 1999). Drilling north and south of the Mäkärä research area (Fig. 4) could 

provide information on the potential continuity of the Mäkärä vein zone. Drilling deeper 

drill holes than previously could potentially provide answers to the connection of the 

Mäkärä mineralization to a porphyry Cu system. Lastly, Rb-Sr dating could be utilized 

in estimating the age of sericite from altered host rocks at Mäkärä.  

7. Conclusions 

 

Mäkärä is a hydrothermal vein-type mineralization. It is associated with veins hosted by 

arkose- and granite gneisses, amphibolites, and quartzites. Sericite-, quartz- chlorite-, 

propylitic-, and limonite alterations are detected.  Based on drilling data, the main vein 

zone at Mäkärä is discordant and cut by a dextral strike-slip fault. New drilling data 

enabled to compile a more detailed lithological map from the research area (Fig. 4).  

The main vein minerals are quartz, hematite, pyrite, and magnetite. The veins have 

variable mineral assemblages and display breccia-like textures. The veins are mainly 

parallel, have an irregular morphology and form several zones, which are controlled by 

the permeability along a NW-SE-trending shear zone. Multiple vein generations are 
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detected and hematite-bearing veins postdate pure quartz veins. Both ductile and brittle 

deformation are identified.  

Gold occurs in a native form in both hematite-quartz-pyrite and quartz-pyrite veins. 

Based on FESEM work, gold contains Ag, and Fe. Gold is hosted by pyrite and 

limonite. Probable remobilization of gold postdates brittle deformation and/or vein 

recrystallization. In whole-rock compositions, correlation between Au and elements Ag, 

Bi, Fe, Te and W is evident. Gold does not correlate with As or Se. Most sulfide grains 

have been limonitized. Prior to limonite alteration, pyrite had a net texture in part of the 

veins. 

The Mäkärä mineralization is the probable source of abundant placer gold in the Vuotso 

area. The genesis of the mineralization is likely related to the ca. 1.77 Ga Nattanen 

granite intrusions. Among the most feasible classes of gold deposits to which Mäkärä 

could belong are the distal granitoid-related gold deposits (IRG), iron oxide copper-gold 

(IOCG) deposits, or epithermal Au ± Ag occurrences of porphyry Cu systems.  
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10. Appendices 
 

Appendix 1. 2010 and 2011 drilling data and number of thin sections observed. Coordinate system 

Finnish National KKJ3. 

Hole ID. x y Azimuth Dip 
Depth 

(m) 
Till (m) Thin sections 

3724-10-R317 7567284 3494398 225 45 52,40 1,00 
 

3724-10-R318 7567266 3494393 240 45 122,30 1,00 3 

3724-10-R319 7567195 3494297 242 45 95,15 7,50 
 

3724-10-R320 7566998 3494096 62 45 112,20 2,00 2 

3724-10-R321 7567058 3494511 242 45 130,00 1,70 
 

3724-10-R322 7567160 3494666 242 45 137,30 20,00 
 

3724-10-R323 7567013 3494448 242 45 75,30 2,00 
 

3724-10-R324 7566846 3494295 242 45 143,30 12,60 
 

3724-10-R325 7566595 3494042 242 45 106,25 7,00 
 

3724-10-R326 7566746 3494673 242 45 124,80 23,00 
 

V4342011R6 7567322 3494562 240 45 239,00 25,50 2 

V4342011R7 7567370 3494654 240 45 129,30 6,70 1 

V4342011R8 7567205 3494741 240 45 157,30 28,35 
 

V4342011R9 7566340 3494438 240 45 136,70 19,80 1 

V4342011R10 7566403 3494616 240 45 148,60 20,30 
 

V4342011R11 7566453 3494804 240 45 148,50 3,10 1 

V4342011R12 7566656 3494122 240 45 94,60 17,00 
 

V4342011R13 7565036 3493866 240 45 151,70 7,00 
 

V4342011R14 7566377 3493359 240 45 121,60 16,70 
 

V4342011R15 7566425 3494710 240 45 169,60 13,00 
 

V4342011R16 7566546 3495064 240 45 157,50 16,80 
 

V4342011R17 7567947 3494106 240 45 130,00 21,50 
 

V4342011R32 7565663 3486296 310 45 120,50 10,50 
 

    

in total 3003,90 
   

 

 

 

 

 

 



 
 

Appendix 2. 2014 and 2015 research trench data and number of thin sections observed. Used coordinate 

system is EUREF FIN TM35FIN. 

