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ABSTRACT 

 

The Länkipohja-Jämsä area is situated in the southern part of the Central Finland Granitoid 

Complex and consists of granitic plutonic rocks and supracrustal rocks including 

intermediate volcanic rocks and volcanogenic sediments accompanied with less abundant 

mafic and felsic variants. It is a part of the eastern extension of the well-studied Tampere 

schist belt located between the Central Finland Granitoid Complex to the north and 

Pirkanmaa migmatite belt to the south. To the east of the study area is the Makkola area, 

also geologically related to the Tampere schist belt. The deformational events in these 

supracrustal areas are related to the collision of Central and Southern Svecofennia at 1.88–

1.87 Ga. 

 

The purpose of this Master’s project was to study the volcanic and volcanogenic rocks of 

the study area extending over an area of 30 x 20 km and assess their tectonic setting and 

genesis. The study is part of the Gold Potential Mapping Project of the Geological Survey 

of Finland (GTK). The data include more than 1300 field observations, 80 thin sections 

and 85 geochemical analyses. Some older field observations and geological and 

aeromagnetic maps were also utilized. 

 

The occurrences of volcanic rocks have been divided into five subareas: Partala, Kakaristo, 

Mustajärvi, Ouninpohja, and Länkipohja. The volcanic rocks have mainly intermediate, 

calc-alkaline to shoshonitic composition, they are enriched in light rare earth elements, 

depleted in high-field strength elements, and have trace element features that plot them in 

arc volcanic and active continental margin settings in tectonic discrimination diagrams. 

The volcanic rocks of Länkipohja and Partala areas are more acidic and alkaline than other 

volcanic rocks of this study. Otherwise, no remarkable differences in geology or 

geochemistry were found between the subareas of the study area and the Makkola area to 

the east and the Tampere schist belt to the west. It is concluded that the whole geological 

system has formed in a continental arc setting. Furthermore, the presence of a subduction 

component is inferred from large LILE/HFSE ratio. Despite some signs of hydrothermal 

alteration, the ore potential of the area is low, disregarding orogenic gold and quartz vein 

related gold deposits.  
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1. INTRODUCTION 

 

The geology of Southern and Central Finland is characterized by plutonic and supracrustal 

rocks and arc-type volcanic rocks (Kähkönen, 2005). The ages of the supracrustal and arc 

volcanic rocks vary from 1.91 to 1.88 Ga. The Central Finland Granitoid Complex (CFGC) 

comprising 1.89–1.87 Ga granitoids (Nironen et al., 2016) (Fig. 1) is situated in the core of 

the Svecofennian domain. It is bordered by the Pirkanmaa migmatite belt (PMB) and 

Tampere schist belt (TSB, green rectangle in Fig. 1) in the south, the Savo belt in the north 

and northeast and the Bothnian belt in the west. The deformational events in these belts are 

related to the collision of Central and Southern Svecofennia at 1.88–1.87 Ga (Kähkönen, 

2005). 

 

The CFGC contains fragments of supracrustal belts, of which the volcanic rocks of the 

study area are an example. The study area is located east of the TSB (red rectangle in Fig. 

1). Farther to the east is the Makkola area (blue rectangle in Fig. 1) studied by Mikkola et 

al. (2016) and Mönkäre (2016). 

 

The available information from previous studies is rather limited. The previous bedrock 

mapping and other studies were carried out in the area in the early and middle 1900s. The 

aim of this Master’s project was to conduct new mapping with present-day standards, to 

review the petrology and geochemistry of the volcanic rocks, and to assess the geological 

setting in which the volcanic rocks were erupted. Also, the volcanic rocks are compared to 

those occurring in the TSB and Makkola area. The poor outcrop conditions due to the 

Quaternary coverage makes the stratigraphic interpretation difficult and thus the focus here 

is on studying the volcanic belts and their fragments in different geographical areas (Fig. 

3). This study is part of the Gold Potential Mapping Project of the Geological Survey of 

Finland (GTK). 

 

The thesis starts with a short description of modern volcanic arcs and then the geology of 

the study areas is presented. The research results concern the petrology, petrography and 

geochemistry of the studied volcanic rocks. Finally, the discussion part addresses the 

effects of post-depositional processes, tectonic setting of the volcanic rocks, and 

comparison to the TSB and Makkola area, supplemented with a few words about the ore 

potential of the area. 
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Figure 1. Geological map of Central and Southern Finland showing the location of the study area, 

Tampere schist belt and Makkola area. 1 : 5 000 000 Bedrock map of Finland from Hakku (GTK), 

edited with ArcMap. The area inside the red rectangle is depicted in Fig. 3. Makkola is located at 

the green volcanic area inside the blue rectangle. 
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2. MODERN VOLCANIC ARCS 

 

This chapter includes a short description of volcanic arcs, how they are formed and factors 

affecting their composition. 

 

2.1. Different arc types and their composition 

 

Volcanic arcs can be divided into ocean-related and continent-related arcs. The ocean-

related arcs can be further divided into the island arc, oceanic arc, and intra-oceanic arc 

(Stern, 2010). The continent-related arc types are the continental arc, active continental 

margin (ACM), and Andean-type arc (Condie, 1997). A volcanic arc may contain various 

tectonic components including a forearc with a trench, accretionary prism and forearc 

basin, volcanic arc with intra-arc basin and back arc with a fold-thrust belt, back arc basin, 

and retroarc foreland basin. An illustration of the subduction system with forearc 

components are presented in Fig. 2. 

 

 

Figure 2. Simplified illustration of an oceanic plate subducting under continental crust (modified 
after Stern, 2010).  
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The crustal thickness beneath an arc system varies depending on the tectonic setting of the 

arc. At continental margins, the thickness is up to 70 km (Stern, 2002) and in oceanic arcs, 

it is c. 20 km (Suyehiro et al., 1996). The crustal thickness influences the composition of 

the primary arc magmas. If a magma travels through a thicker crust, it has a chance to gain 

a stronger signature of crustal contamination. If the continental crust traps the ascending 

magma, a pluton is formed. Another difference between continental and island arcs is that 

continental arcs have a larger sediment supply from rivers and glaciers, whereas in island 

arc systems, the supply from inland to the trench is insignificant (Hawkins et al., 1984). 

The factors affecting the arc thickness are the arc maturity, tectonic extension or 

shortening, and thickness of the prearc basement (Gerya, 2011). As there are other factors 

contributing to the crustal thicknesses than the maturity, the arcs with a thin crust are not 

necessarily less mature than those with a thicker crust (ibid.). 

 

In terms of their chemical composition, the volcanic rocks of oceanic arcs are primarily 

tholeiitic and calc-alkaline, whereas continental arc volcanic rocks are calc-alkaline and 

alkaline. Because continental arcs have a thicker crust and lower density, they likely 

prevent the rise of primary magmas. The dense magma tends to underplate the continental 

crust and subsequent fractionation processes take place resulting in more fractionated, 

intermediate magmas (Winter, 2001). A temporal trend also occurs: as oceanic arcs 

mature, their average magma composition shifts from tholeiitic to calc-alkaline (ibid.). A 

possible reason for this is that the magmatism is more abundant in immature arc systems, 

which could allow more primitive magmas to reach the surface making them more 

tholeiitic than mature arcs. 

 

Oceanic arcs produce basaltic andesites and andesites, whereas continental arcs produce 

andesites, dacites, dacite-rhyolites, and ignimbrites (Winter, 2001). Andesites can be 

divided into low-K (tholeiitic), medium-K (calc-alkaline) and high-K (mixed) groups (Gill, 

1981). 

 

Phenocrysts are common in arc-type volcanic and subvolcanic rocks. Plagioclase is most 

abundant, but also olivine, pyroxene, and hornblende (uralite) phenocrysts occur in these 

rocks. Plagioclase is the dominant phenocryst in calc-alkaline basalts and andesites, 

anorthitic plagioclase or augite in basalts, and hornblende and biotite in high-K calc-

alkaline andesites, dacites and rhyolites (Sen, 2014). 
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2.2. Geochemistry of arc rocks 

 

The arc volcanic rocks are enriched in LILE (large-ion lithophile elements K, Rb, Cs, Sr, 

Ba, Pb, U, LREE) relative to HFSE (high field strength elements Y, Zr, Hf, Nb, Ta, HREE) 

(Tatsumi et al., 1986; Pearce and Peate, 1995). This is known as the “subduction 

component” (Pearce and Peate, 1995). The large-ion lithophile elements are more mobile 

and soluble in aqueous fluids than HFSE and hence their high content in arc lavas has been 

taken as evidence for the crucial role of fluids in the genesis of arc-forming magmas. The 

fluid-mobile elements (Li, B, Be, Rb, Th, Pb) in these rocks originate by slab dehydration 

during subduction (Pearce and Peate, 1995; Shervais and Jean, 2012). Arc volcanic rocks 

show depletion in HFSE (particularly Nb and Ta) relative to Th and Ce, which has been 

suggested to be due to dehydration and partial melting of the subducted slab, with HFSE 

partitioning strongly in residual titanium minerals (Pearce, 1996). Another factor 

contributing to the Nb and Ta depletion is their low solubility in aqueous fluids (Audétat 

and Keppler, 2005; Baier et al., 2008). 

 

2.3. Genesis 

 

Possible sources of arc magmas include arc crust, lithospheric mantle, subducting slab, or 

the asthenospheric mantle wedge. However, Plank and Langmuir (1988) showed that the 

primary source of arc magmas is the mantle wedge, not the subducting slab. According to 

Pearce and Peate (1995), the magma composition is controlled by “the fertility of the 

mantle wedge, the composition of subducted material, the generation of a subduction 

component and its transport to the zone of melting, processes in the melting column, and 

magma-lithosphere interaction”. The processes affecting the above listed factors are 

categorized into slab dehydration and melting, transport of subduction component, mantle 

source processes, melting column processes and lithosphere-melt interactions (See Fig. 1 

in Pearce and Peate, 1995). The amount of magmatism in an arc environment depends on 

the dip of the subducting plate (Cross and Pilger, 1982). If the dip is too shallow, 

magmatism may be totally absent. The dip is mainly controlled by the age of the 

subducting slab (Jarrard, 1986). 

 

Melting in the mantle wedge happens when hydrous fluids derived from the subducting 

slab by metamorphic dehydration are added to the overlying mantle and the resultant 
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volatile-rich mantle is decompressed by its ascent (Pearce and Peate, 1995; Fig. 2). The 

fluid also carries incompatible elements, particularly LILE, to the melting zone, bringing 

about the characteristic trace element signature (enrichment in LILE relative to HFSE, see 

Chapter 2.2) of the arc magmas (Tatsumi et al., 1986; Pearce and Peate, 1995). Addition of 

fluids decreases the solidus of the mantle wedge and thus facilitates its melting. If water-

bearing fluids then escape from the melt, the magmas may fractionate and crystallize 

without cooling. 

 

The processes and factors that have been regarded as important in the formation of 

intermediate arc magmas include fractional crystallization (Lee and Bachmann, 2014), 

magma mixing and mingling (Reubi and Blundy, 2009), crustal contamination 

(Hawkesworth et al., 1994), the density difference between crust and mantle (Herzberg et 

al., 1983), delamination of the lower lithosphere (Kay and Kay, 1993), and the effect of 

crustal thickness on the partial melting of the mantle wedge (Plank and Langmuir, 1989; 

Hawkesworth et al., 1994; Pearce and Peate, 1995). 
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3. GEOLOGICAL SETTING  

 

The Svecofennian domain covers an area of 800 x 800 km in Finland and Sweden and 

represents a period of remarkable crustal growth at 2.0–1.8 Ga (Patchett and Kouvo, 1986; 

Huhma, 1986; Lahtinen and Huhma, 1997). One third of the domain is composed of 

supracrustal rocks (Kähkönen et al., 1989; DigiKP). In this thesis, the names of 

metamorphic supracrustal rocks are written without the “meta” prefix in order to 

emphasize their primary rock type. 

 

Korsman et al. (1997) and Kähkönen (2005) divided the Svecofennian domain into three 

main regions, the Savo belt, Central Svecofennia, and Southern Svecofennia, which are 

further separated by faults and intrusions into smaller zones and belts. Granitoids and 

volcanic rocks of the Savo belt are older than those in the other two subdomains, having 

ages of 1.93–1.92 Ga (Lahtinen and Huhma, 1997). Central Svecofennia can be divided 

into the Central Finland Granitoid Complex, which is surrounded by supracrustal rocks of 

the Tampere, Pohjanmaa and Pirkanmaa belts. The last one has also been referred to as the 

mica gneiss–migmatite belt (Lahtinen 1996), tonalite migmatite zone (Lahtinen and 

Huhma 1997), Vammala migmatite area (Kilpeläinen 1998), and Pirkanmaa migmatite 

suite (Mikkola et al., 2016). The Tampere schist belt, Pirkanmaa migmatite belt, and 

Central Finland Granitoid Complex are the most pertinent geological units for this study 

and hence they are dealt with in detail in this chapter. 

 

The main supracrustal rock types of Central Svecofennia include 1.91–1.88 Ga basaltic to 

rhyolitic arc-type volcanic rocks and turbiditic metasediments (Kähkönen, 2005; Fig. 1). In 

addition, shallow water sedimentary rocks, quartz-feldspar schists, volcanic and 

volcanogenic gneisses, sedimentary carbonates, black schists, and volcanic rocks with mid-

ocean ridge basalt (MORB) and within-plate basalt (WPB) affinity are locally common. 

Quartz psammites and cherts are rare (Kähkönen, 2005). The most abundant rock types in 

Central Svecofennia are plutonic rocks, particularly synkinematic granitoids, and 

associated mafic rocks with an age of 1.89–1.88 Ga (Sederholm, 1934; Front and Nurmi, 

1987; Rämö et al., 2001; Nironen et al., 2016). 

 

The high-T, low-P amphibolite facies is the dominant metamorphic facies in the 

Svecofennian domain. Two major orogenic periods have been distinguished: 1.89–1.86 
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and 1.83–1.81 Ga (Kähkönen, 2005). Also, an orogeny at 1.91–1.90 Ga has been inferred 

(Nironen, 1997). The mafic-ultramafic intrusive rocks may be a significant contributor to 

crustal growth at convergent plate margins (e.g., Robins and Gardner, 1974; Boyd and 

Mathiesen, 1979; Snoke et al., 1982). These rocks may also affect local metamorphism by 

transporting heat to the crust (Komatsu et al., 1994). Most mafic-ultramafic intrusions in 

Svecofennia yield ages between 1.885 Ga and 1.875 Ga, which was the peak of the 

synorogenic stage of the Svecofennian orogeny (Peltonen, 2005). 

 

In the TSB, the degree of metamorphism corresponds to low-T, low-P greenschist or 

amphibolite facies, with the central greenschist facies part representing the least 

metamorphosed areas in Svecofennia (Mäkelä, 1980; Törnroos, 1982; Kilpeläinen et al., 

1994). In turn, the PMB was metamorphosed under high-T, low-P amphibolite facies 

conditions and underwent a longer period of metamorphism than the TSB (Kilpeläinen et 

al., 1994; Kilpeläinen, 1998). Axial plane schistosity (S2) is the dominant schistosity in the 

TSB, even though S1 can be observed inside porphyroblasts (Kilpeläinen, 1998; Kähkönen, 

2005). The area was strongly compressed in the north-south direction, and the arc and 

back-arc environments were simultaneously extended. These events explain all the tectonic 

structures in the TSB area (Kilpeläinen, 1998). 

 

The TSB and PMB are interpreted to be remnants of an arc system, in which the TSB 

represents a volcanic arc and the PMB a subduction complex or an accretionary prism 

(Kähkönen, 2005). The deformational events in these belts are related to the collision of 

Central and Southern Svecofennia at 1.88–1.87 Ga. 

 

Some research has been done on small volcanic belt fragments inside the CFGC (such as 

the targets of this study). The sedimentary rocks in these areas correspond to those in the 

TSB (Nironen, 2003; Kähkönen, 2005). The igneous rocks vary from extrusive to 

hypabyssal, felsic to mafic, porphyritic to massive, sometimes stratified or layered 

(Kähkönen, 2005). Most commonly they are intermediate and pyroclastic (Nironen, 2003). 

They are usually correlated with the arc volcanism of the TSB and PMB, and sometimes 

with the associated granitoids (Kähkönen, 2005). Especially the volcanic rocks at Hirsilä 

are regarded as close analogues to the volcanic rocks of the TSB (ibid.). The ages of the 

volcanic and volcanogenic rocks in these areas are mainly 1.90–1.88 Ga (Aho, 1979; 
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Nironen, 2003; Tiainen and Kähkönen, 1994, Vaasjoki and Lahti, 1991; Nikkilä et al., 

2016; Mikkola et al., 2016; H. Huhma, written comm., 2015). 

 

According to Nironen (2003), mafic volcanic rocks occur usually as interlayers in 

intermediate volcanic rocks. Intermediate volcanic rocks are generally fine-grained, 

banded tuffites, or plagioclase-porphyritic tuffs. Felsic volcanic rocks show fragmentary 

structures indicating an ignimbritic origin. Felsic volcanic rocks in the CFGC are relatively 

rare, as the felsic rocks are most often interpreted to be of sedimentary origin. These rocks 

are interpreted by Nironen (2003) to be redeposited volcanogenic sediments. 

 

3.1. Pirkanmaa migmatite belt 

 

The Pirkanmaa migmatite belt is mainly composed of metasediments and synorogenic 

granitoids. The granitoids contain mafic-intermediate enclaves and schist inclusions 

indicative of sediment assimilation and they have a high-K calc-alkaline affinity and a 

slightly higher Al2O3 than the TSB to the north (Lahtinen, 1996). Graphite-bearing 

gneisses are more common in the PMB than in the TSB (Kilpeläinen, 1998). The PMB 

contains sedimentary carbonates and psammites, which are absent in the TSB (Kähkönen 

et al., 1994; Kähkönen, 1996). Some conglomerates and turbiditic metasediments in the 

PMB resemble those in the TSB. Volcanic rocks also occur in the PMB but they are 

relatively rare (Kilpeläinen, 1998). Their composition is mostly mafic and picritic 

compositions are also observed (Lahtinen, 1994; Lahtinen et al., 2009b; Mikkola et al., 

2016). 

 

The migmatite-paragneisses of the PMB consist mainly of quartz, plagioclase, biotite, and 

sometimes K-feldspar (Mikkola et al., 2016). Lahtinen et al. (2009b) divided them into 

fore-arc-related and normal sediments. The fore-arc-related sediments occur as interlayers 

in other sedimentary rocks and locally have amphibole as a major mineral. Some of them 

may be pyroclastic, but the occurrence of graphite in some samples studied by Lahtinen et 

al. (2009b) indicates the presence of sedimentary material. 

 

The eastern part of the PMB includes up to 10-m-thick greywacke layers that contain 

intervening conglomerate beds (Lahtinen et al., 2009b). Blastoclastic arkoses associated 

with diopside gneisses and limestones occur occasionally. The western part in turn 
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contains massive and homogeneous psammites. The migmatitic rocks are usually 

psammites veined by tonalitic-granodioritic leucosome material. The Rämsöö area has the 

most remarkable occurrences of conglomerate in the PMB. They are enclosed in turbidites 

and interpreted to be turbiditic channel fill deposits. 

 

Some intermediate volcanic rocks have been found in the PMB (Mikkola and Niemi, 2016) 

and at the northern contact of the Puula granite. The plagioclase-porphyritic volcanic rocks 

have locally a slightly heterogeneous texture, which is a sign of supracrustal origin. At 

Puula, the volcanic rocks are strongly deformed and no primary textures can be seen. 

 

Some granitoids in the area extending from Nokia to Kangasniemi are slightly older (1895 

Ma; Kallio, 1986; Nironen, 1989b; H. Huhma, written comm., 2015) than most of the 

granitoids in the CFGC. Pegmatites in the archipelago of Southwestern Finland have 

yielded a U–Pb monazite age of 1.8 Ga (Ehlers et al., 1993). It is possible that the granite 

and pegmatite dikes in the PMB belong to this age group (Kilpeläinen, 1998). 

 

The small mafic-ultramafic intrusions in the PMB are generally more mafic than those in 

the TSB and their potential for Ni-Cu-PGE sulfide deposits is higher (Vammala Nickel 

Belt; Papunen and Gorbunov, 1985; Peltonen, 1995; Peltonen, 2005). Furthermore, the 

intrusions within domains of higher metamorphic grade seem to be more deformed and 

metamorphosed and smaller than those in lower-grade domains. This is a typical feature of 

synorogenic intrusions (Peltonen, 1995). 

 

3.2. Tampere schist belt 

 

The maximum width of the E-W-trending Tampere schist belt is about 20 km (Kähkönen, 

1989) or 12 km (Kilpeläinen, 1998) and its length approximately 100–200 km depending 

on whether the easternmost Makkola extension is taken into account or not (Fig. 1; 

Ojakangas, 1986; Kähkönen, 1989). The Makkola suite is described in Chapter 3.3. In the 

north, the TSB is bound by the CFGC and in the south, by the PMB. The boundaries are 

sometimes gradational, sometimes defined by a fault (Kähkönen, 1996). According to 

Kähkönen (2005), based on an N-dipping mantle reflector, the TSB volcanic rocks may be 

related to subduction to the north under the “Keitele microcontinent”. 
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The main rock types in the TSB are intermediate volcanic rocks (1.905–1.89 Ga) and 

related volcanogenic sedimentary rocks, such as turbiditic greywackes, mudrocks, 

conglomerates, and fluvial sandstones (Ojakangas, 1986; Kähkönen, 1987; 1989; 1994; 

1999). The greywackes often show bedding formed by alternating greywacke and 

mudstone beds (Ojakangas, 1986). Chemically, the greywackes resemble recent sands 

from “pooled active margins”, i.e. from continental arc basins, back-arc basins, strike-slip 

basins, continental collision basins, and forearc basins of mature arcs (Kähkönen and 

Leveinen, 1994). Furthermore, Kähkönen and Leveinen (1994) mention that even the 

lowermost turbidites in the TSB are derived from an evolved volcanic arc. 

 

The TSB can be regarded as an example of a Paleoproterozoic greenstone belt (Kähkönen, 

1989, 2005). Volcanic rocks are generally pyroclastic, but sills and extrusive rocks are also 

known. Pillow lavas are only found in the Haveri formation of the Viljakkala area (Mäkelä, 

1980). Discrimination diagrams, such as Ti vs. Zr, indicate mainly an arc setting for the 

TSB volcanic rocks (Kähkönen, 1987; Kähkönen, 1994; Figs. 8.15 and 8.17D in 

Kähkönen, 2005). The corresponding volcanic rocks in the Bergslagen area, Sweden, are 

more felsic compared to those in the TSB (Kähkönen, 1987). 

 

The TSB volcanic rocks are most commonly dacites or andesites representing mainly the 

high-K and medium-K types, although shoshonitic, trachytic and high-K rhyolitic types are 

also relatively abundant (Kähkönen, 1987; 1989; 1994). The percentage of the andesite-

dacite-rhyolite suite (or percent ADR; Leeman, 1983) is usually more than 50%, which 

would indicate that the crust was more than 20 km thick at the time of eruption (Kähkönen, 

1987). Calc-alkaline intermediate rocks are the most common volcanic rocks in the TSB. 

This is also a typical feature of modern volcanic arcs alongside the low TiO2 content of 

mafic rocks of arc-environment. No low-K tholeiitic rocks are identified in the area 

(Kähkönen, 2005). Chondrite-normalized REE patterns of arc volcanic rocks show a 

moderate to pronounced LREE enrichment (Kähkönen, 1994; Lahtinen, 1996). Niobium is 

depleted and La, P and Sm show a positive anomaly in the arc-type volcanic rocks of the 

central Tampere belt. This indicates an enriched mantle source with a “subduction 

component” and thus an evolved arc setting (Kähkönen, 2005). The TSB volcanic rocks 

were formed in an active continental margin rather than in an immature oceanic island arc 

(Lahtinen, 1996; Fig. 6 in Kähkönen, 2006). 
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Kähkönen (2006) studied volcanic rocks at Palvajärvi, belonging to the volcano-

sedimentary Pulesjärvi-Kolunkylä complex, which is one of the topmost units in the TSB 

stratigraphic sequence. He showed that the variation in rock compositions is mainly 

controlled by fractional crystallization. Increasing Th with decreasing Cr and decreasing 

Eu/Eu* (Eu anomaly with respect to neighboring rare earth elements in chondrite-

normalized REE diagrams) with increasing Zr are evidently controlled by fractional 

crystallization of mafic phases and plagioclase from a primary partial melt (Kähkönen, 

2006). Apatite was fractionated at later stages, as the P2O5 vs. Zr diagram shows a convex-

upward trend (ibid.). Furthermore, there seem to be differences in the source or the degree 

of partial melting. Potassium and other LILE have been mobile in post-depositional 

processes. 

 

The lowermost and oldest volcanic unit in the TSB is the basaltic, sometimes pillowed 

Haveri formation in the northern part of the belt. It represents the initial stage of the island-

arc evolution (Mäkelä, 1980) or a rifting stage of the pre-1.91 Ga Paleoproterozoic crust 

and change from an extensional basin to arc-environment (Kähkönen and Nironen, 1994; 

Lahtinen, 1994; Lahtinen et al., 2009b). The volcanic rocks are occasionally amygdaloidal 

and have interlayers of tuff, chert, sedimentary carbonate and skarn rock. Lavas may grade 

into tuffs and sulfide-rich tuffaceous rocks and black shales (Kähkönen, 2005). Because 

the Haveri basalts have high K and P contents, they are not NMORB-type lavas 

(Kähkönen, 1987). The volcanic rocks at Kasiniemi (PMB) can be correlated with the 

Haveri formation (Lahtinen et al., 2009b). 

 

The Myllyniemi formation, which is located above the Haveri formation in the 

stratigraphy, contains turbiditic deposits related to submarine fans and fan channels 

(Ojakangas, 1986; Kähkönen and Leveinen, 1994). The rocks in this formation show a 

fining-upward trend, which indicates a deepening depositional environment by basin 

subsidence (Kähkönen, 1999). The Myllyniemi greywackes are more silicic and less 

volcanogenic than the greywackes upper in the stratigraphy (Kähkönen et al., 1994). The 

metagreywackes are intruded by 1.89 Ga granitoids and contain Paleoproterozoic detrital 

zircon grains with ages of 2.1–1.9 Ga, in addition to some Archean zircon populations 

(Kähkönen, 2005). Thus, the deposition of the Myllyniemi greywackes took place at about 

1.9 Ga, shortly before the 1.904 Ga felsic volcanism of the Pulesjärvi-Kolunkylä complex 

(Kähkönen et al., 1989). The greywackes in the northern part of the PMB resemble 
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chemically the corresponding rocks in the Myllyniemi formation (Lahtinen, 1996; 

Lahtinen et al., 2009b). 

 

The volcanic rocks of the Pulesjärvi-Kolunkylä complex include intermediate and mafic 

lavas, lava-like pyroclastic rocks and volcanogenic sediments (Kähkönen, 2005). Their 

occurrence is related to the change of the environment from a submarine setting to a 

subaerial volcanic setting (Kähkönen, 1999). The Veittijärvi conglomerates with plutonic 

clasts of an age of 1890–1884 Ma overlie the Pulesjärvi-Kolunkylä complex (Nironen, 

1989b). The youngest volcanic unit in the TSB is the mafic Takamaa formation with an 

age of 1889 ± 5 Ma (Kähkönen et al., 1989; Kähkönen, 1994). There are plagioclase 

porphyrites with an even younger age of 1880 ± 7 Ma, which may be genetically related to 

granitoids (ibid.). The Mauri psammites, which are located 25-40 km west of Tampere, 

comprise an up to 2.5-km-thick unit of pinkish, cross-bedded sandstones overlain by 

mudstones. The transitional tectonomagmatic affinities of the Takamaa formation and the 

thickness of the Mauri psammites and overlying mudrocks may indicate extension after the 

formation of the Pulesjärvi-Kolunkylä complex (Kähkönen, 1999). 

 

In the western part of the TSB, at Suodenniemi, the volcanic rocks consist mainly of 

basaltic andesites and andesites with medium-K and high-K affinities while at Kankaanpää 

and Ikaalinen northwest from Suodenniemi, there are rocks varying from basalts to dacites 

and they also are of the medium-K and high-K type (Kähkönen, 1987). 

 

3.3. The Makkola area 

 

The Makkola area is the easternmost extension of the TSB (Fig. 1) and has recently been 

studied by Mikkola et al. (2016). The rocks of the Makkola suite include 1.895–1.875 Ga 

intermediate to felsic calc-alkaline volcanic rocks and plutonic rocks of the same age. The 

primary textures are sometimes well-preserved, but more commonly they have been 

destroyed by metamorphism and deformation. The volcanic rocks resemble those in the 

TSB. Plutonic rocks are locally cut by porphyritic dikes related to the Makkola suite. The 

quartz-diorites of the Lammuste lithodeme are geochronologically similar to the Makkola 

suite (Mikkola et al., 2016). 
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The mainly intermediate to felsic volcanic rocks of the Makkola suite form a discontinuous 

belt and due to sparse outcrop observations, its reliable stratigraphy is difficult to construct. 

Thus, the different rock types are presented as lithodemic units in Mikkola et al. (2016). 

There are fine-grained, laminar tuffs, which are cut by massive porphyrites. Locally 

occurring volcaniclastic rocks can be recognized as pyroclastic breccias, lapilli tuffs, 

volcanogenic conglomerates, or lava breccias formed by massive porphyry. 

 

At the westernmost edge of the Makkola area (Fig. 1), the dominant rock types are 

medium-K basalts and andesites as well as high-K rhyolites (Ikävalko 1981; Luukkonen, 

1994). High-K basalts and andesites are also relatively common. The rocks are depleted in 

Ta and Nb relative to Th, which shows that they were formed in an evolved arc 

environment (Kähkönen, 2005). The rocks in the southwesternmost part of the area include 

mainly greywackes with conglomerate and pelitic interlayers (Mikkola et al., 2016). They 

are always matrix-supported and show a thick layering and moderate schistosity. Pelitic 

paraschist layers occur locally. The clasts in greywackes and conglomerates include quartz 

and plagioclase grains and lithic fragments of granite and intermediate volcanic rocks. The 

granoblastic-lepidoblastic matrix of these rocks is usually composed of plagioclase, quartz, 

and biotite. According to Luukkonen (1994), these rocks represent the easternmost 

extension of the TSB. However, Mikkola et al. (2016) correlate them to the PMB. 

 

Felsic tuffs occur geographically in the central part of the Makkola suite and also as 

interlayers in mafic tuffs in the whole area (Mikkola et al., 2016). Locally, some signs of 

starting migmatization in the form of neosomes are seen in these rocks. These features are 

usually found close to the contact with a granitoid intrusion. The main minerals of the 

felsic tuffs are quartz, plagioclase, K-feldspar, chlorite, and epidote and the accessory 

minerals include biotite, hornblende, apatite, calcite, and magnetite. 

 

The intermediate volcanic rocks are located mostly southwestern parts of the Makkola 

area. (Mikkola et al., 2016). They are in some areas crystal-tuffaceous and layered rocks 

and in other areas, fine-grained, nearly featureless, massive rocks. Volcanic breccias occur 

as interlayers in these volcanic rocks. The brecciated fragments are usually composed of 

uralite or plagioclase porphyrite and less commonly quartz diorite. The rocks are 

composed mainly of plagioclase, hornblende, quartz, and chlorite. Accessory minerals 

include epidote, pyroxene, calcite, K-feldspar, and opaque minerals (magnetite). The 



18 

 

texture is granoblastic or grano-lepidoblastic. Also, fragmental lens-like textures occur 

with polygonal quartz and plagioclase as well as chlorite and calcite. Magnetite is present 

as disseminated euhedral crystals, causing a magnetic anomaly in the area where it occurs. 

 

The mafic volcanic rocks found in the Makkola area comprise laminar or banded tuffs 

including epidote-rich beds (Mikkola et al., 2016). The rocks are cut by leucogranite veins 

and quartz veins, which usually have amphibole rims. Volcanic breccias are typical, with 

fragments of uralite or plagioclase porphyrite. The main minerals are amphibole 

(cummingtonite, hornblende), plagioclase, chlorite, and biotite. Accessory minerals include 

quartz, epidote, titanite, apatite, and opaques. The texture is grano-lepidoblastic or 

nematoblastic. 

 

Uralite and uralite-plagioclase porphyrites occur in the whole Makkola area (Mikkola et 

al., 2016). Some of them show bedded structures indicating an extrusive setting. Some 

porphyrite dikes occur in the intrusive and volcanic rocks. The rocks consist mainly of 

amphibole, plagioclase, biotite, and sometimes quartz, and accessory minerals include 

epidote, chlorite, and calcite. The uralite phenocrysts can have relics of clinopyroxene 

inside, amphibole can completely replace clinopyroxenes, or they can be further altered 

into aggregates of amphibole and biotite. Usually, the primary shape of clinopyroxene is 

still observable, although metamorphism may have rounded it or increased its size. 

 

Plagioclase porphyrites can be found locally around the Makkola area (Mikkola et al., 

2016). They occur as three types, which are characterized by 1) acicular non-oriented 

plagioclase, 2) rounded plagioclase and lens-like oriented texture, and 3) felsic 

composition and a K-feldspar-rich matrix. In the first type, the grain size varies widely, 

resulting in a seriate texture. The main minerals include amphibole, biotite, plagioclase, 

epidote, and titanite. The rock might have contained poikilitic pyroxene, which has 

recrystallized into fine-grained amphibole and biotite. In the second type rock, the texture 

is lens-like and mylonitic and the matrix is composed of a quartz-plagioclase-mosaic and 

chloritized bands of amphibole and biotite. Some of these porphyrites are schistose and 

banded, which could indicate an extrusive origin. 

 

The felsic volcanogenic sedimentary rocks at the southeasternmost edge of the Makkola 

area are massive, recrystallized, and quartz-rich (Mikkola et al., 2016). They show 
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secondary banding indicating incipient partial melting. The main minerals are plagioclase, 

quartz, biotite, and K-feldspar. The accessory minerals include titanite, apatite, epidote, 

zircon, pyrite, and carbonate. 

 

3.4. The Central Finland Granitoid Complex 

 

The Central Finland Granitoid Complex covers an area of 40 000 km
2
 (Nironen et al., 

2000). Granitic intrusions are the most common rock formation in the CFGC (Front and 

Nurmi, 1987). Nironen et al. (2000) divided the plutonic rocks of the CFGC into several 

types: 1) coarse-porphyritic biotite granodiorites and granites, 2) even-grained to coarse-

grained monzogranites, 3a) usually porphyritic biotite-hornblende quartz monzonites and 

granites with a pyroxene ± olivine-bearing marginal assemblage, and 3b) quartz 

monzonites, granites and granodiorites containing pyroxene. The geological map of 

Finland by Nironen et al. (2016) shows that the CFGC comprises granodiorite (1.89–1.88 

Ga), granite (1.89–1.87 Ga), and quartz monzonite, granite and granodiorite (1.88–1.87 

Ga). Nikkilä et al. (2016) divided the rocks into three groups: 1) calcic tonalities formed at 

1887 ± 3 Ma or earlier, 2) calc-alkalic granodiorites formed at 1884–1886 Ma and calc-

alkalic subvolcanic and volcanic rocks formed at 1890–1886 Ma, and 3) alkali to alkali-

calcic granite, quartz monzonite, quartz syenite and calc-alkalic diorite and gabbro formed 

at 1881–1880 Ma. 

 

The CFGC consists mainly of two lithodemes: the 1885–1880 Ma synkinematic Muurame 

granitoids and Vaajakoski quartz diorites of the same age (Mikkola et al., 2016). In 

addition, the granitic Puula and gabbroic/dioritic Istruala lithodemes form the post-

kinematic, bimodal Saarijärvi suite (1885–1875 Ma). They are partly coeval with the 

Muurame and Vaajakoski lithodemes, but the Puula granites are of the A-type as opposed 

to the I-type of the Muurame lithodeme (ibid.). According to Nikkilä et al. (2016), the 

changes in the degree of deformation can be explained by different degrees of exhumation 

and the relative ages should not be based on the degree of deformation in the granitoids of 

the CFGC. 

 

The synkinematic granitoids occur as porphyritic and slightly deformed granites and 

granodiorites (Nironen, 2003). The post-kinematic granitoids are K-feldspar porphyritic, 

non-foliated granites, and quartz monzonites (Rämö and Nironen, 1996; Nironen et al., 
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2000; Rämö et al., 2001). These granitoids form dikes and apophyses to surrounding 

supracrustal rocks (Kilpeläinen, 1998). Usually, the post-kinematic plutons are alkaline, 

whereas the synkinematic granitoids are calc-alkaline (Nironen et al., 2000). The granitoids 

of the 1.875 Ga Oittila suite crosscut all the other units as dikes and small intrusions, which 

are usually more leucocratic than the other granitoids. Some of the post-kinematic plutons 

contain mafic magmatic enclaves and are thought to represent batches of a more mafic 

magma (ibid.). 

 

The granitoids in schist belts (e.g., the TSB, the PMB) are mainly granodiorite, tonalite, 

and trondhjemite, whereas the mafic plutonic rocks consist of gabbro, diorite and tonalite 

and/or trondhjemite at the margins and usually granodiorite in their central parts (Front and 

Nurmi, 1987). The granitoids of the CFGC have higher FeO*/MgO and K2O/Na2O ratios 

than the granitoids in schist belts (ibid.). Furthermore, the FeO and TiO2 contents are 

higher in the post-kinematic granitoids than in the synkinematic granitoids (Nironen et al., 

2000). 

 

According to Rämö and Nironen (1996) and Nironen et al. (2000), the geochemical 

similarity of the granitoids of the CFGC with rapakivi granites shows that the 

compressional stage in the northern parts of Svecofennia ended with the intrusion of 

porphyritic granites. The REE characteristics of the synkinematic and post-kinematic 

granitoids in the CFGC are close to each other, except that the synkinematic granitoids 

have lower REE contents (Nironen et al., 2000). This might indicate a similar magma 

source but a different degree of melting. 

 

The mafic-intermediate intrusions in the CFGC are usually dioritic in chemical 

composition (Nironen, 2003). Quartz monzodiorites, monzodiorites, and quartz diorites 

grade into each other without clear contacts. Small gabbroic intrusions can also be 

observed. They are locally layered and some ultramafic units occur in differentiated 

intrusions. Both the synkinematic and postkinematic phases include mafic plutonism 

(ibid.). 
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3.5. Tectonic evolution of Central Finland 

 

Simonen (1953) was the first to compare the TSB to modern island arcs. Accretionary-type 

tectonics is the most well-accepted cause for Proterozoic crustal growth (Lahtinen et al., 

2005). A model for the Svecofennian orogen was presented by Nironen (1997). According 

to this mode, following the opening of an ocean basin, which commenced at 1.95 Ga, two 

arc complexes accreted to the Karelian craton at 1.91–1.87 Ga. 

 

The former existence of the Keitele microcontinent (2.1–2.0 Ga) has been proposed based 

on the geochemical and isotopic characteristics of the CFGC (Lahtinen et al., 2005). 

Today, the hidden Keitele microcontinent and the overlying arc material related to the TSB 

and PMB form a 52-km-thick crustal segment. The TSB volcanic rocks represent evolved 

arc volcanism, possibly in a forearc setting (Kähkönen, 1989). 

 

The lavas from a lower marginal-basin (Kähkönen and Nironen, 1994) or rift-basin 

environment (Lahtinen, 1994) in the TSB are older than 1.91 Ga, because they are situated 

stratigraphically below the greywackes having a maximum deposition age of about 1.91 

Ga (detrital zircon data; Huhma et al., 1991; Lahtinen et al., 2002). Furthermore, the 

volcanic rocks above them have yielded a zircon age of 1.904 Ga (Kähkönen et al., 1989). 

 

Lahtinen et al. (2005) propose a five-stage orogenic model instead of one continuous 

process for the Svecofennian orogeny. These events took place in the time period of 1.92–

1.79 Ga and formed linear belts and mountain chains, which were later exhumated. Thus, 

they can be called orogens sensu stricto. These orogens include the Lapland-Kola orogen, 

Lapland-Savo orogen, Fennian orogen, Svecobaltic orogen, and Nordic orogen. 

 

The Lapland-Savo orogen consists of the accreted Norrbotten craton, Keitele 

microcontinent and allochthonous Paleoproterozoic cover and reworked Archean at the 

western boundary of the Karelian craton. After the Lapland-Savo orogeny, but before the 

Fennian orogeny (at 1.90–1.89 Ga), the accretion of the Keitele microcontinent to the 

Karelian craton caused a subduction polarity reversal (Lahtinen, 2005; Lahtinen et al., 

2009a; 2009b; 2014). This caused an uplift of the newly-formed Lapland-Savo orogen, 

which was exhumed and eroded, with the detritus accumulating in a subduction foredeep 

and forming the sediments of the PMB. In addition, the subduction to the north under the 
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Keitele microcontinent caused the continental margin volcanism and associated plutonism 

of the TSB.  The collision of the Bergslagen microcontinent and the attached Häme belt 

with the Keitele-Karelia collage at 1.89–1.88 Ga halted the subduction, resulting in the 

Fennian orogen (Lahtinen et al., 2009b). After the subduction ended, the resulting 

contraction caused deformation and migmatization of the accretionary wedge (Kilpeläinen, 

1998; Korsman et al., 1999). 
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4. RESEARCH MATERIAL AND METHODS 

 

The research material for this study was provided by the Geological Survey of Finland. It 

consists of bedrock observations, whole-rock geochemical data, thin sections, and 

aeromagnetic maps. The rock samples for chemical analyses and thin sections were 

collected during this project. 

 

4.1. Field work 

 

The field work consisted of systematic bedrock mapping of the study area, with the main 

interest being in volcanic belts. Most of the field work was done by the author and Ville 

Virtanen from the University of Helsinki in summer 2016. Furthermore, the samples and 

bedrock observations by students of the bedrock mapping course held in May 2016 

(samples with “KK6$”) were utilized in this work. A total of 1374 observations were made 

during the summer. The data also include some older observations made during the GTK 

mineral potential estimation project. 

 

4.2. Petrography 

 

The petrographic research is based on 80 thin sections. They were examined with a 

polarization microscope using both transmitted and reflected light for identifying silicates 

and opaque minerals. Detailed descriptions of each thin section are listed in Appendix 1. 

 

4.3. Geochemical analyses 

 

Geochemical analyses were made on selected hand samples. The geochemical data include 

85 whole-rock analyses of samples collected during the field work. They represent the 

whole study area and different types of volcanic or volcanogenic rocks. The samples were 

analyzed at Labtium Oy. The main oxides SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, 

Na2O, K2O, P2O5 and elements As, Ba, Bi, Ce, Cl, Cr, Cu, Ga, La, Mo, Ni, Pb, Rb, S, Sb, 

Sc, Sn, Sr, Th, U, V, Y, Zn and Zr were analyzed with the X-ray fluorescence (XRF) 

method (Labtium code 176X). In addition, 49 of the 85 samples were analyzed with ICP-

MS (inductively coupled plasma mass spectrometry; Labtium code 308M) for elements Ce, 

Co, Dy, Er, Eu, Gd, Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sm, Ta, Tb, Th, Tm, U, and Yb and 
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with ICP-OES (inductively coupled plasma optical emission spectrometry; Labtium code 

308P) for elements Sc, V, Y, and Zr.  The major and trace element data of volcanic rocks 

are listed in Appendix 2. All the collected hand samples were also analyzed with a hand-

held XRF device. Some of these results contain obvious errors but still can be used as 

semi-quantitative reference values. 

 

The geochemical data were handled and plotted to diagrams with the Geochemical Data 

Toolkit (GCDKit) program (Janoušek et al. 2006) and Microsoft Excel 2016, and the 

diagrams were further edited with the Paint.net image-editing software. 
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5. GEOLOGY OF THE STUDY AREA 

 

The studied volcanic rocks are distributed geographically in five areas: Partala, Kakaristo, 

Mustajärvi, Ouninpohja, and Länkipohja (Fig. 3). The division is based on the 

geographical position of the belts and the features that the rocks in these areas commonly 

share with each other. Geochemical data are later presented and discussed with the 

reference to the same areas. Stratigraphic considerations were left out of this project, as the 

number of field observations is too limited to interpret the stratigraphic positions of the 

rock units. 

 

The volcanic belts are separated by faults or granitic intrusions and based on field 

relationships, they appear to be older than the surrounding plutonic rocks as granitoids 

commonly cut the volcanic rocks. These granitoids are leucocratic and resemble closely 

coarse-grained pegmatites that are associated with the smaller-grained granite variants. 

Small gabbroic and dioritic intrusions occur in the Mustajärvi and Ouninpohja areas, being 

spatially associated with volcanic rocks. 

 

The volcanic rocks commonly show a positive magnetic anomaly on aeromagnetic maps, 

but not always. There seems to be no clear correlation between a magnetic anomaly and 

the amount of silica in the volcanic rocks. Mafic volcanic rocks can be locally as magnetic 

as felsic volcanic rocks, which are generally more magnetic. 

 

Detailed descriptions of typical volcanic and plutonic rocks found in the above-mentioned 

areas or belts are presented below, and photographs of volcanic rocks are presented in Fig. 

4. 

 

5.1. The Partala volcanic belt 

 

The focus of this study was on the Partala volcanic belt (PVB) as most of the thin sections 

and geochemical analyses were made from this belt. It is a boomerang-shaped, 

approximately 15-km-long belt composed of felsic and intermediate volcanic rocks (Fig. 3) 

and forming a positive anomaly on aeromagnetic maps. The volcanic rocks are mainly 

hornblende-rich tuffites with bands richer in biotite and quartz (Nironen, 2003; this study). 
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Figure 3. Geological map of the 30 by 20 km wide study area showing the locations of the studied 

volcanic belts. Symbols indicate the sampling sites of the analyzed volcanic and plutonic samples. 

 

The PVB is bound in the north by equigranular granodiorite belonging to Muurame 

granitoids. These granodiorites are medium-grained and usually light-colored and have 

hornblende as the main mafic mineral. The type sample of this granodiorite is coded as 

“VJVI-2016-310.1 Akkasuo granodiorite”. The granitoids contain migmatized paragneiss 

inclusions locally. 
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In the west and in the east, the belt is bound by porphyritic biotite granites of Juupajoki, 

Kaipola and Jämsä, which belong to the Saarijärvi igneous suite. In the south, the belt is 

bound by the granite massif of Ylä-Partala and the same massif also surrounds the 

Kakaristo and Mustajärvi volcanic rocks to the south of the PVB. The Ylä-Partala granite 

is most commonly medium grained, although some fine-grained and coarse-grained 

varieties have been observed. Biotite is the main mafic mineral. There is an area of 

monzodiorite in the middle parts of the PVB. It is non-foliated, equigranular, medium-

grained, and homogeneous and has both biotite and hornblende as mafic minerals. 

 

Based on field observations, a 6-km-wide segment of porphyritic granite is located inside 

the equigranular Ylä-Partala granite at Iso-Oksjärvi. It is weakly foliated, homogeneous, 

medium-grained granite with biotite as mafic mineral. The size of potassic feldspar 

phenocrysts varies in the range of 0.5–4.0 cm. 

 

According to Nironen et al. (2000), the granitic pluton at Jämsä (1875 ± 1.5 Ma, Rämö et 

al., 2001) belongs to type 3a biotite–hornblende quartz monzonite and that at Kaipola 

(1880 ± 5 Ma, ibid.) to type 2 monzogranite. The contacts between the marginal parts and 

core of the plutons are gradational in the type 3a plutons. The Jämsä pluton shows a clear 

decrease in Eu/Eu
*
 from the pyroxene-bearing margin to the center of the pluton. This 

suggests a change in the oxidation state of the magma during the crystallization of the 

granite (Nironen et al., 2000). 

 

Some rocks of intermediate composition occur west of Jämsä in the otherwise mainly 

felsic PVB. These rocks are most clearly observed in the western part of the belt. Some of 

these fine-grained rocks are homogeneous, whereas others show compositional layering, 

such as that found in tuffites. The volcanic rocks of the PVB also contain some 

leucogranitic dikes. Furthermore, uralite and plagioclase porphyritic dikes have been 

observed to intrude felsic volcanic rocks in the western and northwesternmost parts of the 

PVB. 

 

An area in the southwestern part of PVB was mapped by V.J. Penttilä in the 1970s. The 

purpose of his mapping was related to ore prospecting for Outokumpu Oy. This area seems 

to be composed mainly of felsic tuffitic volcanic rocks with some amphibolitic mafic 
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rocks. These rocks may be correlated to the Kakaristo belt volcanic rocks rather than those 

of the PVB. 

 

Based on field observations, four rock types can be identified in the PVB: 1) massive, 2) 

layered, 3) pyroclastic rocks, and 4) paragneisses. These rocks vary from intermediate to 

felsic in composition and show a varying intensity of alteration. 

 

5.1.1. Massive rocks 

 

The massive rocks are intermediate to felsic and light grey to brownish grey in color. They 

can be slightly banded by deformation, but no primary structures are visible. The eastern 

part of the PVB is almost solely composed of these rocks, but they are common in the 

western part as well. The type sample is coded as “AOHE-2016-244.1 Viialanvuori felsic 

volcanic rock”. Figure 4F illustrates an example of this rock type. They contain quartz ± 

epidote veins and mafic dikes common. 

 

5.1.2. Layered rocks 

 

The layered felsic-intermediate volcanic rocks of the Partala belt share some features, such 

as the color and mineralogy, with the massive type. Despite the common presence of 

obvious layering, its direction varies extensively due to deformation. There is no good 

control on how the layered variants are related to the massive volcanic rocks. The former 

are concentrated on the central western part of the PVB. The type sample is coded as 

“ASM$-2015-443.2 Ruununmäki felsic volcanic rock, Tuff (or tuffite)” and it displays cm-

scale primary layering. Figure 4E shows a photograph of this rock type. 

 

5.1.3. Pyroclastic rocks 

 

There are few outcrops in a single c. 20 m-thick horizon where volcanic clasts have been 

identified in the study area. The clasts have size of up to 50 cm in diameter. The type 

sample is coded as “PIM$-2014-162 Ahvenvuori Felsic volcanic rock” and was taken from 

an outcrop containing abundant volcanic bombs. There is no significant compositional 

difference between the matrix and the clasts, except that the clasts appear to be slightly 

more felsic than the matrix. 
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5.1.4. Paragneisses 

 

Few outcrops at the northwestern and southern margin of the PVB contain sedimentary 

rocks interpreted as paragneisses. Some of them are migmatized, but some including the 

outcrop of the type sample ASM$-2015-450.2 Nytkymensuo are unmigmatized. The 

outcrop consists mainly of biotite-rich paragneiss, but the sample is from a sandy interbed. 

The paragneisses display usually compositional layering and are genetically related to the 

volcanic rocks in the study area as they appear to have a volcanic provenance. 

 

5.2. Volcanic rocks of the Kakaristo, Mustajärvi and Ouninpohja areas 

 

The intermediate to mafic volcanic rocks of the Kakaristo and Mustajärvi areas are located 

to the north and east of the Iso-Oksjärvi granite and to the south and southwest of the PVB 

(Fig. 3). In these areas, the volcanic rocks are more mafic than elsewhere in the study area. 

The volcanic fragments of the Ouninpohja are located between the Kakaristo and 

Länkipohja areas, to the southwest of the PVB. 

 

The intermediate volcanic rocks in the Kakaristo area are commonly heterogeneous or 

layered and contain mafic interlayers. The mafic volcanic rocks are more homogeneous. 

The mafic to intermediate rocks are usually dark grey or dark greenish. The degree of 

alteration varies from unaltered to strongly altered. A thin gabbro segment has also been 

located in the central part of the Kakaristo volcanic belt. Mafic volcanic rocks are cut by 

granitic veins (Fig. 4C). 