Trench ID. x y Azimuth Depth (m) Thin sections 

V4342014R33 7564099 494224 237 

 

11 
 

 
V4342014R34 7564104 494221 245 12,6 

 
V4342014R35 7564112 494218 256 8,6 8 

V4342014R36 7564121 494214 265 4,9 
 

V4342014R37 7564126 494213 275 6 
 

V4342014R38 7564176 494192 65 30 
 

V4342014R39 7564241 494161 74 44 
 

V4342014R40 7564291 494167 77 26 
 

V4342014R41 7564042 494234 60 24 
 

V4342014R42 7563923 494255 57 95,4 
 

V4342014R43 7564062 494430 278 25 
 

V4342014R44 7564268 494186 55 30,5 
 

V4342015R56 7563334 494426 274 54 
 

V4342015R57 7563545 494298 90 33 
 

V4342015R58 7563628 494265 90 18 
 

V4342015R59 7563709 494240 102 19 
 

V4342015R60 7563855 494239 102 54 
 

V4342015R61 7563994 494247 80 20 
 

V4342015R62 7564260 494145 86 20 
 

V4342015R63 7564390 494119 79 55 1 

V4342015R64 7564503 494102 95 46 
  

 

 

 

 

 

 

 

 



 
 

Appendix 3. Detection limits and range of assays (Labtium Oy 2016). Values are reported as ppm.  

 

 

720P 175X 511P  511M 
  

703P 704P 

Element DL DL DL DL   Element DL DL 

Ag - - 1 0.01 
 

Au 0.02 0.005 

Al 100 100 20 20 
 

Pd 0.02 0.005 

As 100 20 5 0.05 
 

Pt 0.02 0.005 

B - - 5 5 
    Ba 20 30 1 1 
  

811L 
 Be 10 - 0.2 0.05 

 
Element DL 

 Bi - 30 20 0.01 
 

C 500 
 Ca 100 30 50 50 

    Cd - 30 1 0.01 
    Ce - 30 - 0.02 
    Co 10 - 1 1 
    Cl - 60 - - 
    Cr 30 20 1 1 
    Cu 20 20 1 1 
    F - 2000 - - 
    Fe 100 100 50 50 
    Ga - 30 - - 
    Hg - - 2 - 
    In - - - 0.02 
    K 500 30 100 100 
    La 20 30 1 1 
    Li 10 - 1 1 
    Mg 200 200 50 50 
    Mn 10 60 1 1 
    Mo 50 10 1 0.01 
    Na - 500 50 50 
    Nb - 10 - - 
    Ni 50 20 2 1 
    P 5000 60 50 50 
    Pb 100 30 5 0.02 
    Rb - 10 2 - 
    S 200 60 20 20 
    Sb 100 100 20 0.03 
    Sc 20 30 0.5 0.5 
    Se - - - 0.05 
    Si 1000 100 - - 
    Sn - 20 - 0.01 
    Sr 30 10 0.5 0.5 
    Ta - 30 - - 
    Te - - 10 0.006 
    Th - 30 10 0.05 
    Ti 100 30 1 1 
    U - 10 10 0.05 
    V 50 30 1 1 
    W - - 5 0.05 
    Y 10 10 0.5 0.5 
    Yb - - - 0.02 
    Zn 50 20 1 1 
    Zr - 10 1 1 
     

 

 



 
 

Appendix 4. Microanalysis (FESEM) of gold. Values are reported as wt%. 

 

Appendix 5. Microanalysis (FESEM) of hematite. Values are reported as wt%. 

 

Appendix 6. Microanalysis (FESEM) of magnetite. Values are reported as wt%. 

 

 

 

 

 

 
 
 



 
 

Appendix 7. Microanalysis (FESEM) of pyrite. Values are reported as wt%. 

 

 



 
 

 

Appendix 8. Microanalysis (FESEM) of rutile. Values are reported as wt%. 

 

Appendix 9. Microanalysis (FESEM) of allanite. Values are reported as wt%. 

 

 

 
 
 
 
 
 



 
 

 

 

 

 

 

 

 

Appendix 10. Microanalysis (FESEM) of titanite. Values are reported as wt%. 

 
 
 



 
 

Appendix 11. Microanalysis (FESEM) of amphibole. Values are reported as wt%. 

 

Appendix 12. Microanalysis (FESEM) of almandine. Values are reported as wt%. 

 

 

 

 

 

 

 

 

 



 
 

Appendix 13. Microanalysis (FESEM) of xenotime. Values are reported as wt%. 

 
 

 
 



 
 

Appendix 14. Microanalysis (FESEM) of chalcopyrite. Values are reported as wt%. 

 

 

Appendix 15. Microanalysis (FESEM) of zircon. Values are reported as wt%. 

 

Appendix 16. Microanalysis (FESEM) of a Ce-bearing lamellae in allanite. Values are reported as wt%. 

 



 
 

Appendix 17. Microanalysis (FESEM) of monazite. Values are reported as wt%. 

 



 
 

Appendix 18. Microanalysis (FESEM) of hellandite. Values are reported as wt%. 

 

Appendix 19. Microanalysis (FESEM) of muscovite. Values are reported as wt%. 

 