 

At the western edge of the Kakaristo volcanic belt is a small NE-SW-trending monzonite 

intrusion. The eastern edge in turn contains a couple of granodiorite intrusions surrounded 

by the Ylä-Partala granite. Typical for these granodiorites is their non-foliated, 

equigranular character, with biotite and hornblende occurring as mafic minerals. Some 1.5 

km to the west of Kakaristo and to the south of route 9, there is a N-S-trending mica gneiss 

zone. It is mainly composed of quartz and biotite, implying that it represents a paragneiss. 

 

The Mustajärvi volcanic rocks to the east of Iso-Oksjärvi granite are mainly intermediate 

in composition. Their texture varies from homogeneous to layered and locally some signs 

of potassic alteration can be seen. To the northwest of Mustajärvi volcanic rocks is the 
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Nättilä gabbroic intrusion with a diameter of approximately 700 m. It is equigranular, 

nonfoliated and homogeneous and its northern parts have been altered by metasomatism as 

the rock is red or green due to the presence of potassic feldspar and epidote. To the 

southeast of the Mustajärvi volcanic rocks is a zone of granodiorite 3.5 km in width with 

many segments appearing more granitic than granodioritic. A photograph of an atypically 

banded volcanic rock from Mustajärvi is shown in Fig. 4B. 

 

Fragmental volcanic belts in the Ouninpohja area are tens to couple hundred meters wide. 

They are locally difficult to trace in the field due to the Quaternary coverage and a low 

number of outcrops. The rocks resemble the volcanic rocks of the Kakaristo and 

Mustajärvi areas in that they are mainly intermediate, usually heterogeneous and often 

contain granitic dikes. Their color varies from grey to dark green and grey. In few cases, 

they contain uralite phenocrysts. A photograph of this type of rock is presented in Fig. 4D. 

The type sample is coded as “AOHE-2016-283.1 Tuomiloilo intermediate volcanic rock”. 

It shows lepidoblastic schistosity, but no primary features. 

 

5.3. Intermediate porphyrites of the Länkipohja area 

 

Most of the uralite- and plagioclase-porphyritic rocks found in the study area occur in an 

area east of Länkipohja village. Practically, all the porphyritic rocks contain uralite 

phenocrysts, but plagioclase phenocrysts can be absent. Locally, they show agglomeratic 

structures. The rocks are grey to dark grey with a local greenish tint. The plagioclase-

porphyritic variants are usually more magnetic than those with only uralite phenocrysts. 

Some of the rocks contain leucogranitic, pegmatitic or mafic dikes. The dikes are less 

abundant than in the volcanic rocks of the Kakaristo, Mustajärvi and Ouninpohja areas. In 

this sense, the Länkipohja area resembles the Partala area. The type sample for these rocks 

is coded as “VJVI-2016-101.2 Soimasuo plagioclase-porphyritic intermediate volcanic 

rock with agglomeratic structures”. A photograph of the rock type is presented in Fig. 4A. 

 

The intermediate porphyritic rocks grade locally into plutonic rocks (Nironen, 2003; this 

study). This can be observed especially in outcrops at the margin of the uralite-plagioclase 

porphyrite and granite to the east of Länkipohja (light grey in Fig. 3). In terms of the 

number of phenocrysts and grain size, the rocks in this locality seem to be transitional 

between uralite-plagioclase porphyrite and granodiorite-granite. This is an indication of the 
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rocks’ hypabyssal origin (Nironen, 2003). The type sample of the granite itself has been 

coded as “AOHE-2016-297.2 Salavavuori granite”. According to Nironen (2003), quartz-

plagioclase porphyrites are rhyolitic, plagioclase porphyrites dacitic and plagioclase ± 

uralite porphyrites andesitic in chemical composition. 

 

5.4. The Kaipola layered intrusion 

 

The Kaipola layered intrusion is situated in the southeasternmost part of the study area. 

The intrusion is an oval-shaped tholeiitic gabbro-diorite body 4.6 x 2.2 km in size and well 

visible on aeromagnetic maps (Nironen et al., 2000; Peltonen, 2005). It is enclosed in syn- 

and postkinematic granitoids, unlike most other Svecofennian mafic-ultramafic intrusions, 

which are usually emplaced into sedimentary rocks. Based on single-grain U-Pb zircon 

dating, it has an age of 1875 ± 4 Ma (H. Huhma, written comm., 2015). The Kaipola 

gabbro and granite show complex crosscutting features in their contact zone and there is an 

additional granodioritic phase. These features may be explained by mixing and mingling of 

felsic and mafic magmas (Nironen et al., 2000). 

 

The layered structure of the Kaipola intrusion is well preserved and expressed as at least 

seven distinguishable zones. The basal part of some zones contains thin pyroxenitic layers 

with some layers containing olivine. Most of the cumulate sequence is composed of a 

plagioclase-dominated orthocumulate with minor apatite and titanomagnetite. There are 

large postcumulus amphibole oikocrysts indicating a relatively high water content in the 

parental magma. The scarcity of sulfides together with the low PGE and Ni contents 

indicates that the intrusion likely holds no potential for magmatic sulfide deposits (Nironen 

et al., 2000; Peltonen, 2005). 

 

5.5. Other rock types found in the area 

 

A small pyroxene cumulate intrusion 40 x 40 m in size has been found east of Länkipohja 

(VJVI-2016-245). The pyroxene grain size is from 5 to 15 mm and the rock weathers 

locally into black gravel, which makes the intrusion easily distinguishable from the 

surrounding granites. The rock consists almost solely of pyroxene. This kind of rock with a 

coarse-grained texture was observed as <1.5-m-sized inclusions in an intermediate 

volcanic rock in outcrop AOHE-2016-128 located 4 km east of VJVI-2016-245. A 1.3-km- 
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Figure 4. A) Plagioclase-uralite porphyrite from Länkipohja, outcrop VJVI-2016-267. B) Atypical 

layered intermediate volcanic rock from the Mustajärvi belt, showing mafic calc-silicate interbeds, 

outcrop VJVI-2016-81. C) Mafic volcanic rock with brecciating leucogranite veins from northern 

Kakaristo, outcrop AOHE-2015-55. D) Intermediate volcanic rock, strongly altered and magnetic 

from a volcanic fragment at Ouninpohja, outcrop AOHE-2016-68. E) Layered felsic volcanic rock 

from the western part of the Partala volcanic belt, outcrop MSKA-2016-30. F) Homogeneous felsic 

volcanic rock with concordant quartz veins from the western part of the Partala volcanic belt, 

outcrop KK6$-2016-1407. Compasses point to the north and their length is 12 cm. Photographs by 

Antti Heikura (AOHE), Ville Virtanen (VJVI), Maiju Kaartinen (MSKA) and Jaro Kuikka (KK6$-

2016-1407). 
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wide migmatized gneiss belt with garnet porphyroblasts up to 15 mm in size occurs in the 

coarse-grained texture was observed as <1.5-m-sized inclusions in an intermediate 

volcanic rock in outcrop AOHE-2016-128 located 4 km east of VJVI-2016-245. A 1.3-km-

wide migmatized gneiss belt with garnet porphyroblasts up to 15 mm in size occurs in the 

Ouninpohja area, to the west from the Iso-Oksjärvi porphyritic granite (Fig. 3). It is 

surrounded by volcanic rocks and granites. The contact zone with the surrounding granite 

shows epidote alteration and possibly potassic alteration. 

 

A curiosity is an ocellar quartz-hornblende gabbro located in the western part of the 

gabbro, located west of the Iso-Oksjärvi porphyritic granite (the yellow spot on brown 

gabbro in Fig. 3). It crops out in two places spaced approximately 350 m apart each other. 

Quartz phenocrysts/xenocrysts 2-5 mm in size are surrounded by a 1-mm-thick rim of 

amphibole or pyroxene. The matrix is composed mostly of altered plagioclase and 

hornblende. The rock has a yellowish-brown color. 

 

Outcrop AOHE-2016-61 hosts an at least 30-m-wide, white to greenish quartz vein in 

granite and intermediate volcanic country rocks. The host rock contains abundant N-S-

trending quartz veining. In Fig. 3, the uppermost red Mustajärvi square symbol in the 

Mustajärvi area represents this outcrop, and the chemical analysis from this place was 

made on a volcanic rock. 

 

Three outcrops of diabase were found south of the PVB and to the northeast of the 

Mustajärvi volcanic rocks, occurring 100–200 m apart from each other. Due to poor 

exposure, the shape and direction of the diabase dike is difficult to estimate. 
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6. PETROGRAPHY 

 

The division of the rocks into felsic, intermediate and mafic rocks was made based on the 

relative abundance of felsic minerals, namely quartz, K-feldspar, and plagioclase. The 

typical rocks presented in Chapter 5 are referred to when applicable. Few thin sections of 

plutonic rocks were also included as a reference and their descriptions are present last. 

 

6.1. Felsic volcanic rocks 

 

Some of the felsic volcanic rocks contain phenocrysts, but their commonly equigranular 

and small-grained character indicates a volcanic rather than sub-volcanic origin for these 

rocks. The grain size of the matrix varies in the range of 0.1–0.3 mm.  Larger phenocrysts 

occur in some samples. Some rocks are homogeneous (Fig. 5B), whereas some are layered 

(Fig. 5A), banded or volcaniclastic. These can be related to the homogeneous and layered 

types presented in Chapters 5.1.1 and 5.1.2 and Figs. 4E and 4F. Almost all rocks show a 

seriate to inequigranular and interlobate (consertal) texture and equigranular and polygonal 

grain shapes with triple junctions are extremely rare. The rocks are usually lepidoblastic, 

but nonfoliated varieties also occur. 

 

The felsic volcanic rocks have more than 75% of felsic minerals. Generally, they are 

highly enriched in quartz, but some samples, such as KK6$-2016-820.1, have a low quartz 

content but a very high amount of microcline, making it felsic. The main minerals of felsic 

volcanic rocks are typically quartz, biotite, orthoclase, and microcline and in some 

samples, also plagioclase, hornblende, muscovite, magnetite, and hematite. Accessory and 

alteration minerals present in variable amounts include carbonate, epidote, apatite, chlorite, 

titanite, garnet, pyrite, zircon, chalcopyrite, sericite, saussurite, clays, and tourmaline. Few 

samples have myrmekite along edges of K-feldspar grains. Sample KK6$-2016-1103.1 

contains a relatively large amount of tourmaline (close to 1%). The plagioclase 

composition in the felsic volcanic rocks varies from albite to oligoclase. 

 

In terms of the intensity of alteration, the rocks vary from unaltered to strongly altered. 

Alteration styles include chloritization, silicification, saussuritization, epidotization, 

sericitization, potassic metasomatism, and argillic alteration (alteration to clays). Feldspars 

are commonly altered to clays or saussurite, and hornblende commonly shows abundant 
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quartz inclusions indicating silicification. Pyrite sometimes shows replacement rims of 

magnetite, which may be further replaced by hematite along rims or as exsolution lamellae 

inside magnetite grains. Magnetite commonly displays euhedral, cubic forms, which are 

likely pseudomorphs after pyrite. Furthermore, titanite commonly occurs surrounding 

magnetite. Sample KK6$-2016-2.1 shows chalcopyrite rims around anhedral pyrite. 

 

6.2. Intermediate volcanic rocks 

 

The intermediate volcanic rocks occur most abundantly in the Kakaristo, Mustajärvi and 

Ouninpohja areas (see Chapter 5.2). They show usually an inequigranular to seriate and 

interlobate texture similar to that observed in the felsic volcanic rocks. The rocks may be 

lepidoblastic, nematoblastic, or nonfoliated. Some samples show weak layering (Figs. 4B, 

5D). The grain size distribution of the matrix is larger and the grain size is noticeably 

larger than in the felsic volcanic rocks. Few samples have a grain size of 0.01–0.2 mm, but 

some samples show a grain size in the range of 0.1–1 mm. Some samples show a 

heterogeneous mineral distribution and locally clasts of a larger grain size. This would 

indicate a tuffaceous or volcaniclastic origin for these intermediate volcanic rocks. 

 

The intermediate volcanic rocks have less than 75% felsic minerals. The typical main 

minerals of intermediate volcanic rocks are quartz, plagioclase, hornblende, orthoclase, and 

biotite. In some samples, also microcline, garnet, and magnetite occur among the major 

minerals. Accessory and alteration minerals are present in variable amounts, including 

pyrite, chalcopyrite, zircon, titanite, epidote, muscovite, chlorite, carbonate, hematite, 

apatite, allanite, orthopyroxene, sericite, saussurite, and clays. The plagioclase composition 

varies mainly between oligoclase and andesine, but few samples show albitic or 

labradoritic composition. Photographs of intermediate rocks are presented in Figs. 4B and 

4D. 

 

Alteration varies from very weak at grain boundaries to almost complete, especially in 

feldspars. The alteration styles are principally the same as in felsic volcanic rocks. 

Plagioclase is often saussuritized or altered to clays, and hornblende shows signs of 

silicification. Pyrite is locally replaced by magnetite and hematite in a similar manner as in 

felsic volcanic rocks. Titanite is commonly associated with magnetite. Few samples 

contain myrmekite. 
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6.3. Mafic volcanic rocks 

 

Mafic volcanic rocks occur most abundant in the Kakaristo, Mustajärvi and Ouninpohja 

areas (see Chapter 5.2). Four samples were defined as mafic by petrographic analysis. The 

grain size in three of the samples is between 0.02–0.5 mm and these are lepidoblastic. 

Sample ASM$-2015-377 is nonfoliated and has a grain size of 0.25–3.0 mm, resembling a 

hornblende gabbro in its texture. 

 

The mafic rocks have low abundances of felsic minerals (<30%). They have 0–20% quartz 

and the rest of the main minerals are plagioclase, hornblende, and clinopyroxene. A small 

amount of orthopyroxene, biotite and magnetite occur locally among the major minerals. 

Accessory and alteration minerals are present in variable amounts and include carbonate, 

talc, serpentine, titanite, orthoclase, apatite, epidote, pyrite, and chalcopyrite. The 

plagioclase composition corresponds to oligoclase–andesine. Alteration is usually very 

weak, but sample MSKA-2016-29.1 (Fig. 5C) shows alteration to talc, serpentine, and 

carbonate.  A photograph of a mafic volcanic rock is presented in Fig. 4C. 

 

6.4. Uralite porphyrites 

 

Porphyritic subvolcanic rocks occur most commonly in the Länkipohja area (see Chapter 

5.3). Four samples were classified as uralite porphyrites. The rocks are 

lepidoblastic/nematoblastic or nonfoliated, inequigranular, interlobate, and locally 

granoblastic (sample VJVI-2016-279.1, Fig. 5F). The grain size of the phenocrysts is 0.1–

3.0 cm and that of the matrix 0.02–0.5 mm.  

 

The porphyrites are intermediate to mafic in composition, comprising quartz, plagioclase, 

hornblende (uralite), and biotite. Accessory and alteration minerals are present in variable 

amounts, including clinopyroxene, orthoclase, epidote, carbonate, muscovite, titanite, 

microcline, chlorite, pyrite, chalcopyrite, apatite, zircon, and magnetite. Plagioclase has a 

compositional distribution from albite to labradorite.  The alteration styles include weak to 

strong silicification, biotitization, saussuritization, and sericitization. Locally, some 

pyroxene is left inside uralite phenocrysts. Myrmekite occurs in sample ASM$-2015-414. 

A photograph of a plagioclase-uralite porphyritic rock is presented in Fig. 4A. 
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6.5. Plagioclase porphyrites 

 

Subvolcanic plagioclase porphyrites occur most commonly in the Länkipohja area (see 

Chapter 5.3) and locally in the Partala area. The rocks are nonfoliated to lepidoblastic and 

one sample (AOHE-2016-244.1) seems to be layered with volcanic clasts, suggesting a 

volcaniclastic origin.  The phenocrysts are 0.4–5 mm in size and the matrix is mainly from 

cryptocrystalline to 0.25 mm.  

 

The porphyrites consist mainly of quartz, plagioclase, biotite, and to a lesser extent of 

orthoclase, microcline, hornblende, and magnetite. Accessory and alteration minerals 

include titanite, epidote, hematite, garnet, zircon, apatite, carbonate, allanite, chlorite, 

sericite, and saussurite. They are quite felsic, as the percentage of felsic minerals is 60–

85%. They resemble intermediate volcanic rocks, but can be slightly coarser grained and 

contain plagioclase phenocrysts. Titanite is locally associated with magnetite and some of 

the magnetite is replaced by hematite. Plagioclase is mainly oligoclase, but it is albite–

oligoclase in sample ASM$-2015-336 and oligoclase–andesine in sample KK6$-2016-

207.1 (Fig. 5E). The feldspar phenocrysts are moderately to strongly altered, whereas the 

matrix is generally only weakly altered. One exception is sample KK6$-2016-609.1, which 

is nearly completely altered, potentially indicating some kind of system of strong 

alteration. A photograph of a plagioclase-uralite porphyrite is presented in Fig. 4A. 

 

6.6. Sedimentary rocks 

 

The thin section analysis showed that some rocks are sedimentary. In the field, it is 

difficult to distinguish them from the felsic and intermediate volcanic rocks. Textures in 

the sedimentary rocks show a large variation. These include gneissic, lepidoblastic, 

heterogeneous (arkosic or greywacke-like), layered, seriate, inequigranular, equigranular, 

and interlobate. The grain size is mainly 0.02–0.15 mm, but some samples have a larger 

grain size distribution. 

 

The sedimentary rocks are mainly composed of quartz and biotite and to lesser extent of 

plagioclase, muscovite, orthoclase, microcline, and magnetite. Accessory and alteration 

minerals include epidote, chlorite, garnet, carbonate, zircon, pyrite, titanite, chalcopyrite, 

hematite, and apatite. Garnet grains contain quartz inclusions locally. Some rocks contain  
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Figure 5. Photomicrographs of typical rock types in the study area. A) Layered felsic volcanic rock 

from the westernmost edge of the Partala volcanic belt, sample MSKA-2016-17. B) Homogeneous 

felsic volcanic rock from the westernmost part of the Partala volcanic belt, sample KK6$-2016-2. 

C) Strongly altered porphyritic mafic volcanic rock as an interlayer in more intermediate volcanic 

rock from the central-western part of the Partala volcanic belt. Some pyroxenes on the lower right 

and an altered fracture on the upper left. Sample MSKA-2016-29. D) Intermediate volcanic rock 

with numerous hornblende (orange-brown) from the Kakaristo area, sample KK6$-2016-220. E) 

Plagioclase porphyrite from the southwestern part of the Partala volcanic belt, sample KK6$-2016-

207. F) Uralite porphyrite from a volcanic fragment northeast of Länkipohja. The largest uralite 

(hornblende) phenocryst cluster is over 1 cm in size. Sample VJVI-2016-279. Photographs by Tarja 

Neuvonen / GTK. 
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lithic fragments and myrmekite occurs locally. Plagioclase composition is oligoclase, 

except in sample ASM$-2015-443.1, which has a peculiar composition of andesine–

labradorite with a few albite grains. Alteration is usually very weak to weak, but few 

samples show moderate to strong alteration. The alteration styles include chloritization, 

clay alteration, and saussuritization. A common feature with other rock types found in the 

area is the presence of pyrite and chalcopyrite with magnetite rims and the further 

replacement of magnetite by hematite. 

 

6.7. Intrusive rocks 

 

Few intrusive rock samples were included in the petrographic study. These are granitic to 

gabbroic in composition. Their grain size is on a millimeter scale. The textures are 

lepidoblastic, nematoblastic, nonfoliated, heterogeneous, inequigranular, seriate, and 

interlobate. One sample (ASM$-2015-358) with an equigranular subophitic texture is 

hornblende gabbro. 

 

The main minerals include quartz, plagioclase, hornblende, orthoclase, microcline, biotite, 

clinopyroxene and orthopyroxene. Clinopyroxene occurs only in sample ASM$-2015-459 

and orthopyroxene in sample ASM$-2015-358. Accessory and alteration minerals include 

magnetite, apatite, muscovite, zircon, titanite, epidote, saussurite, and pyrite. Myrmekite 

occurs in “aplites”. The plagioclase composition in unaltered grains is oligoclase–

labradorite. 

 

The intensity of alteration varies from weak to strong. It is noteworthy that feldspar grains 

are strongly altered and almost always more altered than any other minerals. The alteration 

styles include saussuritization, silicification, biotitization, albitization, chloritization, and 

potassic alteration. 
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7. GEOCHEMISTRY 

 

The locations and types of the analyzed samples are presented in Fig. 3 and major and 

trace element data of volcanic rocks are listed in Appendix 2. 

 

7.1. Analyses with handheld XRF 

 

As pointed out in Chapter 4.3, the analytical results obtained by the portable XRF 

spectrometer are only approximate. Some samples appear to show anomalous values for 

some base metals. For example, sample VJVI-2016-272.1 (felsic volcanic rock) contains 

0.3 wt% Cu, AOHE-2016-47.1 (gabbro) 0.18 wt% Cr and KK6$-2016-144.1 (granodiorite) 

0.12 wt% Zn. 

 

The granitic rocks east of the Kakaristo volcanic belt have higher Al2O3 than any other 

granitoids in the study area. Also, the PVB shows slightly higher Al2O3 than other more 

mafic volcanic belts in the area. The highest iron contents (10–25 wt% Fe2O3tot) are mainly 

found in the volcanic rocks from the Kakaristo and Mustajärvi areas. The central part of 

the PVB also hosts rather basic and acidic rocks with SiO2 less than 52 wt% or more than 

69 wt%. They form a bimodal sequence, whereas the rocks more to the east and west are 

more intermediate in composition. The volcanic rocks in the Kakaristo area are also 

bimodal in terms of SiO2, but the Mustajärvi volcanic rocks are confined to intermediate to 

basic varieties. 

 

The granodiorites east of the Mustajärvi volcanic rocks and granodiorites east of the 

Kakaristo volcanic rocks are enriched in V, which reaches 550 ppm. Bismuth is elevated 

(50–125 ppm) in granites in the southern part of the study area. A slight Pb enrichment (up 

to 118 ppm) occurs in some volcanic rocks and granites in the Kakaristo area. Some felsic 

to intermediate volcanic rocks at the northwestern tip of the PVB are slightly enriched in 

Zn (up to 550 ppm). Chromium is relatively high (200–600 ppm) in mafic volcanic rocks 

in the central part of the PVB. Zirconium is generally higher in felsic rocks than in mafic 

rocks, but no anomalous values have been observed. Granitoids and felsic volcanic rocks 

in the central PVB are slightly enriched in Rb. There is no significant enrichment in As, 

Cu, Ni, or Co, and no correlation of Y or Sr with rock types or locality. 
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7.1.1. Erroneous measurements 

 

Samples AOHE-2016-80, -88, -89, -91, and -97 appear to contain around 2.2 wt% Pb, 

which most likely indicates an error in measurement. The rocks vary from intermediate 

volcanic rocks to granite and one sample (AOHE-2016-80) is kilometers away from the 

rest. Sample AOHE-2016-82 (mafic volcanic rock) seems to contain 2–4 wt% Bi (from 

two samples) and samples AOHE-2016-76, -86, and -96 2.1 wt% Bi, which obviously are 

an error as the rocks are far away from each other and do not share the same rock type. 

Samples AOHE-2016-91, -94, -95, and -96 recorded 2–4 wt% As, which is also an error as 

the sample numbers are close to each other and there are many other samples among them 

with no such anomalous values. Sample AOHE-2016-83.1 gave an obviously too high Mo 

content of 4.3 wt% Mo. 

 

7.2. Major element geochemistry 

 

Out of 85 analyzed samples, 56 are volcanic or subvolcanic rocks. Out of these, 29 are 

from Partala, 8 from Kakaristo, 3 from Mustajärvi, 7 from Länkipohja, and 9 from the 

Ouninpohja volcanic belt fragments. Thus, the analytical results for Partala are more 

representative than those from the other belts. Out of the 85 samples, 29 are from plutonic 

rocks, and they are also included in the following discussion. 

 

The volcanic rocks in the study area have similar major element geochemical features. The 

SiO2 content varies from 46.7 to 72.7 wt%, corresponding to basic to acidic rocks. A total 

alkalis vs. silica diagram for the volcanic rocks is presented in Fig. 6. The PVB and 

Länkipohja volcanic rocks plot mainly in the intermediate to acidic fields, with the 

Länkipohja rocks being slightly more alkaline on average. The volcanic rocks from the 

Mustajärvi area are andesitic and those from the Kakaristo and Ouninpohja areas vary in 

composition from basaltic to andesitic. There are no major differences between the two last 

mentioned areas in their silica or alkali contents. The two Partala samples differing from 

the trend are MMKY-2016-20.1 (potentially a mafic volcanic rock) and MSKA-2016-29.1 

(a mafic dike intruding intermediate volcanic rock, Fig. 5C). The outcrops are 3.8 km from 

each other, yet they share a similar geochemistry. 
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Figure 6. The total alkalis vs. silica diagram (TAS) for volcanic rocks (after Le Bas et al. 1986). 

Rocks plotting above the dashed line are classified as alkaline and below it, as 

subalkaline/tholeiitic. Vertical dashed lines represent the division to basic, intermediate and acidic 

rocks. 

 

Both the volcanic and plutonic rocks plot in the calc-alkaline to shoshonitic fields in the 

K2O-SiO2 diagram (Fig. 7). About half of the volcanic rocks lie in the high-K calc-alkaline 

field, whereas an equal amount of the volcanic rocks are in the shoshonite and calc-

alkaline fields. Tholeiitic rocks do not exist or at least were not analyzed. Most of the 

samples plotting in the shoshonite series field are from the Partala and Länkipohja areas, 

representing the most alkaline belts. Furthermore, there are no calc-alkaline samples in the 

Länkipohja area as they are more alkaline. As the plutonic rocks are mainly granites, they 

have a high silica content and are in most cases more acidic than the volcanic rocks in the 

study area. The K2O content of the volcanic rocks is in the range of 0.77–4.57 wt%, with 

the exception of sample KK6$-2016-820.1 (a dark reddish felsic volcanic rock from the 
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central PVB) that has 6.52 wt% of K2O. This is likely due to potassic alteration. The K2O 

content increases with crystal fractionation, which explains its increasing trend in Fig. 7. 

 

 

Figure 7. K2O-SiO2 diagram for volcanic and plutonic rocks (after Peccerillo and Taylor, 1976). 

 

In the Harker diagrams of Figs. 8 and 9, there are trends of decreasing MgO, Fe2O3tot, 

TiO2, CaO, P2O5 and MnO with increasing SiO2, which is opposite to the positive 

correlation seen in the K2O vs. SiO2 diagram (Fig. 7). In contrast, Na2O and Al2O3 do not 

correlate with SiO2. The decrease in MgO, Fe2O3tot, TiO2 and MnO implies fractional 

crystallization of ferromagnesian minerals while the decrease in CaO is a result of 

crystallization of clinopyroxene and anorthitic plagioclase. The Partala and Länkipohja 

volcanic rocks have the lowest contents of these elements. The MgO content is mainly in 

the range of 0.64–6.27 wt%, but samples VJVI-2016-13.1, -17.1 and -279.1 are more 

primitive, showing MgO contents from 8.0 to 10.8 wt%. The Fe2O3tot content is 2.88–12.2  
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Figure 8. Major elements vs. silica diagrams (wt%) for volcanic rocks. Symbols are same as in Fig. 

6.  
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Figure 9. Major elements vs. silica diagrams (wt%) for volcanic rocks. Symbols are same as in Fig 

6.  

 

wt%. The amount of TiO2 is low and it varies from 0.31 to 1.05 wt%. The CaO content is 

1.66–9.13 wt%, but the above-mentioned basic samples MMKY-2016-20.1 and MSKA-

2016-29.1 (Fig. 5C) have CaO contents of 13.3 and 14.3 wt%, respectively. Thin section 

inspection showed that they contain clinopyroxene, which may explain their high CaO 

content. The P2O5 content is very low, 0.096–0.47 wt%, and its decrease with silica can be 

explained by fractional crystallization of apatite. The MnO content is also low, varying 

between 0.03 and 0.25 wt%. The Al2O3 content shows a variation from 12.5 to 19.6 wt%. 

It is likely controlled by the presence of feldspars but there seem to be no major differences 

between different belts, except for the lower Al2O3 contents in the volcanic rocks from the 

Kakaristo area. The Na2O content is 1.49–4.43 wt% and no trends or exceptional values 

can be seen. 

 

The statistical box-and-whisker plots (Fig. 10) help to distinguish differences between the 

volcanic belts. The rocks from the Ouninpohja volcanic belt fragments and the Kakaristo 

volcanic belt are most basic and those from the Länkipohja and Partala areas most evolved. 

As noted previously, the contents of MgO, Fe2O3tot, TiO2, CaO, P2O5 and MnO decrease 

with increasing SiO2 (Fig. 8). This is true for Fe2O3tot and TiO2 in Fig. 10, but MgO, CaO 

and MnO are lower in the Ouninpohja volcanic belt fragments than in the Kakaristo 

volcanic rocks, even though the Kakaristo volcanic rocks are more acidic on average. The 

fragmentary belts have the second widest variation of different major elements after the 

PVB. Another notable feature in Fig. 10 is that, on average, the P2O5 content is higher in  
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Figure 10. Box-and-whisker plots of the major oxides for volcanic belts (wt%). The dashed line 

represents the range between the minimum and maximum values (omitting outliers) and 50% of the 

samples plot in the range shown by the boxes. The wide black lines within the boxes represent 

average values. Small circles represent outliers. Box heights symbolize relative abundances of 

samples from each volcanic belt. The volcanic belts are ordered by their average silica content. 
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the Ouninpohja and Länkipohja volcanic rocks than in other areas. On average, all the belts 

have a silica content of intermediate volcanic rocks. 

 

7.3. Trace element geochemistry 

 

Analytical results for trace elements are presented using the same geographic division as in 

the case of the major element geochemistry. In addition, the multielement “spidergrams” 

and REE diagrams (Figs. 11A, 11B, 12A, and 12B) are presented by dividing the rocks 

into basic (SiO2 <52 wt%), intermediate (SiO2 52–63 wt%) and acidic (SiO2 >63 wt%) to 

further highlight the differences between different rock types. The spidergrams contain 

chemical data from 36 of the total of 85 samples, as the plutonic rocks (except Fig. 14) and 

the samples with no ICP-MS or ICP-OES data were excluded. Four of the 36 analyzed 

volcanic rock samples are basic, 22 intermediate and 10 acidic. 

 

Figure 11A shows chondrite-normalized REE patterns for different rock types. The acidic 

volcanic rocks are enriched in LREE compared to other rocks, but there are no clear 

differences in the level of HREE. The Länkipohja and some of the Partala rocks show the 

highest degree of REE fractionation, as illustrated by Fig. 11B. No significant Eu 

anomalies occur in any of the REE patterns. 

 

The primitive mantle-normalized spidergrams shown in Figs. 12A, 12B display negative 

anomalies at Nb, P, Zr and Ti, which are high field strength elements (HFSE). The LIL 

elements Rb, Ba and Sr have very scattered values, which is consistent with their general 

mobility in post-depositional processes. However, the LILE (particularly Sr) are enriched 

compared to depleted HFSE, resulting in high LILE/HFSE ratio. The most acidic rocks, 

which are found in the Partala and Länkipohja areas, show the strongest depletion in Ti and 

P, resulting from fractionation processes discussed in Chapter 7.2. Otherwise, the acidic 

rocks are the most enriched and basic rocks are most depleted in most trace elements in 

Figs. 11A and 12A. The heavy rare earth elements (from Dy to Lu) and Y have values 2 to 

7 times those in the primitive mantle, and the Kakaristo volcanic rocks have a slightly 

more elevated level in them compared to other belts. 
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Figures 11A and 11B. Chondrite-normalized REE diagram for volcanic rocks by the division to 

acidic, intermediate and basic rocks (Fig. 11A) and by the division to sample locations (Fig. 11B). 

Normalizing values from Boynton (1984). 
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Figures 12A and 12B. Primitive mantle-normalized multielement diagram for volcanic rocks by 

the division to acidic, intermediate and basic rocks (Fig. 12A) and by the division to sample 

locations (Fig. 12B). Normalizing values from McDonough and Sun (1995). 
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Effects of post-depositional processes (e.g., metamorphism and alteration including silica 

addition by silicification) can be avoided by using immobile trace elements plots, such as 

Zr/TiO2 vs. Nb/Y (Fig. 13), which are more reliable than the TAS diagram presented in 

Fig. 6. Based on this diagram, all volcanic rocks from the study area classify as basalts, 

basaltic andesites, andesites, or trachyandesites. The volcanic rocks from the Partala belt 

plot widely in all these rock classes, but those from the Kakaristo and Mustajärvi areas and 

Ouninpohja volcanic belt fragments plot only in the fields of basalt to andesite and those 

from Länkipohja in the trachyandesite field. 

 

 

Figure 13. Zr/TiO2 vs. Nb/Y diagram for volcanic rocks (after Winchester and Floyd, 1977; 

modified by Pearce, 1996).  

 

A Co vs. Th plot can be used in addition to the K2O-SiO2 diagram to study the alkalinity of 

the rocks. In this diagram (Fig. 14), plutonic rocks are included for comparison. The rocks 

plot in the fields varying from basalts to rhyolites and from calc-alkaline to high-K calc-
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alkaline or shoshonitic fields. Most of the rocks plot in the high-K calc-alkaline and 

shoshonite field. All the volcanic rocks from Länkipohja plot in the basaltic andesite to 

andesite field and are high-K calc-alkaline with one exception at the borderline. Other 

volcanic belts show a wider dispersion. 

 

 

Figure 14. Co vs. Th plot for volcanic rocks. For comparison, felsic plutonic rocks are also plotted. 

B=basalt; BA/A=basaltic andesite and andesite; D/R*=dacite, rhyolite, and trachytes (after Hastie 

et al., 2007). 

 

Figure 15 illustrates statistic box-and-whisker plots for incompatible and immobile HFS 

elements Y, Ta, Nb, Zr, Hf and Th, which are used because they are likely not affected by 

secondary processes (e.g., Floyd and Winchester, 1978, see Chapter 8.1). The rocks from 

the Ouninpohja volcanic belt fragments and Kakaristo area have higher average Y than 

other belts. Tantalum is higher in more acidic belts being highest in Länkipohja. Elements 

Ta, Nb, Zr, Hf and Th are enriched in the Länkipohja and Partala volcanic rocks. The other 



52 

 

volcanic belts show no notable differences in these elements. Thorium is the only 

exception, as it has relatively high values in the Ouninpohja volcanic rocks. Its average Th 

content, however, is on par with those of the volcanic rocks from Kakaristo and 

Mustajärvi. The extrusive rocks from the PVB show the largest variation in the studied 

trace elements. This may result from a higher number of analyses from the PVB. 

 

 

Figure 15. Box-and-whisker plots for the trace elements in rocks from the volcanic belts (ppm). 

The dashed line represents the range between the minimum and maximum values (omitting 

outliers) and 50% of the samples plot in the boxes. The wide black line represents an average 

value. Small circles represent the outliers. Box heights symbolize relative abundances of samples 

belonging to each volcanic belt. The volcanic belts are ordered by their average silica content. 

 

Adakites are thought to be partial melts of a basaltic source rock that is subducted under 

volcanic island arc systems (Defant and Drummond, 1990). Their geochemical criteria are 

SiO2 >56 wt%, Al2O3 >15 wt%, MgO <3 wt%, Sr >400 ppm, Y <8 ppm, Yb <1.9 ppm 

(ibid.). Samples AOHE-2016-12.1, -244.1, -283.1, -318.1, KK6$-2016-101.1, -207.1, -

412.1, -820.1, VJVI-2016-101.2 and -121.1 analyzed with ICP-MS and ICP-OES are 

volcanic rocks filling these criteria. However, they do not show any spatial correlation, 

except that they are practically all from the Partala and Länkipohja areas. 
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7.4. Geochemistry of sedimentary units 

 

Six of the analyzed rocks turned out to be sedimentary by their petrography. Three of them 

are from Länkipohja and three from Partala. Analytical results of these samples are 

presented in Fig. 16 as red symbols. They have mainly an intermediate (Fig. 16A) and 

high-K to shoshonitic composition (Fig. 16B). They are enriched in LREE relative to 

HREE (Fig. 16C) and slightly enriched relative to other rocks in the primitive mantle -

normalized multielement diagram (Fig. 16D). No major chemical differences between the 

sedimentary and volcanic units are visible. 

 

 

Figure 16. A) TAS (wt%, B) SiO2 vs. K2O (wt%), C) chondrite-normalized REE, and D) Primitive 

mantle-normalized multielement diagrams with sedimentary rocks highlighted in red. 
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8. DISCUSSION 

 

8.1. Alteration 

 

8.1.1. Element mobility 

 

To investigate the extent of element mobility in more detail, diagrams were constructed 

showing correlation coefficients between various incompatible elements (Fig. 17). If an 

element correlates well with several other elements, it has likely been immobile. The 

considered HFSE are Nb, Ta, TiO2, Zr, Hf, Th, and U and LILE elements Sr, Ba, K2O, and 

Rb. Strontium and Ba show low correlation with other elements and thus have been mobile 

in post-depositional processes, such as alteration. This is also visible as a large spread in 

the primitive mantle-normalized spidergrams in Figs. 12A and 12B. Thorium has the best 

correlation with other elements. Titanium oxide shows a good negative correlation with 

other elements, which can be explained by Fe-Ti oxide fractionation. 

 

Finlow-Bates and Stumpfl (1981) note that in hydrothermally altered rocks, only Zr and 

TiO2 may be used with some reliability to identify the degree of magmatic differentiation. 

Furthermore, it is evident that even the immobile elements can increase or decrease in 

abundances due to leaching or addition of major components including water or CO2 

(Pearce, 1996). Nevertheless, this does not affect immobile element ratios in tectonic 

discrimination diagrams, such presented in Fig. 13. 

 

8.1.2. Alteration indices 

 

The extent of alteration in volcanic rocks can be estimated, for example, with the alteration 

boxplot diagram (Large et al., 2001). Originally, it was designed for studying the zonation 

in VMS deposits. Here it is used to present small-scale alteration of the studied volcanic 

rocks. In the diagram, two alteration indices, AI and CCPI, are plotted against each other 

(Fig. 18). 
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Figure 17. Diagrams showing correlation coefficients between HFSE and LILE, with 1 meaning 

perfect positive correlation, -1 perfect negative correlation, and 0 no correlation at all. Strontium 

and Ba show low correlations (-0.5–0.5) and have thus been mobile in post-depositional processes. 
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The Ishikawa alteration index (AI) was created by Ishikawa et al. (1976) to quantify 

the intensity of sericite and chlorite alteration that has occurred in the volcanic rocks of the 

Kuroko deposits. It is calculated as follows: 

 

𝐴𝐼 = 100 ∗
𝐾2𝑂 +𝑀𝑔𝑂

𝐾2𝑂 +𝑀𝑔𝑂 + 𝑁𝑎2𝑂 + 𝐶𝑎𝑂
 

 

The chlorite-carbonate-pyrite index (CCPI) is used to further assess the alteration, as MgO 

and FeO increase relative to Na2O and K2O in replacement of albite, K-feldspar or sericite 

by chlorite in volcanic rocks (Large et al., 2001). It is calculated as follows: 

 

𝐶𝐶𝑃𝐼 = 100 ∗
𝑀𝑔𝑂 + 𝐹𝑒𝑂

𝑀𝑔𝑂 + 𝐹𝑒𝑂 + 𝑁𝑎2𝑂 + 𝐾2𝑂
 

 

In Fig. 18, the three fields in the least altered box represent the fields in which the 

unaltered volcanic rocks of a certain silica content should reside. The rocks of the study 

area are slightly K-feldspar and albite altered, as the CCPI values are slightly lower than 

what they would be in unaltered rocks. Few samples have a slightly higher AI value, 

indicating slight sericite or chlorite alteration. Petrographic studies show that most of the 

volcanic rocks are altered to some extent and chloritization is relatively common in the 

rocks. Thus, it is possible that the effects of chloritization and albitization cancel each other 

out, resulting in a seemingly unaltered composition. Furthermore, a common feature 

observed in the field is the simultaneous epidotization and K-feldspar alteration. This kind 

of alteration assemblage would also be invisible in the alteration boxplot diagram. It should 

be noted, however, that the rock compositions form a broad trend along the albite-chlorite 

axis. This could indicate that these alterations are the most dominant ones. Both 

hydrothermal and metamorphic alteration exist to some extent. 

 

The amount of rock weathering and argillic alteration to clay and mica minerals can be 

assessed with chemical index of alteration (CIA; Nesbitt and Young, 1982). It is calculated 

as follows: 

𝐶𝐼𝐴 = 100 ∗
𝐴𝑙2𝑂3

𝐴𝑙2𝑂3 +𝑁𝑎2𝑂 + 𝐾2𝑂 + 𝐶𝑎𝑂
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Figure 18. Alteration boxplot with fields for least altered basic, intermediate and acidic volcanic 

rocks (after Large et al., 2001). 

 

It should be noted that in the ternary plot of CaO + Na2O vs. Al2O3 vs. K2O (Fig. 19), the 

effects of calc-silicates and carbonates have not been corrected. This may cause the CIA 

index to be lower than expected. The evolution of the rocks during weathering appears as 

an increase in Al2O3, as the contents of Na2O, CaO and K2O decrease during extraction by 

soil fluids (Nesbitt and Young, 1982). 

 

Almost all of the samples have CIA values in the range of 50–65, which means that they 

show slight alteration to clay minerals. As we know from the geochemical results, the 

rocks are mainly andesitic to dacitic. Thus, they clearly follow a trend of increasing Al2O3. 

These observations are further supported by the occurrence of clay-type minerals in thin 

sections. As Nesbitt and Young (1982) state, a CIA value of >80 is commonly a result of 
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intense weathering, chloritization, or advanced argillic alteration. As the index is lower in 

the present case, the intensity of weathering and alteration is also lower. 

 

 

Figure 19. Ternary plot for chemical index of alteration (CIA, after Nesbitt and Young, 1982). 

Black solid circles indicate rock and mineral compositions. 

 

The extent of alteration is so weak that no remarkable hydrothermal systems have been 

active in the area. However, it is extensive enough to show that the rocks have undergone 

some alteration during metamorphism or hydrothermal processes, making their 

composition somewhat different from their protoliths. Thus, the results from classification 

and Harker diagrams (Figs. 6–10) should be viewed with care. 

 

8.1.3. Myrmekitic texture and pyrite replacement 

 

A myrmekitic texture occurs in 7 intermediate-acidic volcanic rock samples, 1 uralite 

porphyrite and 1 greywacke sample and replacement of pyrite by magnetite and further by 
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hematite occurs in 27 intermediate to acidic volcanic and subvolcanic rock samples. 

Commonly, if some pyrite is left behind, no hematite is present, while if no pyrite is 

detected, hematite exsolutions or complete hematitization are observed in magnetite grains. 

Only samples AOHE-2016-163.1 and VJVI-2016-121.1 show all the three minerals in the 

same thin section. 

 

A myrmekitic texture may form as a result of metasomatism with the production of excess 

quartz by the replacement of alkali feldspar by plagioclase feldspar (Rong and Wang, 

2016). This may happen by late-stage aqueous fluids associated with magma emplacement. 

Potassic metasomatism can form secondary potassic feldspar from plagioclase, with 

myrmekite occurring where this replacement was incomplete. Sample VJVI-2016-139.1 is 

a K-feldspar-rich (microcline) porphyritic rock with relatively abundant myrmekite 

textures. It may thus represent potassic metasomatism. According to Simpson and Wintsch 

(1989), myrmekite may occur only on one side of a microcline crystal, pointing to the 

direction of shortening during deformation. 

 

Mitchell and Akanetuk (2002) tested oxidation of pyrite (FeS2) with combustion 

experiments. They showed that pyrite is transformed to troilite (FeS), which is 

subsequently oxidized to wüstite (FeO). This involves oxidation of an oxysulfide-bearing 

melt to an iron-oxide-bearing melt. Magnetite crystallizes from the oxide melt after 

complete melt oxidation. At high oxygen fugacity levels, the crystallized magnetite is 

further oxidized to hematite. This may also be achieved with oxidizing fluids during 

alteration processes, such as those presented in Chapters 6 and 8.2. 

 

8.2. Tectonic setting 

 

All the volcanic rocks from the study area show chemical characteristics typical of arc-type 

volcanic rocks, e.g., an enrichment of LREE over HREE and depletion in HFSE 

(particularly Nb, Figs. 12A, 12B). In addition, volcanic arcs show a Nb depletion. The 

reason for this depletion is still under a debate. Pearce (1996) suggested that Nb 

fractionates during dehydration and partial melting of subducted crust. It has also been 

thought to be a result of residual titanium phases (e.g., rutile, ilmenite) that have high 

partition coefficients for HFSE (e.g., Brenan et al. 1995). Some other authors, such as 

Audétat & Kepler (2005) and Baier et al. (2008), propose that the depletion of Nb is related 
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to their low solubility in aqueous fluids and the presence of rutile is not necessary for the 

development of negative Nb anomalies. As the LILE show very scattered concentrations in 

the studied volcanic rocks, they seem to have been mobile in post-depositional processes. 

However, the LILE have seemingly elevated values compared to HFSE, which indicates a 

presence of “subduction component” (Pearce and Peate, 1995). 

 

Convergent plate margins comprise basalts, andesites, dacites, and rhyolites with andesites 

and dacites being the most common rock types (Ewart and LeMaitre, 1980; Thorpe, 1982; 

Leeman, 1983). This is compatible with the rock compositions in the study area. This also 

leaves out ocean island basalts, as they are commonly represented by bimodal basalt-

rhyolite suites with practically no intermediate compositions. 

 

The large amount of high-K andesites and dacites is consistent with a mature continental 

arc-type tectonic setting (e.g., Winter, 2001). Typical for the Andean-type magmatism is 

the calc-alkaline to shoshonitic affinity of volcanic rocks. The volcanism starts as calc-

alkaline but becomes richer in K2O as the arc evolves (Gill, 1970; Jakeš and White, 1972; 

Winter, 2001). This is also seen in Figs. 7 and 14. 

 

The pyroclastic/volcaniclastic rocks occurring locally in the study area also imply a 

continental arc setting as the more felsic explosive volcanism is common in mature 

continental arcs. This is also supported by the occurrence of porphyritic subvolcanic rocks. 

Petrographic studies and field observations show that some volcanic rocks turned out to be 

fine-grained granitoids. This together with the observed transition from subvolcanic to 

plutonic rocks may represent a syngenetic relationship between volcanic, subvolcanic and 

plutonic rocks found in the area. Nironen (1989b) suggests that the microgranitoid 

enclaves in the plutons indicate magma mingling. In addition, the amount of volcanic rocks 

has likely decreased during exhumation and erosion of the bedrock, exposing more 

plutonic and subvolcanic rocks underneath them. 

 

As mafic rocks are relatively rare, the percentage of the andesite-dacite-rhyolite suite rocks 

is nearly 100%, which according to Leeman (1983), would indicate that the thickness of 

the crust was 50–70 km or even more at the time of eruption. This kind of thickness is only 

possible in a continental arc setting. Inferences on the magma sources or the degree of 

partial melting are difficult to make as a more reliable stratigraphic control is needed 
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(Kähkönen, 2006). As the stratigraphic study was outside the scope of this study, these 

matters are not discussed further here. 

 

The volcanic rocks from Partala and Länkipohja are more acidic and richer in K2O than 

those in the other belts. They appear to be more evolved arc-type volcanic rocks than those 

of Kakaristo, Mustajärvi and Ouninpohja. The PVB and Länkipohja volcanic rocks may 

have been separated from each other by a sinistral fault, in which case they would both 

belong to the same unit. They may also have originated from different volcanoes with the 

same magma composition. The volcanic rocks between Länkipohja and Partala may be 

earlier eruption products of a slightly more mafic magmatism. If the Länkipohja and 

Partala volcanic rocks are indeed separated by a fault, the remaining volcanic belt 

fragments would be located closer to the Pirkanmaa migmatite belt. Therefore, they might 

also represent magmas related to the Pirkanmaa migmatite belt. Petrographically, the 

Länkipohja volcanic belt is clearly different from the other belts, with the rocks in the 

former being uralite ± plagioclase porphyrites and locally greywacke-like rocks. 

Otherwise, the volcanic rocks represent heterogeneous to homogeneous pyroclastic 

deposits in all of the belts. 

 

The rocks of the Ouninpohja volcanic belt fragments may be more fractionated than those 

in other belts, as their MgO and CaO contents are lower than in the Kakaristo area, even 

though the Kakaristo volcanic rocks are more acidic on average. The volcanic rocks in the 

Ouninpohja area are characterized by relatively large amounts of P2O5 and Th. This may 

indicate a slightly different magma composition. However, the differences are so small that 

all the volcanic rocks can be deduced to have formed in the same kind of setting from the 

same or same kind of source. 

 

Mönkäre (2016) studied the adakitic magmatism of the Makkola area. She noted that the 

volcanic rocks form a continuum from normal arc volcanic rocks to adakites and 

concluded that it is difficult to find reasons for the adakitic compositions. As there is no 

spatial correlation between the rock types and the adakitic samples mentioned in Chapter 

7.3, the same inference can be drawn here. The volcanic rocks showing adakitic 

compositions are likely slightly fractionated arc melts. 
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Three geotectonic discrimination diagrams are presented in Figs. 20–22. The widely used 

Ti vs. Zr diagram (Fig. 20) by Pearce (1982) contains also unpublished comparative data 

from the TSB and data from the Makkola area published in Mönkäre (2016). It shows that 

all the studied samples plot in the field of island arc lavas rather than the MORB or WPL 

fields. It should be noted, however, that lavas in some flood basalt provinces have low Ti 

contents and may fall in the island arc field in the Ti-Zr diagram (e.g., Marsh, 1987). 

 

 

Figure 20. Zr vs. Ti geotectonic discrimination diagram for volcanic rocks (after Pearce, 1982) 

including unpublished comparative data from the TSB in gray and Makkola (Mönkäre, 2016) 

inside the thick black line. 

 

The Ta/Yb vs. Th/Yb plot by Schandl and Gorton (2002) is one of the diagrams used to 

distinguish different tectonic settings. These ratios are not affected by post-crystallization 

processes making it useful in the assessment of the tectonic setting. The volcanic rocks 

from the study area plot almost totally in the field of active continental margin volcanic 
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rocks (Fig. 21). Only two samples are not in the field of active continental margin rocks. 

High Th/Yb is typical for volcanic arcs and may also be a result of crustal contamination 

during magma ascent. The Ta/Yb ratio signifies the mantle source relative to the N-MORB 

mantle source. The MORB and WPB have the highest ratio and the oceanic arcs the 

lowest. 

 

 

Figure 21. Geotectonic classification diagram for volcanic rocks after Schandl and Gorton (2002). 

ACM = Active continental margin, WPVZ = Within-plate volcanic zone, WPB = Within-plate 

basalt, MORB = Mid-ocean ridge basalt. 

 

Tertiary diagram in Fig. 22 discriminates the volcanic rocks between island arc basalts, 

calc-alkaline (volcanic arc) basalts and MORBs. All of the studied volcanic rocks plot 

totally in the field of calc-alkaline basalts. 
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Figure 22. Geotectonic classification diagram for volcanic rocks after Wood (1980). IAT = Island 

arc tholeiite, CAB = Calc-alkaline basalt, N-MORB = Normal mid-ocean ridge basalt, E-MORB = 

Enriched mid-ocean ridge basalt, WPT = Within-plate tholeiite, WPA = Within-plate alkaline 

basalt. 

 

A tectonic discrimination diagram for plutonic rocks in the vicinity of the studied volcanic 

rocks is presented in Fig. 23, including analyses of volcanic rocks as a reference. All of the 

rocks in the study area plot in the field of volcanic arc granites (VAG). Thus, it can be 

concluded that the plutonic rocks are equivalent chemically to volcanic rocks and were 

formed in an arc setting. 

 



65 

 

 

Figure 23. Y + Nb vs. Rb tectonic discrimination diagram for granites (after Pearce et al., 1984). 

Volcanic rocks are included for reference. Syn-COLG = Syn-collisional granite, WPG = Within-

plate granite, VAG = Volcanic arc granite, ORG = Ocean ridge granite. 

 

8.3. Comparison to the volcanic rocks of the Tampere schist belt 

 

As the Tampere schist belt itself, the study area is situated at the southern margin of the 

CFGC, north of the Pirkanmaa migmatite belt. The volcanic rocks are surrounded by 

plutonic rocks of the CFGC, and hence the volcanic rocks of the study area (Figs. 1, 3) can 

be included to the CFGC. The volcanic rocks are mainly of intermediate composition in 

both belts and occur in association with sedimentary greywacke-like rocks (e.g., 

Ojakangas, 1986; Kähkönen, 1987). The amount of turbidites is, however, lower in the 

study area. In the TSB, the turbiditic rocks share a close spatial relationship, which is not 

the case in the study area. The volcanic rocks include pyroclastic deposits and lavas, as in 

the TSB, but pillow lavas, such as occurring in the Haveri formation, are not found in the 
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study area. As Fig. 16 shows, the sedimentary rocks of the study area do not differ 

remarkably from the other analyzed rocks and therefore the provenance of the sediments is 

likely represented by the volcanic rocks in the area. 

 

The geochemistry of the volcanic rocks is very similar in the TSB and study area. High-K 

calc-alkaline and shoshonitic volcanic rocks occur in both areas, but they are more 

common in the study area. The same applies to the percentage of the andesite-dacite-

rhyolite suite rocks. It is high in both areas, but in the study area, the intermediate-acidic 

rocks dominate (the percentage of intermediate-acidic rocks is close to 100%). Tholeiitic 

rocks are not found in either belts (Kähkönen, 2005; this study). The rocks in the TSB and 

Makkola area are compared in Fig. 24, which is a TAS diagram containing unpublished 

comparative data from the TSB and data from the Makkola area published in Mönkäre 

(2016). Both the TSB and Makkola area have a wider compositional variation, but the 

amount of geochemical analyses is larger in these areas compared to the present study area. 

There are no other differences visible in Fig 24. 

 

Both belts show an enrichment in LREE over HREE and HFSE but no Eu anomaly. High-

field strength element depletion and LILE mobility are visible in the volcanic rocks of both 

belts. This may indicate that the volcanic rocks of the both belts show a subduction 

component in their chemistry (depletion of HFSE), but the source rocks for them was 

different. Apparently, the volcanic rocks in the TSB show an enriched mantle source, 

whereas the volcanic rocks in the study area have a source that was neither enriched nor 

depleted. 

 

Most of the volcanic rocks of this study and the TSB plot into the field of island arc lavas 

in Fig. 20. Some samples in the TSB plot into the field of within-plate lavas, which is not 

observed in the rocks of the study area. Most of them are from the mafic, locally pillowed 

basalts of the Haveri formation. These basalts are known to be geochemically different 

from other volcanic rocks found in the TSB. 
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Figure 24. The total alkalis vs. silica diagram (TAS) for volcanic rocks (after Le Bas et al. 1986) 
including comparison data from the TSB in gray and Makkola inside the thick black line. Rocks 
plotting above the dashed line are classified as alkaline and below it, as subalkaline/tholeiitic. 
Vertical dashed lines represent the division to basic, intermediate and acidic rocks. 
 

8.4. Comparison to the volcanic rocks of the Makkola area 

 

As in the study area, the volcanic rocks in the Makkola area are locally well preserved with 

recognizable primary textures, but more commonly, the primary textures have been 

destroyed by metamorphism and deformation (Mikkola et al., 2016). The rocks are 

commonly fine-grained tuffs and pyroclastic units, which is also the case in the study area. 

One major difference between the Makkola area and the study area is that volcanic 

breccias are much more common in the former than in the latter. 

 

The closest part of the Makkola belt to the study area is the Luhanka area. The rocks in that 

area are more basic than those of this study, with the medium-K basalts dominating the 
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area. The rocks show Nb depletion indicating an evolved arc environment (Kähkönen, 

2005). The greywackes are common to the south from Luhanka, which may indicate its 

close relationship to the PMB greywackes. As previously noted (Chapter 3.3), the 

greywackes of the Luhanka area may be regarded as part of the TSB or the PMB. The 

basic character of the volcanic rocks hosted by the greywackes supports the interpretation 

that they are indeed correlative with the PMB (Lahtinen, 1994; Lahtinen et al., 2009b; 

Mikkola et al., 2016). 

 

The mineralogy of the Makkola area reported by Mikkola et al. (2016) is the same as that 

in the volcanic and subvolcanic rocks of this study. Garnet porphyroblasts were identified 

from some intermediate-acidic volcanogenic rocks, but in contrast to the Makkola belt, no 

sillimanite porphyroblasts were identified among the index minerals (Mönkäre, 2016). 

Moreover, epidotized cracks and otherwise altered rocks are common both in the study 

area and Makkola belt. 

 

The volcanic rocks in the Makkola belt and study area are geochemically similar. The 

Makkola volcanic rocks show a wider variation in the diagrams presented by Mönkäre 

(2016), which is a result from a larger amount of analyzed samples and also from a wider 

variation in rock compositions. This is also visible in Figs. 20 and 24 of this study. Large-

ion lithophile elements have been mobile in both areas. Differences with respect to the 

Makkola volcanic rocks include the low Na2O-SiO2 correlation, absence of notable Eu 

anomalies, lack of tholeiitic rocks and a larger variation in the HFSE concentrations 

between volcanic belts (Fig. 15). The absence of Eu anomalies appears to be a 

characteristic feature of the volcanic rocks to the south of PMB as well (see Fig. 39 in 

Mönkäre, 2016). All things considered, the dominance of intermediate volcanic rocks 

together with the major and trace element geochemistry in all three volcanic areas indicates 

an evolved continental arc setting. 

 

8.5. Ore potential 

 

The Fennoscandian metallogenic map (gtkdata.gtk.fi/fmd/) shows that the study area is 

located immediately north of the Au-Cu potential TSB area. The Vammala Ni-Cu-Co belt 

(the PMB area) is also relatively close to the Jämsä area, but as suggested in this study, the 

volcanic rocks of the study area belong to the TSB rather than the PMB. 
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Kinnunen (2008) studied the Orivesi high-sulfidation epithermal gold deposit, which 

occurs in the TSB. The mine, which had an Au grade of about 10 ppm, was in operation 

from 1994 to 2003. A hydrothermal alteration halo can be observed, starting as a chloritic 

zone from the outer margins of the halo and becoming quartz-dominant towards the ore 

proximity. Gold occurs in a metallic form. The host rock is referred to as quartz rock. The 

adjacent subvolcanic rock is considered to be the source of the hydrothermal fluids and 

gold (Kinnunen, 2008). 

 

Another ore deposit in the TSB is the Kutemajärvi gold-telluride deposit (Poutiainen and 

Grönholm, 1996). The rocks are strongly hydrothermally altered and consists of deformed 

sericite-quartz schist, quartz rock and quartz veins. As at Orivesi, gold occurs in a native 

form. The ore grade at Kutemajärvi is 7 ppm Au. The gold deposition took place after 

interaction between the wall rocks and a low-salinity hydrothermal fluid (Poutiainen and 

Grönholm, 1996). 

 

Mikkola et al. (2016) note that the granitoids of the Oittila suite in the Makkola area have a 

potential for the presence of porphyry-type deposits, though all the known metal showings 

are rather small. All of the gold showings in the Makkola area are likely orogenic and are 

located in the Leivonmäki shear zone (ibid.). 

 

An outcrop with similar quartz rock was found in the study area (AOHE-2016-61, see 

Chapter 5.5). A 30-m-thick quartz vein in the outcrop is located between volcanic rocks 

and a granite. It may have formed in a fault occurring between the two rock units. The 

country rocks to the quartz vein are filled with thick quartz veining. However, none of the 

analyzed quartz rock, volcanic rock or granite samples from this locality contain any gold. 

This is the case with other analyzed rocks, too. 

 

The volcanic rocks in the study area show some alteration, but any signs of remarkable 

hydrothermal alteration were not observed in these rocks. Mafic volcanic rocks might have 

a potential to Haveri type Au-Cu VMS ore, but no signs of pillow structures were observed 

in the rocks. Along with the continental tectonic setting, the mafic volcanic rocks cannot be 

correlated with the ones of the Haveri formation. 
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The volcanic rocks were not erupted in a submarine environment (see Robb, 2005) and 

thus the possibility of VMS ores can be omitted. Sedimentary-exhalative ores require 

subseafloor replacement of sedimentary rocks (see Robb, 2005), which was neither 

observed in the study area. No layered intrusions other than that of Kaipola occur in the 

area, and its ore potential is low. The volcanic rocks of the area do not belong to any large 

igneous province type, and thus the Fe-Ti-V type ores are unlikely (see Zhongjie et al., 

2014). No ophiolites occur in the area and thus no podiform chromitite can occur (see 

Robb, 2005). In fact, no mafic-ultramafic rocks were found, and the sediments are scarce 

and poor in sulfur thus the existence of magmatic Ni-Cu-PGE ores is unlikely. 

 

Syenites, carbonatites and ion-adsorption clay-type deposits were not recognized in the 

study area, making the discovery of REE deposits unlikely (see Cheng et al., 2004; Foley 

and Ayuso, 2015). None of the typical deposit types of Norrbotten in Sweden – iron oxide 

copper gold ore deposits (IOCG), apatite-iron ore (AIO), and stratiform Cu-(Zn-Pb-Ag) 

(see Martinsson, 2000) – are unlikely to be found as there are no indications for their 

presence in the volcanic and sedimentary rocks. No iron formations, such as BIF, are 

known to occur in the area. 

 

With regard to porphyry Cu-type deposits, the area comprises porphyritic, magmatic-

looking rocks with plagioclase phenocrysts, especially in the Länkipohja area. However, 

the alteration styles of the rocks do not match with the genesis criteria of the porphyry Cu 

ores (see Sillitoe, 2010). Furthermore, no skarns or carbonatite replacement were observed 

in the rocks of the study area. 

 

One well-studied ore type that cannot be omitted with tectonic setting or emplacement 

conditions in the study area is the orogenic gold deposit type. The volcanic rocks of the 

area represent accretional orogeny at active continental margin and they have undergone 

metamorphism thus fulfilling the deposit criteria (see Groves et al., 1998). Furthermore, 

while the most remarkable deposits are Archean, no temporal restrictions can be applied to 

orogenic gold deposits. Therefore, the possibility of orogenic gold deposits exists in the 

study area. 
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The handheld XRF device used in the field in this study revealed few slightly anomalous 

base metal concentrations, as pointed out in Chapter 7.1. However, as they are very rare, 

having no particular effect on the ore potential of the area.  
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9. CONCLUSIONS 

 

The volcanic rocks of Länkipohja-Jämsä area have similar major element geochemical 

features. They are mainly intermediate in composition. A notable difference is that the 

volcanic rocks of Länkipohja and Partala area are more acidic and alkaline than the rocks 

in other volcanic belts in the study area. The area between these two belts is dominated by 

slightly more mafic volcanism, but trace element characteristics are approximately the 

same with all the volcanic rocks in the area. The Partala and Länkipohja volcanic rocks 

may be closely related to each other as the rocks there are equally acidic and rich in K2O. 

These rocks may have been separated from each other by a sinistral fault, in which case 

they would both belong to the same unit. They may also have originated from different 

volcanoes with the same magma composition. The volcanic rocks between Länkipohja and 

Partala may be eruption products of earlier, slightly more mafic magmatism. If the 

Länkipohja and Partala volcanic rocks are indeed separated by a fault, the remaining 

volcanic belt fragments would be located closer to the Pirkanmaa migmatite belt. 

Therefore, they might also be magmas related to the Pirkanmaa migmatite belt. The 

amount of volcanic rocks has likely decreased during exhumation and erosion of the 

bedrock, exposing more plutonic and subvolcanic rocks underneath them. Figure 24 points 

out that the plutonic rocks are chemically close to the volcanic rocks, thus supporting their 

cogenetic character. 

 

Both petrologically and geochemically, the volcanic rocks of the study area are similar to 

those of the Tampere schist belt and Makkola area and there are no major differences 

between the belts. The whole geological system seems to have formed in a continental arc 

setting. This is supported by the mainly intermediate, calc-alkaline to shoshonitic 

composition of the volcanic rocks, their enrichment in light rare earth elements, depletion 

in high-field strength elements, and trace element features that plot them in arc volcanic 

and active continental margin settings in discrimination diagrams. The large LILE/HFSE 

ratio indicates “subduction component” and the large variation in LILE may also be related 

to their mobility in post-depositional processes. 

 

The volcanic rocks in the Länkipohja-Jämsä area and Tampere and Makkola regions show 

signs of alteration in terms of petrography and geochemistry. This changed their original 

composition slightly, but not in a scale that their origin would become unclear. 
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No anomalous values of any valuable metal were found in the analyses. Furthermore, no 

signs of ore formation were recognized during the study. As the slight hydrothermal 

alteration and quartz vein formation are the only observable mineralization-related 

features, the study area likely holds no remarkable ore potential other than small-scale 

quartz vein-related deposits.  
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Appendices 

Appendix 1 – Description of thin sections. 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160039 

ASM$-

2015-308 

Gneiss Felsic volcanic 

rock 

Well-preserved, slight alteration in some grains, Py 

locally inside Mgt, granoblastic, rounded grains, non-

foliated, Plg oligoclase, 25–100 µm 

73 2 3 17 5   Msc, Mgt, 

Py 

160040 

ASM$-

2015-310 

Felsic volcanic 

rock 

Felsic volcanic 

rock / feldspar 

porphyrite 

Well-preserved, slight alteration in some grains, less Bt 

and Opaques in zones of larger grain size, seriate, 

porphyritic, Plg oligoclase, 5–570 µm 

35 1 35 20 5  4 Tit, Apt 

160041 

ASM$-

2015-313 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Bt slightly chloritized, Py locally inside Mgt, 

lepidoblastic, interstitial Hbl, inequigranular, interlobate, 

Plg albite, 50–375 µm, some even 1000–1250 µm 

70 7 3  20   Hbl, Mgt, 

Py, Cpy 

(altered?), 

Zrc 

160042 

ASM$-

2015-329 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Plg strongly altered, Hbl silicified, Hbl and Bt more 

common in some zones, other zones Qtz/Plg-rich, 

lepidoblatic, nematoblastic, inequigranular, interlobate, 

Hmt replacement in Mgt, Plg oligoclase, max 500–625 

µm 

25 10   20 20  Alteration 

products 

25%, Zrc, 

Kfs, Mgt, 

Epd, Tit, 

Hmt 

160043 

ASM$-

2015-331 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Some brown mass between grains, nonfoliated, slightly 

inequigranular, interlobate, 50–375 µm 

65    10  10 Msc 15%, 

Plg, Kfs, 

Apt 

160044 

ASM$-

2015-336 

Plagioclase 

porphyrite 

Plagioclase 

porphyrite 

Slight chloritization, altered fracture, Qtz+Hbl+Mgt-rich 

layers, Plg locally porphyritic, lepidoblastic, Plg albite-

oligoclase, 12–500 µm 

65 2 1 2 5 15 10 Tit, Epd 

160045 

ASM$-

2015-345 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Moderate alteration to clay minerals, grain size varies in 

different parts, lepidoblastic, some myrmekite, Plg 

oligoclase, Mgt almost completely replaced by Hmt, 25–

375 µm 

50 1 30 10 5  1 3 % Hmt, 

Msc 

160046 

ASM$-

2015-354 

Mafic volcanic 

rock 

Amphibolite Feldspars very weakly altered, nematoblastic, Qtz fine 

grained, micas larger, 25–500 µm 

18    5 75 2 Plg, Ocl, 

Apt 



 

Thin 

 section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160055 

ASM$-

2015-437 

Felsic/intermed

iate volcanic 

rock 

Felsic volcanic 

rock 

Locally strong saussuritization, potassic metasomatism?, 

some Bt chloritized, lepidoblastic, Mgt almost completely 

hematitized, 20–250 µm 

85  3   6  Hmt 6%, 

Plg, Epd, 

carbonate, 

Chl 

160047 

ASM$-

2015-358 

Intermediate 

volcanic rock / 

diorite / diabase 

Hornblende 

gabbro 

Strongly chloritized, equigranular, subophitic, Plg 

oligoclase-labradorite, 2–3 mm 

 60    35  Opx 4%, 

Bt, Ocl, 

Epd, Mgt, 

Py 

160048 

ASM-

2015-362 

Plagioclase 

porphyrite 

Felsic volcanic 

rock 

Hbl slightly silicified, Inequigranular, lepidoblastic, 

nematoblastic, Plg albite, 50–250 µm 

65 10   5 20  Epd, Mgt, 

Py, Tit, 

Grt, Ocl, 

Zrc 

160049 

ASM$-

2015-367 

Felsic volcanic 

rock 

Quartz biotite 

schist 

Gneissic, weak alteration, Qtz grains rounded, Chl occurs 

with Bt, Plg albite-oligoclase, 50–150 µm 

85    12 1  Chl 2 %, 

Grt, 

Carbonate, 

Zrc, Msc, 

Py, Mgt, 

Bornite?, 

Tit, Plg 

160050 

ASM$-

2015-377 

Mafic volcanic 

rock 

Mafic volcanic 

rock / 

hornblende 

gabbro 

Plg oligoclase, non-foliated, 250-3000 µm  60   2 30  Cpx 4%, 

Opx 4%, 

Mgt, Py, 

Cpy, Grt? 

160051 

ASM$-

2015-414 

Uralite 

porphyrite 

Uralite 

porphyrite 

Hbl strongly silicified, Plg locally weakly altered, Plg 

oligoclase, Cpy inside Mgt, Uralite phenocrysts have 

radial extinction locally, some myrmekite, some pyroxene 

left inside uralite, phrenocrysts max 2.5 mm, 25–500 µm 

5 60   10 25  Mgt, Tit, 

Py, Cpy, 

Apt, Zrc 

160052 

ASM$-

2015-430 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Strongly altered, all micas chloritized, feldspar 

saussuritized and clay-altered, possibly quartzitized, Thin 

altered cracks that cut the schistosity, very fine grained, 

Hmt replacement in Mgt, <1–125 µm 

85       Epd 10 %, 

Chl 5%, 

Mgt, Hmt 



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160053 

ASM$-

2015-431 

Intermediate 

volcanic rock 

Quartz-biotite 

schist 

Bt locally chloritized, lepidoblastic, Py and Cpy locally 

inside Mgt, 10–125 µm 

50    50   Grt, Mgt, 

Py, Cpy 

160054 

ASM$-

2015-435 

Felsic/intermed

iate volcanic 

rock 

Quartz-biotite 

schist 

Bt locally chloritized, 5 mm thick altered Hbl-rich layer, 

other section unaltered, most of the Tit occurs in the Hbl-

rich layer, grain size varies as 10 mm thick layers, 25–150 

µm 

47    47 6  Tit, Grt, 

Cpy, Mgt, 

Py, Hmt, 

Epd, Chl 

160056 

ASM$-

2015-445 

Felsic/intermed

iate volcanic 

rock 

Felsic/intermed

iate volcanic 

rock 

Weak alteration on crystal edges, Py inside Mgt, Plg 

albite-oligoclase, 25–250 µm 

80    15 5  Py, Mgt, 

Epd, Plg 

160057 

ASM$-

2015-450 

Biotite-

paragneiss 

Micaschist Some layers more Qtz-rich, some mica-rich, Plg 

oligoclase, 10–750 µm 

35    30   Msc 35% 

Grt, Zrc, 

Apt, Plg 

160058 

ASM$-

2015-459 

Monzodiorite/d

iorite 

Amphibolite? 

Diorite? 

Strong alteration, feldspars almost entirely destroyed, Hbl 

silicified, Plg oligoclase-andesine, Py locally inside Mgt, 

max 4 mm 

5    5 60  Cpx 10%, 

Alteration 

products 

20%, Plg, 

Py, Mgt 

160059 

ASM$-

2015-461 

Felsic volcanic 

rock 

Felsic volcanic 

rock, feldspar 

porphyrite 

Some parts altered, more opaques in altered parts, coarser 

grained parts more altered, non-foliated, seriate, 

interlobate, carbonate interstitial, Qtz boundaries unclear 

“dirty”, Plg oligoclase, Plg/Ocl sometimes porphyritic 

(over 2 mm), 5–250 µm matrix 

90  1 1 1 2 5 Carbonate, 

Epd, Apt, 

Chl, Tit 

160604 

AOHE-

2016-

12.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Weak alteration to chlorite and saussurite, weakly 

lepidoblastic, layers of different grain size (1–10 mm 

thick), Qtz grains slightly rounded, Plg oligoclase, max 

200 µm 

75   6 13  5 Msc 1%, 

Plg, Tit 

160605 

AOHE-

2016-

35.2 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Srongly altered feldspars, Chl with Bt, slight layering 

(Qtz and Hbl amount varies), small rounded Qtz crystals 

in Hbl locally, max 300–825 µm 

20  32  15 32  Msc 1%, 

Mgt, Zrc, 

Chl 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160606 

AOHE-

2016-

54.1 

Mafic volcanic 

rock 

Amphibolite Altered feldspars, remarkable amount of Zrc, small 

rounded Qtz inclusions in Hbl, non-foliated, heterogenic, 

some parts more Qtz-rich, Qtz max 500 µm, Hbl max 750 

µm  

40     60  Zrc, Plg, 

Tit, Mgt,  

160607 

AOHE-

2016-

61.2 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock / 

uralite 

porphyrite? 

Altered feldspars, one large uralite crystal (1 mm), Qtz-

Epd veins (0.5–5 mm), locally more Qtz, locally more 

Epd, Bt completely chloritized, Epd as fibrous mass, Qtz 

in vein max 1.4 mm, in matrix max 375 µm,  

60     35  Epd 5%, 

Chl 

160613 

AOHE-

2016-

66.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic roc / 

clastic 

sediment? 

Very weak alteration, some Qtz-Fsp “augens”, cataclastic 

deformation?, Py locally inside Mgt, porphyritic Plg and 

Qtz clusters, micas conform clasts, matrix-supported, 

lepidoblastic, Plg oligoclase, Qtz inclusions in Fsp, Grain 

size 

40 20   20 20  Mcl, Ocl, 

Tit, Mgt, 

Py, Grt, 

Zrc 

160614 

AOHE-

2016-

68.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Qtz inclusions in Hbl locally, lepidoblastic, 

inequigranular, one larger Qtz-Ocl clast, size 1x4 mm, no 

layering, locally slightly altered parts, locally myrmekitic 

Qtz, some Qtz as fine grained cement, matrix 25–250 µm, 

Plg oligoclase-andesine 

30 30   20 18 2 Tit, Ocl, 

Zrc, Epd, 

Mcl 

160615 

AOHE-

2016-

98.1 

Intermediate 

volcanic rock 
Intermediate 

volcanic rock / 

uralite/plagiocl

ase porphyrite 

Mgt inside and with Hbl, Plg locally altered, Mgt + Qtz 

inclusions in Hbl, Plg oligoclase, matrix 50-250 µm, Hbl-

Plg clusters/phenocrysts max 1.4 mm 

35 20   10 35  Mgt, Tit, 

Ocl, Zrc 

160617 

AOHE-

2016-

124.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock / 

Gneiss? 

Remarkable amount of broken Grts with Qtz inclusions 

and other matrix minerals, Py locally in Mgt, fine-grained 

Qtz clusters, some of which very altered, some 

myrmekites, seriate, gneissose, Plg oligoclase, one Grt up 

to 1 cm in size, 50–500 µm 

30 40   15   Grt 15%, 

Zrc, All, 

Chl, Apt, 

Mgt, Py 

160626 

AOHE-

2016-

245.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock, tuff? 

(Carb+Msc) 

Moderate alteration in Fsp, Qtz inclusions in Kfs. Plg 

oligoclase, 50–250 µm 

70  10 5 15   Plg, Epd, 

Carbonate, 

Msc, Mgt 

(+Hmt) 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160628 

AOHE-

2016-

283.1 

Intermediate 

volcanic rock 

Felsic volcanic 

rock 

Lepidoblastic, inequigranular, Hbl larger than other 

minerals (max 750 µm), Fsp moderately to strongly 

altered, Qtz inclusions in Hbl, large zircon (125 µm) with 

growth zoning, Plg oligoclase, some Qtz-rich veins, 

matrix c. 125 µm 

60 5 10  20 5  Mgt 

(+Hmt), 

Apt, Zrc, 

Epd, Tit 

160631 

AOHE-

2016-

318.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Msc interstitial, Tit accompanies Mgt locally, 

inequigranular, interlobate, Plg oligoclase, 75–250 µm 

70 5 10 5 10   Epd, Mgt 

(+Hmt), 

Msc, Tit 

160632 

AOHE-

2016-

322.1 

Felsic volcanic 

rock 

Intermediate 

volcanic rock 

Very weak alteration, weakly lepidoblastic, remarkable 

amount of Tit (has Qtz/Fsp inclusions), Plg andesine, 

seriate, interlobate, some myrmekites with Kfs, few Kfs 

phenocrysts, some Qtz inclusions in Fsp, 25–625 µm 

15 40 20 10 15   Zrc, Tit, 

All, Apt, 

Mgt(+Hmt) 

160633 

ASM$-

2015-

443.1 

Felsic volcanic 

rock 

Metasediment Difficult to determine K-feldspar, Weak-moderate 

alteration, especially on the grain boundaries, 

lepidoblastic, inequigranular, interlobate, interstitial 

carbonate, gneissic, Plg mainly andesine-labradorite, few 

albite grains, 25–125 µm 

45 5 30  20   Mgt, Tit, 

Msx, 

Carbonate 

160634 

ASM$-

2015-

450.1 

Biotite 

paragneiss 

Quartz-mica-

schist 

Lepidoblastic, inequigranular, interlobate, Py+Cpy locally 

inside Mgt, no lithics, weakly altered, one area with Bt 

altered to Chl 

60    30   Msc 10%, 

Py, Cpy, 

Mgt, Kfs, 

Plg, Chl 

160635 

EPHE-

2016-

12.1 

Tuffite Hydrothermal 

rock / Felsic 

volcanic rock / 

Altered rock 

Difficult to determine K-feldspar, Very strongly altered, 

thin cracks filled with glass, Fsp surrounding cracks 

sericitized and saussuritized, Hbl full of Qtz inclusions 

(silicified?), Bt almost completely chloritized, Tit 

accompanied with Mgt (replacement?), inequigranular, 

interlobate, 0-125 µm 

50  10     Ser 10%, 

Sauss+Epd 

20%, Chl 

10%, Bt, 

Mgt, Tit, 

Hbl 

160636 

KK6$-

2016-1.1 

Felsic volcanic 

rock 

Intermediate 

volcanic rock / 

tuff? 

Plg andesine, weakly lepidoblastic, inequigranular, 

interlobate, weak alteration in Fsp, tuff?, some Qtz 

inclusions in Fsp (silicified?) 

60 10 5  25   Msc, Zrc 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160644 

KK6$-

2016-

412.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock / 

Felsic volcanic 

rock 

Difficult to determine K-feldspar, seriate, interlobate, 

some myrmekite, Qtz inclusions in Hbl (silicified?), non-

foliated, Fsp moderately to strongly sericitized, Hbl 

locally interstitial (oikocryst), Plg oligoclase, Hbl locally 

larger than other minerals (250–500 µm, not porphyritic), 

others 25-300 µm 

60 15 5  15 5  Tit, Epd, 

Mgt, Zrc 

160674 

VJVI-

2016-

97.1 

Felsic volcanic 

rock 

Feldspathic 

greywacke 

Strong alteration in feldspars, some biotite chloritized, 

some very fine-grained parts, porphyritic plagioclase max 

800 µm, lepidoblastic, seriate, some small lithics, slight 

layering, turbidite?, Plg oligoclase, matrix 0-200 µm, 

30 15 3 2 8  2 Alteration 

products 

40%, Hmt, 

Epd, Zrc 

160675 

VJVI-

2016-

101.2 

Intermediate 

volcanic rock 

Felsic volcanic 

rock 

Weak alteration, lepidoblastic, homogeneous, 

inequigranular, interlobate, euhedral Hbl, Plg oligoclase, 

0-200 µm 

50    45 5  Epd, Mgt, 

Apt, Ocl, 

Zrc,  

160677 

VJVI-

2016-

121.1 

Intermediate 

volcanic rock 

Lithic 

greywacke 

Unaltered, lepidoblastic, seriate, lithics, slight layering, 

turbidite?, Plg oligoclase, some myrmekite, Py inside 

Mgt, Hmt exsolution in Mgt, 0-400 µm 

40 15 1 4 30 10  Zrc, Epd, 

Apt, Py, 

Mgt 

(+Hmt) 

160687 

VJVI-

2016-

279.1 

Mafic volcanic 

rock 

Uralite 

porphyrite / 

mafic volcanic 

rock 

Strongly altered, feldspars altered completely, biotite 

chloritized inequigranular, polygonal, uralite porphyritic 

with some Cpx in phenocrysts with Hbl as a cluster, some 

Fe precipitate in Hbl, phenocrysts max 1 cm, matrix 40-

300 µm,  

5     70  Cpx 5%, 

Chl 5%, 

Alteration 

products 

15%, Epd, 

Tit, Mgt 

160637 

KK6$-

2016-2.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Weakly altered (feldspars and Bt), lepidoblastic, very 

fine-grained, homogeneous, equigranular, interlobate, thin 

Qtz-Kfs veins, minerals show remarkably wavy 

extinction, grains dirty-looking, Cpy as rims around 

anhedral Py, 5-50 µm 

50  20  30   Py, Cpy 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160638 

KK6$-

2016-

31.1 

Intermediate 

volcanic rock 

Felsic volcanic 

rock 

Feldspars moderately to strongly altered, Bt slightly 

chloritized, nonfoliated, homogeneous, inequigranular, 

interlobate, some Kfs and Plg phenocrysts max 400 µm, 

Plg oligoclase, some Qtz inside feldspars (silicified?), 

Hmt exsolution in Mgt, matrix 20-200 µm 

30 10 10  25  5 Epd, Hmt, 

Apt, 

Altered 

feldspars 

20% 

160639 

KK6$-

2016-

101.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock 

Unaltered excluding some moderately altered parts, more 

Epd in more altered parts, Tit with opaques, lepidoblastic, 

inequigranular, interlobate, Tit surrounding Mgt, Hmt 

exsolution in Mgt, Hbl interstitial with Qtz inclusions 

(silicified?), Hbl slightly larger max 400 µm, matrix 20-

200 µm 

70    20 2 1 Apt, Epd, 

Hmt, Tit, 

feldspar 

alteration 

7%, Plg, 

Ocl 

160640 

KK6$-

2016-

121.1 

Intermediate 

volcanic rock 

Quartz 

monzodiorite / 

hydrothermal 

rock / 

intermediate 

volcanic rock 

Strongly saussuritized (+silicified and biotitized?), Epd-

rich fractures, Plg andesine, nonfoliated, seriate, 

interlobate, 0-600 µm 

20 5 10  5   Epd + 

saussurite 

60%, Mgt 

160641 

KK6$-

2016-

207.1 

Intermediate 

volcanic rock 

Plagioclase 

porphyrite / 

intermediate 

volcanic rock 

Plg phenocrysts moderately to strongly altered 

(saussuritized), matrix feldspars moderately altered, 

carbonate inside phenocrysts, some Hbl larger than matrix 

(phenocrysts), interlobate, Plg oligoclase-andesine, 

phenocrysts max 5 mm, matrix 20-200 µm 

40 25 14  10 10 1 Tit, 

carbonate, 

Zrc, Mcl  

160642 

KK6$-

2016-

220.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Weak alteration at grain boundaries, inequigranular, Hmt 

exsolution in Mgt, Tit with Mgt, weak layering with 

hornblende-rich parts, Plg andesine, 20-100 µm 

25 15   5 50 5 Hmt, Tit, 

carbonate, 

Epd 

160643 

KK6$-

2016-

224.1 

Intermediate 

volcanic rock 

 

Quartz 

monzodiorite 

Plg completely altered (sauss. + alb), Bt chloritized, Hbl 

partly biotitized (+Chl), potassic alteration (lots of Ocl), 

nematoblastic, inequigranular, interlobate, Py inside Mgt, 

20-750 µm 

10 (40) 20   30  Py, Mgt, 

Epd, Zrc, 

alteration 

products 

(Plg) 40% 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160645 

KK6$-

2016-

507.1 

Intermediate 

volcanic rock 

Felsic / 

intermediate 

volcanic rock 

Weak chloritization, lepidoblastic, inequigranular, 20-100 

µm  

50  10  20 20  Mgt, Epd, 

Plg, Zrc 

160646 

KK6$-

2016-

609.1 

Felsic volcanic 

rock 

Plagioclase 

porphyrite / 

hydrothermal 

rock 

Very strongly altered (chl, sauss, epd, ser), Hmt 

exsolution in Mgt, Plagioclase phenocrysts totally altered, 

up to 2,5 mm, epidote vein, matrix 0-100 µm 

30 (40) 10  (20)   Mgt 

(+Hmt), 

carbonate, 

Tit, Chl 

20%, 

alteration 

products 

30%   

160647 

KK6$-

2016-

621.1 

Felsic volcanic 

rock 

Quartz biotite 

schist 

Some Bt chloritized, mostly near a Kfs vein, Chl sheets 

form wormy shapes in the vein, lepidoblastic, 

homogeneous slightly banded, lots of small black blebs 

that do not reflect, garnets have Qtz inclusions, matrix 20-

100 µm 

50    50   Py, Mgt, 

Msc, Grt, 

Tit, Ocl 

160648 

KK6$-

2016-

820.1 

Felsic volcanic 

rock 

Felsic volcanic 

rock / 

pyroclastic rock 

Some clasts altered, matrix equigranular, layered, 

elongated clasts with larger grain size, max 250 µm, 

matrix 10-50 µm, Hmt exsolution in Mgt, broken Msc,  

20  15 60 5   Mgt, 

(+Hmt), 

Tit, Msc,  

160649 

KK6$-

2016-

826.1 

Intermediate 

volcanic rock 
Intermediate 

volcanic rock / 

amphibole mica 

schist 

Too thick thin section, Qtz shows 2
nd

 order interference 

colors, unaltered, lepidoblastic, nematoblastic, graded 

bedding/layering, with more Hbl on the bottom, Pyrite 

inside Mgt, Plg albite-oligoclase, 10-125 µm 

35    15 50  Py, Mgt, 

Zrc, Ocl, 

Plg 

160650 

KK6$-

2016-

848.1 

Intermediate 

volcanic rock 

Plagioclase 

porphyrite / 

intermediate 

volcanic rock 

Moderate alteration at grain boundaries, lepidoblastic, 

porphyritic, interlobate, slightly layered (Hbl rich layer), 

Hmt exsolution in Mgt, some Plg phenocrysts max 400 

µm, Plg oligoclase, Qtz inclusions in Hbl (silicified?), 

matrix 20-120 µm 

40 19   15 25 1 Hmt, Tit, 

Epd, All, 

Ocl, Mcl 

  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160651 

KK6$-

2016-

967.1 

Mafic volcanic 

rock 

Intermediate 

volcanic rock, 

psammite/grey

wacke? 

Some feldspars completely altered, moderate alteration at 

grain boundaries, Hmt exsolution in Mgt, heterogeneous, 

nonfoliated, possibly turbiditic, some coarse and very 

fine-grained parts, Plg albite-oligoclase, 0-400 µm 

30 15 23 1  30 1 Hmt, Tit, 

Zrc, Epd, 

Bt 

160652 

KK6$-

2016-

1103.1 

Intermediate 

volcanic rock 

Pegmatitic 

felsic volcanic 

rock? 

Mgt almost completely replaced by Hmt, lepidoblastic, 

heterogeneous, (grain size, some parts richer in Msc, Bt, 

Kfs, or Tour), Msc porphyritic (max 1,2 mm), seriate, 

interlobate, Remarkable amount of green Tour, some Tour 

show zoning, Plg albite-oligoclase, matrix 0-120 µm 

45 5 20 20 8   Msc 1%, 

Hmt 1%, 

Mgt, Tour, 

Msc, Zrc,  

160653 

KK6$-

2016-

1108.1 

Intermediate 

volcanic rock 

Plagioclase 

porphyrite, 

Felsic volcanic 

rock 

Phenocrysts moderately to strongly altered (Ser, Sauss, 

Silic), weak alteration in matrix, porphyritic, 

lepidoblastic, inequigranular, heterogeneous, Tit rims 

around Mgt, some Mgt replaced by Hmt, Plg oligoclase, 

phenocrysts max 0,8 cm, matrix 10-50 µm 

60 15 5  20   Tit, Mgt 

(+Hmt), 

Apt, Grt 

160654 

KK6$-

2016-

1305.1 

Intermediate 

volcanic rock 

Feldspathic 

greywacke 

Weak alteration at grain boundaries, weakly lepidoblastic, 

heterogeneous grain size distribution, interlobate, Qtz-Kfs 

veins, veins and lithics max 300 µm, matrix 20-80 µm 

60  24 1 10   Zrc, Msc, 

opaques, 

Tit, Plg,  

160655 

MMKY-

2016-3.1 

Intermediate/fel

sic volcanic 

rock 

Uralite 

porphyrite / 

intermediate 

volcanic rock 

Weak to moderate alteration (silic, biot, sauss), one large 

1 x 3 cm uralite/hornblende phenocryst cluster, layered? 

(grain size grow toward the edge), weakly lepidoblastic, 

Plg albite-oligoclase, Hbl in the phenocryst max 600 µm, 

matrix 20-100 µm 

50 10 5  20 15  Epd, 

carbonate, 

Msc, 

opaques, 

Tit, Mcl 

160656 

MMKY-

2016-

20.1 

Mafic volcanic 

rock 

Mafic volcanic 

rock 

Unaltered to weakly altered, nematoblastic, 

inequigranular, interlobate, 20-200 µm 

15     80  Cpx 5%, 

Epd, Tit, 

carbonate, 

Opx 

160657 

MSKA-

2016-

17.1 

Felsic volcanic 

rock 

Quartz biotite 

schist 

Some Bt chloritized, banded (Bt-rich bands), 

lepidoblastic, equigranular, 20-100 µm 

60    40   Msc, Epd, 

opaques, 

Chl, Zrc 



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160658 

MSKA-

2016-

29.1 

Intermediate 

volcanic rock 

Mafic volcanic 

rock 

Strongly altered vein with talc, serpentine? and carbonate; 

Hbl shows silicification, nematoblastic, heterogeneous, 

Plg oligoclase-andesine, 20-400 µm  

20 10    30  Cpx 40%, 

carbonate, 

Talc, Serp, 

Tit, Opx 

160659 

PIM$-

2014-

162.1 

 Felsic volcanic 

rock 

Moderate silicification and biotitization in Hbl, 

heterogeneous, possibly layered, volcanic clasts, 

lepidoblastic, Ocl locally porphyritic max 1,5 mm, Plg 

oligoclase,  

50 5 25 5 15   opaques, 

Tit, Zrc, 

Hbl, Msc 

160660 

VJVI-

2016-

13.1 

Mafic volcanic 

rock 

Intermediate 

volcanic rock / 

uralite 

porphyrite? / 

hornblende 

gabbro? 

Weak silicification in Hbl, Px altered to chl?, Plg 

moderately to strongly altered, inequigranular, interlobate, 

nonfoliated, homogeneous, some Hbl weakly porphyritic, 

Plg oligoclase-andesine, small part with Qtz, matrix 

devoid of Qtz, 150-750 µm 

5 15    80  opaques, 

Chl,  

160661 

VJVI-

2016-

17.1 

Mafic volcanic 

rock 

intermediate 

volcanic rock / 

hornblende 

gabbro 

Bt chloritized, Plagioclase almost completely altered 

(sauss + clay), lepidoblastic, nematoblastic, equigranular, 

one medium-grained Qtz vein apophyse, interlobate, 0,2-

1,2 mm 

2 (60)    38  Opx, Epd, 

Plg 

alteration 

60% 

160666 

VJVI-

2016-

33.4 

Biotite granite Biotite 

microcline 

granite / felsic 

subvolcanic 

rock / aplite 

Weak alteration in feldspars, Some myrmekite, seriate, 

porphyritic (Kfs), interlobate, 100-1000 µm 

35  20 40 5   Plg 

160679 

VJVI-

2016-

129.1 

Intermediate 

volcanic rock 

Uralite 

plagioclase 

porphyrite / 

intermediate 

volcanic rock 

Some Hbl silicified, some Plg completely altered (sauss, 

ser), lepidoblastic, nematoblastic, inequigranular, 

interlobate, Plg andesine-labradorite, phenocrysts max 2 

mm, some Plg has small Hbl and Bt inclusions, matrix 

100-500 µm 

15 40   25 20  Tit, Chl,  

160680 

VJVI-

2016-

133.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock / 

Plagioclase 

porphyrite 

Strongly altered thin section, Bt chlorititized, Epidote 

veins, feldspars weakly to strongly altered to clay 

minerals, possibly K-altered, Mgt rims around Py, 

porphyritic feldspars max 750 µm, lepidoblastic, seriate, 

Plg oligoclase-andesine, matrix 10-250 µm 

25 20 30 10 (15)   Epd 5%, 

Chl 15%, 

Py, Mgt, 

Tit, Apt  



 

Thin 

section 

Field name Petrographic 

name 

Description (alteration, textures, plg composition, 

grain sizes, other notes) 

Qtz Plg Ocl Mcl Bt Hbl Mgt Accessory 

(< 1%) + 

rare 

majors 

160681 

VJVI-

2016-

139.1 

Biotite granite Microcline 

porphyrite / 

felsic volcanic 

rock 

Weak to moderate alteration in feldspars, porphyritic 

microcline max 1 cm, inclusions of other minerals around 

phenocrysts, myrmekite locally on the grain boundaries, 

seriate, nonfoliated, matrix 50-750 µm 

50  10 35 5   Mgt, Py, 

Tit, Hbl, 

Zrc, Plg 

160683 

VJVI-

2016-

185.1 

Intermediate 

volcanic rock 

Intermediate 

volcanic rock 

Hbl silicified, some feldspars completely altered (sauss., 

clay), Bt locally chloritized, Py cores in Mgt, some Mgt 

hematitized, interlobate, inequigranular, lepidoblastic, 

nematoblastic, layered, Plg oligoclase, 50-500 µm 

25 25   15 35  Py, Mgt, 

Hmt 

160685 

VJVI-

2016-

234.1 

Mafic volcanic 

rock 

Intermediate 

volcanic rock 

Strongly altered thin section, feldspars moderately to 

strongly altered (clay), Epd-Ocl veins, Bt chloritized, Hbl 

biotitized, nematoblastic, lepidoblastic, inequigranular, 

interlobate, difficult to distinguish altered feldspars, Tit 

associated with Mgt, Mgt locally replaced by Hmt, Plg 

oligoclase, 50-500 µm 

2    (15) 15  Feldspar 

alteration 

products 

68%, Chl 

15%, Epd, 

Tit, Mgt, 

Hmt 

160686 

VJVI-

2016-

256.2 

Biotite granite Biotite K-

feldspar granite 

/ aplite 

Moderate alteration in feldspars, inequigranular, 

interlobate, lepidoblastic, some myrmekite, Plg 

oligoclase, 250-2500 µm 

50 2 18 25 5   Mgt, Apt, 

Msc 

  



 

Appendix 2 – Geochemical analyses of the rocks 

Sample Al2O3 As Ba Bi CaO Ce Cl Cr Cu Fe2O3 Ga K2O La MgO MnO Mo Na2O Nb Ni 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF 

  % % % % % % % % % % % % % % % % % % % 

AOHE-2016-12.1 17.9 <0.001 0.1118 <0.003 4.75 0.0065 0.0133 0.0043 <0.002 4.95 <0.003 3.88 <0.003 1.31 0.075 <0.001 2.62 <0.002 <0.002 

AOHE-2016-35.2 17.4 <0.001 0.1201 <0.003 5.94 0.003 0.0137 0.0204 0.0134 7.88 <0.003 2.68 <0.003 4.5 0.153 <0.001 1.79 <0.002 0.0037 

AOHE-2016-54.1 15.3 <0.001 0.0137 <0.003 8.3 0.0048 0.0254 0.0225 <0.002 10.7 <0.003 1.47 <0.003 5.53 0.178 <0.001 3.41 <0.002 0.0035 

AOHE-2016-61.2 14.2 <0.001 0.0348 <0.003 6.54 <0.003 0.0211 0.0104 <0.002 9.83 <0.003 1.56 <0.003 4.96 0.151 <0.001 3.49 <0.002 <0.002 

AOHE-2016-66.1 17.1 <0.001 0.1031 <0.003 5.55 0.0042 0.0172 0.0263 0.0088 8.16 <0.003 2.95 <0.003 5.13 0.14 <0.001 3.44 <0.002 0.0066 

AOHE-2016-68.1 17.9 <0.001 0.0524 <0.003 6.76 0.005 0.0119 0.0063 <0.002 9.34 <0.003 2.15 <0.003 3.67 0.155 <0.001 3.36 <0.002 <0.002 

AOHE-2016-98.1 15.4 <0.001 0.0958 <0.003 5.96 <0.003 0.0157 0.0106 <0.002 7.33 <0.003 2.83 <0.003 3.31 0.122 <0.001 3.14 <0.002 0.002 

AOHE-2016-121.1 12.4 <0.001 0.0078 <0.003 0.98 0.0071 <0.01 <0.002 <0.002 0.87 <0.003 3.29 <0.003 0.163 0.011 <0.001 4.19 <0.002 <0.002 

AOHE-2016-124.1 17.2 <0.001 0.0524 <0.003 5 0.0068 0.0183 <0.002 <0.002 6.8 <0.003 1.71 <0.003 1.46 0.147 <0.001 3.15 <0.002 <0.002 

AOHE-2016-139.1 16 <0.001 0.1599 <0.003 3.03 0.0046 <0.01 0.0023 0.0141 4.4 <0.003 4.57 <0.003 1.79 0.085 <0.001 2.8 <0.002 <0.002 

AOHE-2016-142.1 17.4 <0.001 0.0809 <0.003 6 0.0076 0.0164 0.0049 0.0043 7.14 <0.003 2.5 <0.003 3.17 0.104 <0.001 3.26 <0.002 <0.002 

AOHE-2016-160.1 15.4 <0.001 0.0188 <0.003 7.1 0.0041 0.0184 0.031 <0.002 7.96 <0.003 2.04 <0.003 6.27 0.12 <0.001 3.39 <0.002 0.0094 

AOHE-2016-163.1 18.9 <0.001 0.0894 <0.003 7.8 <0.003 0.0295 0.0037 0.0062 11.3 <0.003 2.56 <0.003 3.87 0.211 <0.001 2.6 <0.002 <0.002 

AOHE-2016-200.1 16.6 <0.001 0.101 <0.003 3.7 0.0044 0.0398 0.0075 0.0035 6.62 <0.003 3.32 0.0041 2.66 0.102 <0.001 3.37 <0.002 0.0022 

AOHE-2016-209.1 16.8 <0.001 0.1067 <0.003 4.86 0.005 0.0171 0.0028 0.0062 7.81 <0.003 2.61 <0.003 3.18 0.136 <0.001 3.34 <0.002 <0.002 

AOHE-2016-237.1 16.3 <0.001 0.1368 <0.003 3.96 0.0045 0.0129 0.006 0.0059 6.15 <0.003 4.47 <0.003 2.31 0.136 <0.001 3.62 <0.002 0.0028 

AOHE-2016-244.1 18.1 <0.001 0.1017 <0.003 6.03 0.0043 0.0134 0.0028 0.0084 5.17 <0.003 2.93 <0.003 1.64 0.088 <0.001 3.76 <0.002 <0.002 

AOHE-2016-245.1 17.1 <0.001 0.1227 <0.003 3.05 0.0086 <0.01 <0.002 0.0027 3.79 <0.003 4.28 0.0048 0.67 0.067 <0.001 3.2 <0.002 <0.002 

AOHE-2016-279.2 14.9 <0.001 0.1092 <0.003 2.11 0.0182 0.0293 <0.002 <0.002 3.95 <0.003 5.49 0.0083 0.71 0.041 <0.001 2.79 <0.002 <0.002 

AOHE-2016-283.1 17.3 <0.001 0.0878 <0.003 5.4 0.0065 0.0135 0.0059 0.0037 6.78 <0.003 3.52 <0.003 2.29 0.119 <0.001 3.05 <0.002 <0.002 

AOHE-2016-297.2 15 <0.001 0.1031 <0.003 1.13 0.0297 0.0129 <0.002 <0.002 2.32 <0.003 6.37 0.0158 0.206 0.032 <0.001 3.24 <0.002 <0.002 

AOHE-2016-310.1 15.3 <0.001 0.0668 <0.003 2.68 0.003 0.0188 <0.002 <0.002 2.2 <0.003 2.9 <0.003 0.57 0.039 <0.001 4.3 <0.002 <0.002 

AOHE-2016-318.1 18.4 <0.001 0.1263 <0.003 4.41 0.007 0.0117 <0.002 0.0034 3.57 <0.003 3.39 <0.003 0.92 0.063 <0.001 3.19 <0.002 <0.002 

AOHE-2016-322.1 18 <0.001 0.1305 <0.003 4.44 0.0073 <0.01 <0.002 <0.002 3.92 <0.003 4.11 <0.003 1.06 0.052 <0.001 3.17 <0.002 <0.002 

ASM$-2015-443.1 17.9 <0.001 0.09 <0.003 4.1 0.0078 0.0128 <0.002 0.0064 3.53 <0.003 3.78 <0.003 0.74 0.072 <0.001 3.6 <0.002 <0.002 

ASM$-2015-450.1 13.4 <0.001 0.039 <0.003 1.87 0.0076 0.0141 0.0064 0.0104 3.73 <0.003 2.04 <0.003 1.55 0.033 <0.001 3.07 <0.002 <0.002 

EPHE-2016-12.1 18.3 <0.001 0.0995 <0.003 4.39 0.0068 0.0102 0.0025 <0.002 4.97 <0.003 4.15 <0.003 1.71 0.071 <0.001 2.87 <0.002 <0.002 

KK6$-2016-1.1 19.6 <0.001 0.1183 <0.003 4.91 0.0034 <0.01 <0.002 <0.002 3.87 <0.003 2.82 <0.003 1.51 0.072 <0.001 3.39 <0.002 <0.002 

KK6$-2016-2.1 16.6 <0.001 0.1331 <0.003 2.43 0.0088 <0.01 0.0067 0.0072 6.52 <0.003 4.49 0.0033 2.63 0.067 <0.001 2.68 <0.002 0.0028 

 



 

Sample P2O5 Pb Rb S Sb Sc SiO2 Sn Sr Th TiO2 U V Y Zn Zr Ce Co Dy 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF ICP-MS ICP-MS ICP-MS 

  % % % % % % % % % % % % % % % % mg/kg                                    mg/kg                                    mg/kg                                    

AOHE-2016-12.1 0.254 0.0033 0.0119 <0.01 <0.005 <0.002 63.4 <0.003 0.0557 <0.003 0.58 0.001 0.0082 0.0024 0.0071 0.0164 61 12.8 3.5 

AOHE-2016-35.2 0.329 <0.003 0.0125 0.306 <0.005 <0.002 57.5 <0.003 0.0543 <0.003 0.71 <0.001 0.0159 0.0026 0.0086 0.0124       

AOHE-2016-54.1 0.324 <0.003 0.0062 <0.01 <0.005 0.003 53.6 <0.003 0.0551 <0.003 0.89 <0.001 0.0213 0.0026 0.0119 0.0113 39.8 32.7 3.9 

AOHE-2016-61.2 0.304 <0.003 0.0077 <0.01 <0.005 0.0022 56.4 <0.003 0.0395 <0.003 0.84 <0.001 0.0203 0.0023 0.021 0.0107 21.4 28.5 3.3 

AOHE-2016-66.1 0.434 <0.003 0.0116 <0.01 <0.005 0.002 54.9 <0.003 0.0852 <0.003 0.71 <0.001 0.0171 0.0026 0.011 0.0158       

AOHE-2016-68.1 0.334 <0.003 0.0082 <0.01 <0.005 <0.002 55.3 <0.003 0.0441 <0.003 0.8 <0.001 0.0191 0.0018 0.0118 0.0095 40.6 33.6 3.3 

AOHE-2016-98.1 0.25 <0.003 0.0085 <0.01 <0.005 <0.002 60.6 <0.003 0.0551 <0.003 0.64 <0.001 0.0149 0.002 0.0097 0.0127       

AOHE-2016-121.1 0.011 0.0047 0.0084 <0.01 <0.005 <0.002 77.8 <0.003 0.0086 <0.003 0.073 <0.001 0.0011 0.0018 0.0025 0.0187 60 0.7 3 

AOHE-2016-124.1 0.427 <0.003 0.0068 0.0163 <0.005 <0.002 63.3 <0.003 0.0553 <0.003 0.59 <0.001 0.0064 0.0034 0.0096 0.0113 60.9 8 4.6 

AOHE-2016-139.1 0.231 0.0031 0.0135 <0.01 <0.005 <0.002 66.1 <0.003 0.08 <0.003 0.486 <0.001 0.0083 0.0027 0.0078 0.0211       

AOHE-2016-142.1 0.477 <0.003 0.0089 <0.01 <0.005 <0.002 58.8 <0.003 0.1331 <0.003 0.7 <0.001 0.0153 0.0024 0.0096 0.0169 61.8 19.8 3.2 

AOHE-2016-160.1 0.196 <0.003 0.0108 <0.01 <0.005 <0.002 55.4 <0.003 0.0282 <0.003 0.83 <0.001 0.0131 0.0026 0.0085 0.0123 24.6 35.5 3.3 

AOHE-2016-163.1 0.37 <0.003 0.009 0.0328 <0.005 0.0028 47.9 <0.003 0.0568 <0.003 0.88 <0.001 0.0218 0.0027 0.0113 0.0112       

AOHE-2016-200.1 0.364 0.0033 0.0134 0.0126 <0.005 <0.002 61.4 <0.003 0.0514 <0.003 0.85 <0.001 0.011 0.0026 0.0103 0.0252 65.6 18.1 3.9 

AOHE-2016-209.1 0.327 <0.003 0.009 <0.01 <0.005 <0.002 59.8 <0.003 0.0662 <0.003 0.71 <0.001 0.0163 0.0027 0.0098 0.0134 45.9 18.7 3.3 

AOHE-2016-237.1 0.315 <0.003 0.016 <0.01 <0.005 <0.002 61.8 0.0031 0.0636 <0.003 0.59 <0.001 0.0098 0.0032 0.0099 0.0205       

AOHE-2016-244.1 0.342 <0.003 0.0083 <0.01 <0.005 <0.002 60.9 <0.003 0.0757 <0.003 0.61 <0.001 0.0114 0.0024 0.0073 0.0161 266.9 13.6 3.3 

AOHE-2016-245.1 0.135 0.0031 0.0138 <0.01 <0.005 <0.002 67 <0.003 0.0423 <0.003 0.438 <0.001 0.0026 0.0026 0.0086 0.0198 79.9 3.8 4.1 

AOHE-2016-279.2 0.213 0.0032 0.0186 <0.01 <0.005 <0.002 68.9 <0.003 0.0259 <0.003 0.53 <0.001 0.0044 0.0042 0.0062 0.0348 193.7 6.7 5.9 

AOHE-2016-283.1 0.309 <0.003 0.0114 <0.01 <0.005 <0.002 60.1 <0.003 0.0653 <0.003 0.67 <0.001 0.015 0.0021 0.0113 0.0159 56.5 19.9 3.4 

AOHE-2016-297.2 0.038 <0.003 0.0112 <0.01 <0.005 <0.002 71.1 <0.003 0.0068 <0.003 0.237 <0.001 0.0025 0.0026 0.0056 0.032 280.9 0.6 3.6 

AOHE-2016-310.1 0.091 0.0032 0.0085 <0.01 <0.005 <0.002 71.5 <0.003 0.037 <0.003 0.234 <0.001 0.0026 0.0015 0.0052 0.0135 29.7 3.8 1.4 

AOHE-2016-318.1 0.195 0.003 0.011 <0.01 <0.005 <0.002 65 <0.003 0.0629 <0.003 0.52 <0.001 0.0048 0.0027 0.0076 0.0187 67 6.4 3.6 

AOHE-2016-322.1 0.188 0.0041 0.013 <0.01 <0.005 <0.002 64.3 <0.003 0.0577 <0.003 0.51 <0.001 0.0042 0.0026 0.0058 0.0191 73.2 5.9 4.1 

ASM$-2015-443.1 0.188 0.004 0.0155 <0.01 <0.005 <0.002 65.3 <0.003 0.0487 <0.003 0.487 <0.001 0.0037 0.0033 0.0075 0.0187 69.3 4.9 4.1 

ASM$-2015-450.1 0.163 0.0033 0.0096 0.0147 <0.005 <0.002 72.7 <0.003 0.0225 <0.003 0.443 <0.001 0.0058 0.0025 0.0055 0.0171 69.4 8.3 3.3 

EPHE-2016-12.1 0.257 <0.003 0.0144 <0.01 <0.005 0.0024 62.4 <0.003 0.0511 <0.003 0.57 <0.001 0.0085 0.0035 0.0071 0.0159       

KK6$-2016-1.1 0.109 0.0036 0.0089 <0.01 <0.005 <0.002 63 <0.003 0.0878 <0.003 0.361 <0.001 0.0046 0.002 0.0061 0.0156       

KK6$-2016-2.1 0.222 <0.003 0.017 0.537 <0.005 <0.002 60.3 <0.003 0.0388 <0.003 0.6 <0.001 0.0085 0.0033 0.0064 0.0173       

 

  



 

Sample Er Eu Gd Hf Ho La Lu Nb Nd Pr Rb Sm Ta Tb Th Tm U Yb Sc 

  ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-
OES 

  mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    

AOHE-2016-12.1 2 1.3 4.4 8.9 0.7 31.2 0.3 12.9 28.6 7.5 99.6 5.3 1 0.6 10.8 0.3 2.3 1.9 15.6 

AOHE-2016-35.2                                       

AOHE-2016-54.1 2.3 1.2 4.2 6 0.8 18.4 0.3 9.2 19.5 4.9 48.8 4.2 0.9 0.6 7 0.3 1.8 2.2 31.9 

AOHE-2016-61.2 2.1 0.9 3.3 5.1 0.7 9.2 0.3 8.7 11.9 2.8 69.7 3 0.8 0.5 6.5 0.3 1.5 1.9 28.5 

AOHE-2016-66.1                                       

AOHE-2016-68.1 1.9 1.2 4 5.4 0.7 19.2 0.3 8.3 20.9 5.1 71.4 4.4 0.4 0.6 5.6 0.3 0.4 1.7 31.7 

AOHE-2016-98.1                                       

AOHE-2016-121.1 1.4 0.3 4.5 6.4 0.5 27.7 0.2 5.9 29.5 7.5 83 5.8 0.2 0.6 6.4 0.2 2 1.2 7.2 

AOHE-2016-124.1 2.6 1.2 5 4.9 0.9 29 0.3 10.4 27.7 7 65.9 5.3 0.5 0.8 5.7 0.4 0.8 2.3 14.6 

AOHE-2016-139.1                                       

AOHE-2016-142.1 1.7 1.4 4.5 5.4 0.6 30 0.2 13.9 29.2 7.4 76.6 5.5 0.8 0.6 8.5 0.2 2.1 1.5 20.7 

AOHE-2016-160.1 2 1 3.6 4.8 0.7 9.7 0.2 7.8 15.1 3.4 85.5 3.6 0.4 0.6 4.5 0.3 1 1.7 20.6 

AOHE-2016-163.1                                       

AOHE-2016-200.1 2.1 1.4 4.6 7.3 0.8 34.4 0.2 14.2 30.1 7.8 138.2 5.4 0.9 0.7 12.8 0.3 1.3 1.6 13.1 

AOHE-2016-209.1 1.9 1.2 3.9 4.5 0.7 21.9 0.3 8.8 22.3 5.5 86.9 4.4 0.5 0.6 6.3 0.3 1.5 1.8 22.4 

AOHE-2016-237.1                                       

AOHE-2016-244.1 1.9 1.3 4.4 4.9 0.6 28.9 0.3 11.4 27.1 7.1 79.2 5.1 0.8 0.6 10.3 0.3 2.6 1.7 14.9 

AOHE-2016-245.1 2.3 1.3 5.3 6.1 0.8 42.1 0.3 16.8 36 9.6 138.4 6.3 0.7 0.7 11.8 0.3 1.7 2.1 9.86 

AOHE-2016-279.2 3 1.4 8.7 11.3 1.1 96.9 0.3 20.5 75.3 21.2 199.5 11.8 0.7 1.1 28.8 0.4 3.2 2.3 9.12 

AOHE-2016-283.1 2 1.2 4.2 5.7 0.7 27.6 0.3 11 25.5 6.6 100.8 4.9 0.4 0.6 11.4 0.3 2.8 1.8 19.6 

AOHE-2016-297.2 1.8 1.1 7.2 9.3 0.6 156.7 0.2 9.7 98.4 29.1 99.8 11.3 <0.2 0.8 12.7 0.2 1.1 1.5 15 

AOHE-2016-310.1 0.7 0.7 2 4.5 0.2 16.8 <0.1 8.5 11.9 3.2 69.4 2.3 0.3 0.3 5.4 <0.1 2.2 0.6 2.73 

AOHE-2016-318.1 2 1.4 4.6 6.9 0.7 33.4 0.3 13.9 29.9 7.8 101 5.6 0.9 0.6 10.5 0.3 1.8 1.8 10.6 

AOHE-2016-322.1 2.3 1.5 5.3 15.9 0.8 37.3 0.3 15.8 34 8.7 131.8 6.1 0.6 0.7 13.7 0.3 3.1 2.1 10.5 

ASM$-2015-443.1 2.4 1.4 5 7.8 0.8 34.6 0.4 14.2 31.8 8.2 156.1 5.9 0.9 0.7 11.2 0.3 3.3 2.2 11 

ASM$-2015-450.1 1.9 1.3 4.2 7.2 0.7 36.6 0.3 9.3 29.5 7.9 93.2 5 <0.2 0.6 11.7 0.3 3.4 1.8 8.29 

EPHE-2016-12.1                                       

KK6$-2016-1.1                                       

KK6$-2016-2.1                                       

 



 

 

Sample V Y Zr Au * C * 

  ICP-OES ICP-OES ICP-OES ICP-OES Carbon analyzer 

  mg/kg                                    mg/kg                                    mg/kg                                    µg/kg % 

AOHE-2016-12.1 75.4 17.7 146 <5 0.0872 

AOHE-2016-35.2       6 <0.05 

AOHE-2016-54.1 220 20 108 <5 <0.05 

AOHE-2016-61.2 193 18.1 107 <5 0.166 

AOHE-2016-66.1       <5 0.0672 

AOHE-2016-68.1 215 16.7 88.9 <5 0.0538 

AOHE-2016-98.1       <5 0.136 

AOHE-2016-121.1 7.2 11.5 200   0.0564 

AOHE-2016-124.1 52.7 24.8 108 <5 0.0762 

AOHE-2016-139.1       <5 0.0874 

AOHE-2016-142.1 156 15.9 131 <5 <0.05 

AOHE-2016-160.1 121 17.4 132   0.0598 

AOHE-2016-163.1       <5 0.0696 

AOHE-2016-200.1 95 19.4 237   0.0528 

AOHE-2016-209.1 168 17 111 <5 0.0741 

AOHE-2016-237.1       <5 0.0551 

AOHE-2016-244.1 112 16.8 129 <5 0.159 

AOHE-2016-245.1 13.3 20.8 185 <5 0.0624 

AOHE-2016-279.2 33.8 26.8 365   0.052 

AOHE-2016-283.1 141 17.1 138 <5 0.124 

AOHE-2016-297.2 9.85 14.8 354   0.0756 

AOHE-2016-310.1 16.7 6.56 124   0.0527 

AOHE-2016-318.1 26.9 17.9 188 <5 0.125 

AOHE-2016-322.1 29.6 19.4 188 <5 0.0687 

ASM$-2015-443.1 21 19.7 175 <5 0.0726 

ASM$-2015-450.1 52.9 15.5 200 <5 <0.05 

EPHE-2016-12.1       <5 0.0949 

KK6$-2016-1.1       <5 0.0809 

KK6$-2016-2.1       <5 0.0776 

 



 

Sample Al2O3 As Ba Bi CaO Ce Cl Cr Cu Fe2O3 Ga K2O La MgO MnO Mo Na2O Nb Ni 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF 

  % % % % % % % % % % % % % % % % % % % 

KK6$-2016-31.1 17.4 <0.001 0.1077 <0.003 3.12 0.0049 0.01 0.0057 <0.002 7.52 <0.003 3.07 <0.003 2.45 0.131 <0.001 3.3 <0.002 <0.002 

KK6$-2016-101.1 17.2 <0.001 0.1449 <0.003 5.74 0.0039 0.0147 0.0075 <0.002 6.92 <0.003 3.29 <0.003 2.91 0.144 <0.001 2.5 <0.002 <0.002 

KK6$-2016-121.1 15.2 <0.001 0.0411 <0.003 6.76 0.0058 <0.01 0.0077 <0.002 8.57 0.0032 2.66 <0.003 4.23 0.189 <0.001 1.49 <0.002 <0.002 

KK6$-2016-207.1 17.1 <0.001 0.0959 <0.003 5.53 0.0034 0.0118 0.0034 <0.002 6.46 <0.003 2.93 <0.003 2.55 0.122 <0.001 3.41 <0.002 <0.002 

KK6$-2016-220.1 15.3 <0.001 0.0485 <0.003 8.57 0.0042 0.0155 0.0173 0.0123 9.83 <0.003 1.37 <0.003 4.78 0.187 <0.001 2.82 <0.002 0.0035 

KK6$-2016-224.1 15.9 <0.001 0.0798 <0.003 3.87 0.0045 0.0115 0.0183 0.021 6.33 <0.003 4.45 <0.003 3.7 0.083 <0.001 2.89 <0.002 0.0071 

KK6$-2016-412.1 17.7 0.0021 0.0693 <0.003 5.19 0.0056 0.0115 0.0031 0.0034 5.22 <0.003 2.03 <0.003 1.89 0.083 <0.001 4.43 <0.002 <0.002 

KK6$-2016-507.1 16.8 <0.001 0.0535 <0.003 6.27 <0.003 0.0197 0.002 <0.002 7.45 <0.003 1.6 <0.003 3.16 0.13 <0.001 3.27 <0.002 <0.002 

KK6$-2016-609.1 19 <0.001 0.0604 <0.003 5.8 0.0067 <0.01 0.0041 <0.002 5.21 <0.003 2.91 <0.003 1.88 0.081 <0.001 3.04 <0.002 <0.002 

KK6$-2016-621.1 18 0.0029 0.1213 <0.003 3.07 0.0044 0.0111 0.0106 0.0194 6.92 <0.003 3.76 <0.003 2.65 0.155 <0.001 3.12 <0.002 <0.002 

KK6$-2016-820.1 16.8 <0.001 0.1397 <0.003 1.66 0.0054 0.01 <0.002 <0.002 3.29 <0.003 6.52 <0.003 0.64 0.025 <0.001 3.19 <0.002 <0.002 

KK6$-2016-826.1 17.3 0.0012 0.0888 <0.003 7.66 0.005 0.0381 0.0029 0.003 10.4 <0.003 1.61 <0.003 2.77 0.156 <0.001 3.56 <0.002 <0.002 

KK6$-2016-848.1 15.6 <0.001 0.0667 <0.003 5.77 0.0062 0.0164 0.0276 0.005 7.39 <0.003 1.99 <0.003 3.92 0.131 <0.001 3.77 <0.002 0.0069 

KK6$-2016-967.1 14.4 <0.001 0.0584 <0.003 7.16 0.0046 0.0172 0.0352 <0.002 8.68 <0.003 2.47 <0.003 5.14 0.134 <0.001 2.86 <0.002 0.0088 

KK6$-2016-1103.1 16 <0.001 0.0838 <0.003 3.11 0.0052 <0.01 <0.002 <0.002 5.18 <0.003 4.49 <0.003 1.24 0.089 <0.001 1.69 <0.002 <0.002 

KK6$-2016-1108.1 18.9 <0.001 0.0902 <0.003 5.14 0.0055 <0.01 <0.002 0.0056 5.34 <0.003 2.29 <0.003 1.94 0.072 <0.001 3.75 <0.002 <0.002 

KK6$-2016-1305.1 15.7 <0.001 0.0986 <0.003 3.82 0.0078 0.0155 <0.002 <0.002 2.88 <0.003 3.61 <0.003 1.11 0.042 <0.001 2.14 <0.002 <0.002 

MMKY-2016-3.1 15.8 <0.001 0.1092 <0.003 4.04 0.0055 0.012 0.0041 <0.002 5.9 <0.003 4.36 <0.003 2.23 0.087 <0.001 1.97 <0.002 <0.002 

MMKY-2016-20.1 15.9 <0.001 0.1102 <0.003 13.3 0.0033 0.0159 0.0398 0.0024 9.57 <0.003 1.23 <0.003 4.97 0.167 <0.001 1.65 <0.002 0.009 

MSKA-2016-17.1 17.7 <0.001 0.1283 <0.003 3.96 0.0059 <0.01 0.0035 0.0052 6.45 <0.003 3.84 <0.003 2.1 0.085 <0.001 2.86 <0.002 <0.002 

MSKA-2016-29.1 13.9 <0.001 0.0437 <0.003 14.3 <0.003 0.0128 0.0409 <0.002 9.01 <0.003 0.77 <0.003 6.27 0.201 <0.001 2.57 <0.002 0.01 

PIM$-2014-162.1 16.4 <0.001 0.1611 <0.003 3.52 0.0048 0.019 0.0022 0.0023 4.69 <0.003 4.25 <0.003 1.55 0.081 <0.001 3.32 <0.002 <0.002 

VJVI-2016-13.1 12.7 <0.001 0.0302 <0.003 9.13 0.0032 0.0262 0.0432 0.0025 12.2 <0.003 1.34 <0.003 8.08 0.202 <0.001 1.83 <0.002 0.0084 

VJVI-2016-17.1 15 <0.001 0.0537 <0.003 6.49 0.005 0.0154 0.0352 0.0041 12.1 <0.003 1.61 <0.003 8 0.165 <0.001 2.94 <0.002 0.0074 

VJVI-2016-19.1 13.3 <0.001 0.0807 <0.003 6.98 0.0089 0.0185 <0.002 0.0023 16.2 0.0032 1.89 0.0036 3.48 0.234 <0.001 2.65 <0.002 <0.002 

VJVI-2016-21.2 14.7 <0.001 0.06 <0.003 2.42 0.0061 0.0274 <0.002 <0.002 3.55 <0.003 3.86 <0.003 0.79 0.057 <0.001 3.57 <0.002 <0.002 

VJVI-2016-25.2 13.9 <0.001 0.0478 <0.003 1.35 0.0096 0.0146 <0.002 <0.002 2.36 <0.003 4.61 <0.003 0.331 0.028 <0.001 3.63 <0.002 <0.002 

VJVI-2016-33.3 13.9 <0.001 0.0407 <0.003 0.98 0.0049 0.0127 <0.002 0.0024 1.91 <0.003 4.99 <0.003 0.424 0.029 <0.001 3.41 <0.002 <0.002 

VJVI-2016-33.4 14.3 <0.001 0.058 <0.003 1.07 0.0165 0.0148 <0.002 <0.002 1.69 <0.003 6.09 0.0063 0.271 0.014 <0.001 2.8 <0.002 <0.002 

 

  



 

Sample P2O5 Pb Rb S Sb Sc SiO2 Sn Sr Th TiO2 U V Y Zn Zr Ce Co Dy 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF ICP-MS ICP-MS ICP-MS 

  % % % % % % % % % % % % % % % % mg/kg                                    mg/kg                                    mg/kg                                    

KK6$-2016-31.1 0.354 <0.003 0.009 <0.01 <0.005 0.0024 61.7 <0.003 0.0487 <0.003 0.69 <0.001 0.0142 0.0025 0.0107 0.0135 404.2 20.3 3.6 

KK6$-2016-101.1 0.28 <0.003 0.0103 <0.01 <0.005 <0.002 59.9 <0.003 0.0459 <0.003 0.71 <0.001 0.0139 0.0021 0.0068 0.0149 52.1 17.4 3.7 

KK6$-2016-121.1 0.327 <0.003 0.0086 <0.01 <0.005 <0.002 56.6 <0.003 0.0804 <0.003 0.79 <0.001 0.0131 0.0029 0.019 0.0214       

KK6$-2016-207.1 0.319 <0.003 0.0082 <0.01 <0.005 <0.002 60.6 <0.003 0.0767 <0.003 0.58 <0.001 0.0131 0.0023 0.0091 0.0145 48.7 16.2 3 

KK6$-2016-220.1 0.3 <0.003 0.0048 <0.01 <0.005 0.003 55.5 <0.003 0.0514 <0.003 0.94 <0.001 0.0194 0.0032 0.013 0.0136 48.4 28.9 5 

KK6$-2016-224.1 0.237 <0.003 0.0137 0.134 <0.005 <0.002 61.6 <0.003 0.0422 <0.003 0.62 <0.001 0.0111 0.003 0.0096 0.0182       

KK6$-2016-412.1 0.25 <0.003 0.0052 <0.01 <0.005 <0.002 62.3 <0.003 0.0821 <0.003 0.57 <0.001 0.0099 0.0024 0.0066 0.0176 60.5 11.5 3.6 

KK6$-2016-507.1 0.213 <0.003 0.0043 <0.01 <0.005 <0.002 60.2 <0.003 0.0452 <0.003 0.66 <0.001 0.0142 0.002 0.0085 0.0135 33.6 18.6 3 

KK6$-2016-609.1 0.246 <0.003 0.0122 <0.01 <0.005 <0.002 60.9 <0.003 0.0543 <0.003 0.6 <0.001 0.0084 0.0026 0.0082 0.0178       

KK6$-2016-621.1 0.266 0.006 0.0135 0.154 <0.005 <0.002 59.8 <0.003 0.0335 <0.003 0.77 <0.001 0.0153 0.0019 0.008 0.0148 56.9 8.2 3.6 

KK6$-2016-820.1 0.144 0.004 0.0191 <0.01 <0.005 <0.002 67 <0.003 0.0451 <0.003 0.39 <0.001 0.005 0.0032 0.007 0.0218 58.2 4.2 3.3 

KK6$-2016-826.1 0.404 <0.003 0.0059 <0.01 <0.005 <0.002 54.1 <0.003 0.0653 <0.003 0.82 <0.001 0.0181 0.0019 0.013 0.011 45.3 21.7 4.1 

KK6$-2016-848.1 0.282 0.0035 0.0066 <0.01 <0.005 <0.002 60 <0.003 0.0746 <0.003 0.69 <0.001 0.016 0.0023 0.0106 0.0146 48.1 25.2 3.5 

KK6$-2016-967.1 0.308 <0.003 0.0063 <0.01 <0.005 0.0025 57.7 <0.003 0.0654 <0.003 0.72 <0.001 0.0182 0.0025 0.0096 0.0137       

KK6$-2016-1103.1 0.286 <0.003 0.0149 <0.01 <0.005 <0.002 67.1 0.0031 0.0264 <0.003 0.6 <0.001 0.005 0.0027 0.0129 0.0156 53 5.9 4.1 

KK6$-2016-1108.1 0.359 <0.003 0.0078 <0.01 <0.005 <0.002 61.2 <0.003 0.0927 <0.003 0.66 <0.001 0.0111 0.0021 0.0086 0.0157       

KK6$-2016-1305.1 0.096 <0.003 0.0136 <0.01 <0.005 <0.002 70 <0.003 0.0221 <0.003 0.31 <0.001 0.0037 0.003 0.0064 0.0248       

MMKY-2016-3.1 0.264 <0.003 0.0118 <0.01 <0.005 <0.002 64.5 <0.003 0.0506 <0.003 0.52 <0.001 0.0114 0.0024 0.0091 0.0131       

MMKY-2016-20.1 0.278 <0.003 0.0043 <0.01 <0.005 0.0033 47.8 <0.003 0.087 <0.003 0.8 <0.001 0.0192 0.0022 0.0109 0.0124 39.4 34.9 3.6 

MSKA-2016-17.1 0.246 <0.003 0.0128 0.0353 <0.005 <0.002 61.7 <0.003 0.037 <0.003 0.66 <0.001 0.0124 0.003 0.008 0.0188       

MSKA-2016-29.1 0.22 <0.003 0.0032 <0.01 <0.005 0.0038 48.4 <0.003 0.0612 <0.003 0.6 <0.001 0.0169 0.0011 0.0088 0.0098 30.2 35.7 2.9 

PIM$-2014-162.1 0.162 <0.003 0.013 <0.01 <0.005 <0.002 65 <0.003 0.0528 <0.003 0.5 <0.001 0.0077 0.0029 0.0081 0.0206 69.4 7.7 3.9 

VJVI-2016-13.1 0.287 <0.003 0.0063 <0.01 <0.005 0.0036 48 <0.003 0.0353 <0.003 1.05 <0.001 0.0258 0.0029 0.0149 0.0115 31.3 40.4 4.5 

VJVI-2016-17.1 0.336 <0.003 0.0085 <0.01 <0.005 0.0035 48.7 <0.003 0.0312 <0.003 1.05 <0.001 0.0254 0.0025 0.0136 0.0114       

VJVI-2016-19.1 2 <0.003 0.0073 0.0563 <0.005 0.0031 49.4 <0.003 0.0402 <0.003 3.28 <0.001 0.0208 0.0051 0.0181 0.0157       

VJVI-2016-21.2 0.142 0.0032 0.0154 <0.01 <0.005 <0.002 70.3 <0.003 0.0182 <0.003 0.416 <0.001 0.0045 0.0039 0.0077 0.0148 64.9 5.6 6.1 

VJVI-2016-25.2 0.075 0.003 0.0179 <0.01 <0.005 <0.002 73.2 <0.003 0.0079 <0.003 0.224 <0.001 0.0022 0.0043 0.0064 0.0162       

VJVI-2016-33.3 0.056 0.004 0.0196 <0.01 <0.005 <0.002 73.9 <0.003 0.0092 <0.003 0.169 <0.001 0.0023 0.0026 0.0055 0.0121       

VJVI-2016-33.4 0.06 0.0044 0.027 <0.01 <0.005 <0.002 73.2 <0.003 0.0151 0.0045 0.235 <0.001 0.0023 0.0024 0.0047 0.0209       

 

  



 

Sample Er Eu Gd Hf Ho La Lu Nb Nd Pr Rb Sm Ta Tb Th Tm U Yb Sc 

  ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-
OES 

  mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    

KK6$-2016-31.1 2.2 1.2 4.4 5 0.7 24.4 0.3 9.4 27.3 7 82.7 4.8 0.5 0.6 7.8 0.3 1.5 2.1 22.8 

KK6$-2016-101.1 2.1 1.4 4.4 5.8 0.7 25 0.3 11 25.2 6.3 94.9 5 0.8 0.6 9 0.3 2.3 1.9 21.6 

KK6$-2016-121.1                                       

KK6$-2016-207.1 1.8 1.1 3.7 4.5 0.6 25.5 0.3 9.6 22.5 5.8 85.6 4.3 0.6 0.5 8.3 0.2 2.8 1.6 18.6 

KK6$-2016-220.1 3.1 1.5 5.3 4.6 1 23.4 0.4 10.1 24.9 6 41.2 5.3 0.5 0.8 6.4 0.4 1.8 2.8 31.4 

KK6$-2016-224.1                                       

KK6$-2016-412.1 2 1.3 4.7 5.3 0.7 30.5 0.3 12.4 28.1 7.3 53.6 5.4 0.8 0.6 9.4 0.3 2.7 1.9 15.4 

KK6$-2016-507.1 1.9 1 3.2 4.5 0.6 16.3 0.3 8.9 14.5 3.7 41.8 3.2 0.7 0.5 5.4 0.3 1.3 1.8 19.6 

KK6$-2016-609.1                                       

KK6$-2016-621.1 2.1 1.2 4.3 5 0.7 29.4 0.3 12.5 26.5 6.9 123.1 4.9 0.8 0.6 12.6 0.3 3.8 2 18.5 

KK6$-2016-820.1 1.9 1.1 4 6.3 0.7 27.4 0.3 14 25 6.7 191 4.9 1 0.6 11.1 0.3 2.4 1.9 9.36 

KK6$-2016-826.1 2.4 1.5 4.7 3.9 0.8 21.9 0.4 9 24.5 5.8 47.8 5.1 0.6 0.7 4.6 0.3 1.3 2.2 23.6 

KK6$-2016-848.1 2 1.3 4.1 4.2 0.7 23.9 0.3 10.2 23 5.8 53.1 4.5 0.6 0.6 6.5 0.3 2.4 1.9 20 

KK6$-2016-967.1                                       

KK6$-2016-1103.1 2.5 1.3 4.6 5.1 0.8 25.3 0.4 17.9 24 6.1 157.7 4.9 1 0.7 10.6 0.4 2.6 2.3 17.6 

KK6$-2016-1108.1                                       

KK6$-2016-1305.1                                       

MMKY-2016-3.1                                       

MMKY-2016-20.1 2 1.3 4 3.4 0.7 19.4 0.3 8.4 20.3 4.9 34.1 4.2 0.6 0.6 4.5 0.3 1.4 1.9 28.8 

MSKA-2016-17.1                                       

MSKA-2016-29.1 1.7 1 3.2 2.7 0.6 15 0.2 6.4 15.5 3.7 24 3.3 0.6 0.5 3.2 0.2 1.2 1.6 31.3 

PIM$-2014-162.1 2.3 1.3 4.8 6.3 0.8 34.8 0.3 13.2 31.3 8 127.3 5.6 0.8 0.7 11.2 0.3 2.4 2.1 14.3 

VJVI-2016-13.1 2.7 1.2 4.5 3.1 1 13.2 0.4 7.1 18.1 4.2 55 4.2 0.5 0.7 1.9 0.4 0.7 2.5 37 

VJVI-2016-17.1                                       

VJVI-2016-19.1                                       

VJVI-2016-21.2 3.8 0.8 6 6.7 1.3 32.8 0.6 14 28.5 7.5 151.2 6 1.2 1 13.9 0.6 2.5 3.6 10 

VJVI-2016-25.2                                       

VJVI-2016-33.3                                       

VJVI-2016-33.4                                       

 



 

Sample V Y Zr Au * C * 

  ICP-OES ICP-OES ICP-OES ICP-OES Carbon analyzer 

  mg/kg                                    mg/kg                                    mg/kg                                    µg/kg % 

KK6$-2016-31.1 145 17.6 131 <5 0.0623 

KK6$-2016-101.1 131 17.1 130 <5 0.145 

KK6$-2016-121.1       <5 0.0832 

KK6$-2016-207.1 139 14 114 <5 0.121 

KK6$-2016-220.1 202 24.1 115 <5 0.14 

KK6$-2016-224.1       <5 <0.05 

KK6$-2016-412.1 89.8 17.3 149 <5 0.091 

KK6$-2016-507.1 142 14.6 116 <5 0.0854 

KK6$-2016-609.1       <5 0.125 

KK6$-2016-621.1 140 16.7 136   0.702 

KK6$-2016-820.1 37.2 15.1 193 <5 0.0911 

KK6$-2016-826.1 182 19.5 86.5 <5 0.196 

KK6$-2016-848.1 155 17 127 <5 0.102 

KK6$-2016-967.1       15 0.132 

KK6$-2016-1103.1 36.3 19.7 153 <5 0.102 

KK6$-2016-1108.1       <5 0.0794 

KK6$-2016-1305.1       <5 0.0716 

MMKY-2016-3.1       <5 0.0648 

MMKY-2016-20.1 200 15.9 89.5 <5 0.113 

MSKA-2016-17.1       <5 0.0677 

MSKA-2016-29.1 171 13.2 87.7 <5 0.264 

PIM$-2014-162.1 63.7 18.9 196 <5 0.182 

VJVI-2016-13.1 263 22.1 95.3 <5 0.0661 

VJVI-2016-17.1       <5 <0.05 

VJVI-2016-19.1       <5 0.0643 

VJVI-2016-21.2 38.4 31.3 198   0.0617 

VJVI-2016-25.2         0.0643 

VJVI-2016-33.3         0.0686 

VJVI-2016-33.4         0.0714 

 

  



 

Sample Al2O3 As Ba Bi CaO Ce Cl Cr Cu Fe2O3 Ga K2O La MgO MnO Mo Na2O Nb Ni 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF 

  % % % % % % % % % % % % % % % % % % % 

VJVI-2016-42.2 21 <0.001 0.2881 <0.003 6.53 <0.003 0.0266 0.0028 <0.002 6.19 <0.003 2.51 <0.003 1.57 0.072 <0.001 4.42 <0.002 <0.002 

VJVI-2016-46.1 16.2 <0.001 0.1003 <0.003 3.21 0.006 0.0249 <0.002 <0.002 3.71 <0.003 3.92 0.0045 1.19 0.061 <0.001 3.45 <0.002 <0.002 

VJVI-2016-53.2 12.7 <0.001 0.0346 <0.003 1 0.0084 0.0114 <0.002 <0.002 1.35 <0.003 5.09 <0.003 0.177 0.019 <0.001 2.8 <0.002 <0.002 

VJVI-2016-75.1 14 <0.001 0.0569 <0.003 1.1 0.0155 0.0139 <0.002 <0.002 1.64 <0.003 5.93 0.0069 0.306 0.018 <0.001 2.66 <0.002 <0.002 

VJVI-2016-78.2 17.4 <0.001 0.0351 <0.003 10 0.0045 0.0321 0.0091 0.0035 9.14 <0.003 1.15 <0.003 7.2 0.132 <0.001 2.34 <0.002 0.0027 

VJVI-2016-84.1 14.7 <0.001 0.0666 <0.003 1.74 0.0042 0.0178 <0.002 <0.002 2.19 <0.003 4.26 <0.003 0.417 0.047 <0.001 3.71 <0.002 <0.002 

VJVI-2016-91.2 15 <0.001 0.098 <0.003 2.46 0.0037 0.0136 <0.002 <0.002 2.49 <0.003 3.59 <0.003 0.6 0.041 <0.001 3.73 <0.002 <0.002 

VJVI-2016-97.1 18.9 <0.001 0.1133 <0.003 3.97 0.0073 <0.01 <0.002 <0.002 5.57 <0.003 3.57 <0.003 2.33 0.115 <0.001 3.57 <0.002 <0.002 

VJVI-2016-101.2 17.1 <0.001 0.0943 <0.003 5.12 0.0054 0.0171 0.0072 0.0059 6.22 <0.003 3.03 <0.003 2.59 0.112 <0.001 3.85 <0.002 <0.002 

VJVI-2016-115.1 17.3 <0.001 0.1146 <0.003 6.72 0.0031 0.029 0.0051 0.006 8.38 <0.003 2.12 <0.003 3.63 0.141 <0.001 3.12 <0.002 <0.002 

VJVI-2016-121.1 16.5 <0.001 0.1277 <0.003 3.83 0.0038 0.0109 <0.002 0.0094 6.08 <0.003 4.36 <0.003 1.81 0.106 <0.001 3.21 <0.002 <0.002 

VJVI-2016-124.1 15.5 <0.001 0.082 <0.003 3.06 <0.003 0.0146 <0.002 <0.002 2.81 <0.003 2.82 <0.003 0.7 0.049 <0.001 4.19 <0.002 <0.002 

VJVI-2016-129.1 17.1 0.0011 0.0523 <0.003 7.6 0.0057 0.0194 0.0021 0.0071 11.1 <0.003 2.08 <0.003 4.35 0.192 <0.001 2.06 <0.002 <0.002 

VJVI-2016-133.1 16.1 <0.001 0.0887 <0.003 4.24 0.0061 <0.01 0.0066 0.0027 7.33 <0.003 4.25 <0.003 3.66 0.106 <0.001 2.77 <0.002 0.0028 

VJVI-2016-139.1 14.5 <0.001 0.0857 <0.003 1.69 0.0119 0.0147 <0.002 <0.002 3.29 <0.003 5.63 0.0047 0.53 0.047 <0.001 2.99 <0.002 <0.002 

VJVI-2016-163.1 16.1 <0.001 0.0702 <0.003 2.77 0.0144 0.0237 0.002 <0.002 4.95 <0.003 4.78 0.0051 1.23 0.064 <0.001 3.56 <0.002 <0.002 

VJVI-2016-185.1 15 <0.001 0.0334 <0.003 8.85 <0.003 0.0243 0.0302 0.0081 10.3 <0.003 1.14 <0.003 5.97 0.195 <0.001 2.61 <0.002 0.0026 

VJVI-2016-189.1 13.9 <0.001 0.0624 <0.003 1.04 0.0202 0.0117 <0.002 <0.002 2.26 <0.003 6.03 0.0081 0.457 0.02 <0.001 2.62 <0.002 <0.002 

VJVI-2016-234.1 16.4 <0.001 0.0986 <0.003 5.73 0.0072 0.0162 0.0088 0.0034 8.52 <0.003 3.49 <0.003 3.86 0.145 <0.001 4.05 <0.002 0.0024 

VJVI-2016-256.2 14.5 <0.001 0.0959 <0.003 1.23 0.0148 0.0154 <0.002 <0.002 2.39 <0.003 5.75 0.0074 0.52 0.032 <0.001 2.69 <0.002 <0.002 

VJVI-2016-279.1 12.5 <0.001 0.0516 <0.003 9.01 0.0056 0.0163 0.0648 <0.002 11.1 <0.003 1.78 <0.003 10.8 0.251 <0.001 1.7 <0.002 0.0154 

VJVI-2016-288.1 14.1 <0.001 0.0455 <0.003 1.18 0.005 0.0152 <0.002 <0.002 1.17 <0.003 5.6 <0.003 0.278 0.016 <0.001 2.91 <0.002 <0.002 

VJVI-2016-290.1 18.7 <0.001 0.1321 <0.003 5.77 0.0084 0.043 0.0022 0.0072 7.31 <0.003 2.4 0.003 1.41 0.209 <0.001 4.71 <0.002 <0.002 

VJVI-2016-305.1 14.9 <0.001 0.0712 <0.003 2.05 <0.003 0.0106 <0.002 <0.002 1.59 <0.003 2.84 <0.003 0.486 0.032 <0.001 4.41 <0.002 <0.002 

VJVI-2016-309.1 20.1 <0.001 0.5237 <0.003 4.61 <0.003 0.0241 0.0023 <0.002 5.51 <0.003 5.36 <0.003 1.4 0.092 <0.001 3.69 <0.002 <0.002 

VJVI-2016-310.1 14.7 <0.001 0.0599 <0.003 3.1 0.004 0.0231 0.0068 0.003 3.69 <0.003 4 <0.003 1.66 0.052 <0.001 3.06 <0.002 <0.002 

VJVI-2016-313.1 14.3 <0.001 0.0387 <0.003 7.59 0.0064 0.0168 0.0391 0.0043 9.28 <0.003 2.11 <0.003 6.26 0.149 <0.001 2.59 <0.002 0.0093 

 

  



 

Sample P2O5 Pb Rb S Sb Sc SiO2 Sn Sr Th TiO2 U V Y Zn Zr Ce Co Dy 

  XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF ICP-MS ICP-MS ICP-MS 

  % % % % % % % % % % % % % % % % mg/kg                                    mg/kg                                    mg/kg                                    

VJVI-2016-42.2 0.365 <0.003 0.008 0.0134 <0.005 <0.002 55.8 <0.003 0.1158 <0.003 0.94 <0.001 0.0069 0.0013 0.007 0.0102 42.5 10.4 2.1 

VJVI-2016-46.1 0.222 <0.003 0.0174 <0.01 <0.005 <0.002 67.2 <0.003 0.0563 <0.003 0.454 <0.001 0.0051 0.0026 0.0069 0.0175       

VJVI-2016-53.2 0.016 0.0053 0.0197 <0.01 <0.005 <0.002 76.4 <0.003 0.0229 0.0086 0.113 <0.001 0.0012 0.0019 0.0025 0.0112       

VJVI-2016-75.1 0.053 0.0049 0.0266 <0.01 <0.005 <0.002 73.8 <0.003 0.0141 0.0035 0.237 <0.001 0.0015 0.0036 0.0038 0.0205       

VJVI-2016-78.2 0.223 <0.003 0.0053 0.048 <0.005 0.0024 48.2 <0.003 0.0661 <0.003 0.71 <0.001 0.0176 0.0013 0.0095 0.0121       

VJVI-2016-84.1 0.066 0.0033 0.0144 <0.01 <0.005 <0.002 72.4 <0.003 0.0244 <0.003 0.171 <0.001 0.0012 0.0029 0.0053 0.0122       

VJVI-2016-91.2 0.097 0.0036 0.0105 <0.01 <0.005 <0.002 71.5 <0.003 0.0418 <0.003 0.24 <0.001 0.0028 0.0014 0.0048 0.013 46.5 3.9 1.4 

VJVI-2016-97.1 0.327 0.0039 0.0126 <0.01 <0.005 <0.002 60.6 <0.003 0.0807 <0.003 0.62 <0.001 0.0119 0.0028 0.0091 0.0217 77 14 3.3 

VJVI-2016-101.2 0.302 0.003 0.0101 <0.01 <0.005 <0.002 60.7 <0.003 0.0818 <0.003 0.56 <0.001 0.0114 0.0023 0.0093 0.0187 68.1 17.2 3.3 

VJVI-2016-115.1 0.39 <0.003 0.0076 0.0641 <0.005 0.0021 57 <0.003 0.0858 <0.003 0.72 <0.001 0.0171 0.002 0.0105 0.0101       

VJVI-2016-121.1 0.307 <0.003 0.0133 <0.01 <0.005 <0.002 62.8 <0.003 0.0748 <0.003 0.6 <0.001 0.0122 0.0022 0.0081 0.0219 54.8 14.9 3.4 

VJVI-2016-124.1 0.11 0.0037 0.0096 <0.01 <0.005 <0.002 70.2 <0.003 0.0393 <0.003 0.294 <0.001 0.0028 0.0012 0.0063 0.0141 33.3 4.2 1.6 

VJVI-2016-129.1 0.405 <0.003 0.0139 0.0424 <0.005 0.0026 52.8 0.0038 0.0581 <0.003 0.93 <0.001 0.0241 0.0022 0.0209 0.0103       

VJVI-2016-133.1 0.278 0.0043 0.0167 <0.01 <0.005 <0.002 58.6 <0.003 0.0628 <0.003 0.68 <0.001 0.0142 0.0031 0.0106 0.016 57 18 3.6 

VJVI-2016-139.1 0.15 0.005 0.0241 <0.01 <0.005 <0.002 70.5 <0.003 0.0213 0.0031 0.403 <0.001 0.0033 0.0048 0.0065 0.0279       

VJVI-2016-163.1 0.204 0.0039 0.0185 <0.01 <0.005 <0.002 65.5 <0.003 0.0212 0.0033 0.57 <0.001 0.0068 0.0059 0.0106 0.0292       

VJVI-2016-185.1 0.291 <0.003 0.0058 0.0341 <0.005 0.0029 53.8 <0.003 0.0627 <0.003 0.84 <0.001 0.0209 0.0021 0.0162 0.0129       

VJVI-2016-189.1 0.081 0.0038 0.0178 <0.01 <0.005 <0.002 73 <0.003 0.0212 0.0042 0.312 <0.001 0.0026 0.0021 0.0035 0.0248       

VJVI-2016-234.1 0.472 <0.003 0.011 <0.01 <0.005 <0.002 56.1 <0.003 0.0892 <0.003 0.76 <0.001 0.0188 0.0023 0.0107 0.0151 55.8 22.1 3.4 

VJVI-2016-256.2 0.101 0.0038 0.0184 <0.01 <0.005 <0.002 72.1 <0.003 0.0223 0.003 0.29 <0.001 0.0034 0.0029 0.0045 0.0237       

VJVI-2016-279.1 0.336 <0.003 0.0073 <0.01 <0.005 0.0028 46.7 <0.003 0.053 <0.003 0.83 <0.001 0.0186 0.0022 0.0165 0.0098 35.2 45.7 3.5 

VJVI-2016-288.1 0.034 0.0054 0.0248 <0.01 <0.005 <0.002 74.3 <0.003 0.0138 <0.003 0.158 <0.001 0.0019 0.0022 0.0032 0.0137       

VJVI-2016-290.1 0.249 <0.003 0.0084 0.0779 <0.005 <0.002 58.2 <0.003 0.0854 <0.003 0.55 <0.001 0.0068 0.004 0.011 0.0232 82.8 8.8 7.7 

VJVI-2016-305.1 0.065 0.0034 0.0088 <0.01 <0.005 <0.002 73.2 <0.003 0.03 <0.003 0.184 <0.001 0.0018 0.0016 0.0051 0.0138 231.3 2.4 1.1 

VJVI-2016-309.1 0.267 <0.003 0.0091 <0.01 <0.005 <0.002 57.5 <0.003 0.0906 <0.003 0.64 <0.001 0.0058 0.0017 0.008 0.0494       

VJVI-2016-310.1 0.124 <0.003 0.0129 <0.01 <0.005 <0.002 69.1 <0.003 0.0383 <0.003 0.318 <0.001 0.0063 0.0022 0.0058 0.0109 39.4 10.5 3.1 

VJVI-2016-313.1 0.299 <0.003 0.0082 <0.01 <0.005 0.0025 56.3 <0.003 0.0503 <0.003 0.76 <0.001 0.0191 0.0025 0.01 0.0133 37.7 33.1 3.6 

 

  



 

Sample Er Eu Gd Hf Ho La Lu Nb Nd Pr Rb Sm Ta Tb Th Tm U Yb Sc 

  ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-
OES 

  mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    mg/kg                                    

VJVI-2016-42.2 1.1 2.7 3.1 4.3 0.4 22.8 0.1 11.7 20.3 5 73.3 3.7 0.7 0.4 4 0.1 1.1 0.9 11.7 

VJVI-2016-46.1                                       

VJVI-2016-53.2                                       

VJVI-2016-75.1                                       

VJVI-2016-78.2                                       

VJVI-2016-84.1                                       

VJVI-2016-91.2 0.7 0.9 1.9 4.9 0.3 19.5 0.1 8 13 3.6 104.4 2.3 0.5 0.3 6.4 0.1 0.9 0.7 2.96 

VJVI-2016-97.1 1.8 1.4 4.6 7.3 0.6 39.4 0.3 16.7 33.1 8.8 125.1 5.9 0.8 0.6 12 0.3 2 1.6 16 

VJVI-2016-101.2 1.9 1.2 4.2 5.7 0.6 35.4 0.3 16 29.9 7.9 96.6 5.3 1 0.6 10.4 0.3 3.8 1.7 16 

VJVI-2016-115.1                                       

VJVI-2016-121.1 1.9 1.2 4.2 6.1 0.7 21.8 0.3 19.3 23 5.8 127.3 4.9 1 0.6 11.2 0.3 3.1 1.8 16.1 

VJVI-2016-124.1 0.8 0.8 2.2 6 0.3 19.3 0.1 34.4 13.9 3.7 94.8 2.7 1.7 0.3 7.2 0.1 2.4 0.8 3.65 

VJVI-2016-129.1                                       

VJVI-2016-133.1 2.1 1.2 4.3 4.6 0.7 29.8 0.3 10.8 26.3 6.7 158 5 0.8 0.6 9.7 0.3 2.1 2 19.7 

VJVI-2016-139.1                                       

VJVI-2016-163.1                                       

VJVI-2016-185.1                                       

VJVI-2016-189.1                                       

VJVI-2016-234.1 1.9 1.4 4.5 4.7 0.7 26.9 0.3 12.7 27.8 6.8 101.4 5.4 0.8 0.6 5.4 0.3 1.5 1.7 22.9 

VJVI-2016-256.2                                       

VJVI-2016-279.1 2 1.3 4.2 2.6 0.7 15.9 0.3 6.8 20 4.6 59 4.5 0.6 0.6 4 0.3 2.3 1.8 31.7 

VJVI-2016-288.1                                       

VJVI-2016-290.1 3.9 2.6 9.9 7.5 1.4 35.6 0.5 17.9 52.2 11.8 73.3 11.6 1 1.4 7.1 0.5 2.8 3.1 21.4 

VJVI-2016-305.1 0.5 0.6 1.8 4.9 0.2 18.6 <0.1 8.6 11.9 3.3 89.4 2 0.5 0.2 9.6 <0.1 3.5 0.5 1.59 

VJVI-2016-309.1                                       

VJVI-2016-310.1 1.9 0.7 3.1 3.7 0.6 22.3 0.3 10.1 15.2 4.2 142.7 3.2 0.6 0.5 10.7 0.3 2 1.7 10.1 

VJVI-2016-313.1 2.2 1 3.9 3.9 0.7 18.2 0.3 9.4 18.9 4.6 75.6 4.1 0.6 0.6 6.9 0.3 2.7 2 29.9 

 

  



 

Sample V Y Zr Au * C * 

  ICP-OES ICP-OES ICP-OES ICP-OES Carbon analyzer 

  mg/kg                                    mg/kg                                    mg/kg                                    µg/kg % 

VJVI-2016-42.2 37.3 9 56.7   0.0647 

VJVI-2016-46.1         0.0574 

VJVI-2016-53.2         0.0718 

VJVI-2016-75.1         0.0693 

VJVI-2016-78.2       <5 0.0963 

VJVI-2016-84.1         0.0826 

VJVI-2016-91.2 15.3 6.18 121   0.109 

VJVI-2016-97.1 107 14.9 218 <5 0.116 

VJVI-2016-101.2 117 15.5 159 <5 0.0868 

VJVI-2016-115.1       <5 0.0516 

VJVI-2016-121.1 115 15.1 181 <5 0.0894 

VJVI-2016-124.1 21.4 7.05 164   0.067 

VJVI-2016-129.1       <5 0.0754 

VJVI-2016-133.1 140 16.5 113 <5 0.169 

VJVI-2016-139.1         0.0637 

VJVI-2016-163.1         0.0577 

VJVI-2016-185.1       <5 0.0852 

VJVI-2016-189.1         0.0692 

VJVI-2016-234.1 198 15.5 121 23 0.0844 

VJVI-2016-256.2         0.0876 

VJVI-2016-279.1 170 15.7 72 <5 <0.05 

VJVI-2016-288.1         0.0543 

VJVI-2016-290.1 54 32 209   <0.05 

VJVI-2016-305.1 9.82 4.78 126   0.0518 

VJVI-2016-309.1         0.0612 

VJVI-2016-310.1 64.4 15 103   0.0695 

VJVI-2016-313.1 194 16.8 107 6 0.0554 
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