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Abstract
Petrography and Thermodynamic Modelling of Svecofennian Arsenic-bearing
Metasupracrustal Rocks in the Arlanda Area, West-Central Fennoscandian Shield
Klara Skoog

The Arlanda area is a construction intensive area facing problems with risk of leaching of arsenic (As)
from the bedrock to surface- and groundwater. Construction projects in the area have had problems with
high levels of As in the bedrock and the risk of leaching increases through processing of aggregates and
blasting of the bedrock. Additionally, there are high concentrations of As in potable water and elevated
concentrations are correlated with occurrences of metasedimentary rock, but may also be related to other
rock types.
    The existing geological information of the area was collected in the 1960´s and modern petrographic
information as well as modelling of P-T and redox conditions are needed to understand the As-
mineralogy of the bedrock. Methods used in this project include field work, optical microscopy, electron
microprobe analyses, geothermometry calculations, pseudosection modelling in Perple_X and
geochemical modelling in PHREEQC.
    The results indicate that the As-rich bedrock domain include rocks of both igneous and sedimentary
origin. As-bearing minerals löllingite and arsenopyrite were found in the matrix of two of the
metasedimentary rock samples, while no As-minerals were found in metavolcanic samples. P-T
estimates from several geothermobarometry models all suggest amphibolite facies metamorphism for
the area, with pressure of 3.0-5.5 kbar and temperature of 490-640 °C. Simple modelling of equilibration
of löllingite and arsenopyrite in pure water indicate that As(III) is the dominating oxidation state of As
and that the molality of As increases with increasing T and decreasing pH. The results of this thesis
provide new information on the petrography and P-T conditions for metamorphism of As-bearing
supracrustal rocks in the Arlanda area, but future research is needed to be able to predict the spatial
occurrence of As in the bedrock.

Keywords: Bergslagen, Svecokarelian orogeny, metamorphism, arsenic, optical microscopy, electron
microprobe, thermodynamic modelling

Degree project E in Earth Science, 1GV085, 45 credits.
Supervisors: Jaroslaw Majka and Jenny Andersson
Department of Earth Sciences, Uppsala University, Villavägen 16, SE-752 36 Uppsala
(www.geo.uu.se)

ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, No. 584, 2022



Populärvetenskaplig sammanfattning

Petrografi och termodynamisk modellering av Svekofenniska suprakrustalbergarter i
Arlanda-området, Bergslagen
Klara Skoog

Arlandaområdet är ett av de mest expansiva områdena i Sverige där en stor mängd infrastrukturprojekt
är planerade under de närmaste 5-20 åren. Tidigare byggnadsprojekt i området har dock stött på problem
med höga bakgrundshalter av arsenik (As) i berggrunden och det finns även en risk för urlakning av As
från berggrunden till både yt- och grundvatten. Denna risk ökar under byggnadsarbeten i och med till
exempel sprängning av berg. Ytterligare ett problem är att det i området runtomkring Arlanda ofta är
höga halter av arsenik i dricksvattenbrunnar. Från data över As-halter i bergborrade brunnar har man
kunnat se att höga halter av As ofta förekommer i metasedimentära bergarter, men även kan uppträda i
andra bergarter.
    Den tillgängliga geologiska informationen över området är insamlad på 60-talet och ny petrografisk
information, samt modellering av tryck- och temperaturförhållanden är nödvändig för att förstå
förekomst av As i berggrunden. Målet med detta projekt är att med hjälp av fältarbete, optisk- och
elektronmikroskopering, samt termodynamisk modellering få djupare kunskap kring ytbergarterna i
området och utvärdera förekomsten av arsenik i dessa. Under vilka tryck- och temperaturförhållanden
som de metamorfa bergarterna omvandlats studeras genom beräkningar från mineralsammansättningar
samt modellering i programmet Perple_X.
    Resultatet från projektet visar att bergarter i As-anrikade zoner är av både magmatiskt och sedimentärt
ursprung. Arsenikmineralen löllingit och arsenikkis dokumenterades endast i bergarter av sedimentärt
ursprung. Bergarternas kemiska sammansättning tyder också på att de högsta As-halterna finns i de
metasedimentära bergarterna. Modellering i PHREEQC visar att As(III) är den dominerande formen av
As när löllingit och arsenikkis reagerar med vatten. Tryck- och temperaturberäkningar samt tryck- och
termodynamisk modellering tyder på metamorfos under amfibolitfacies, med tryck omkring 3.0-5.5 kbar
och temperatur omkring 490-640 °C. Resultaten från detta projekt ger ny information om de metamorfa
bergarterna i Arlanda området och förekomst av As i dessa. Vidare studier är nödvändiga för att kunna
förutse i vilken form och i vilka bergarter As förekommer.

Nyckelord: Bergslagen, Svecokarelska orogenesen, metamorfos, arsenik, optisk mikroskopering,
elektron mikrosond, termodynamisk modellering
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1. Introduction 
The Mälardalen area has problems with risk for leaching of arsenic (As) from the bedrock to surface 

and groundwater. Tubed wells penetrating the bedrock in the region generally have high concentrations 

of As and in many wells the concentrations are too high for potable water (Thunholm et al. 2009). The 

study area of this project is the Arlanda-Rosersberg region which is a construction intensive corridor 

with many large infrastructure projects planned for the near future. However, construction projects have 

encountered problems with high levels of elements hazardous to health and environment, particularly 

As, in the bedrock (Bidros 2013; Law & Jakobsson 2014). Furthermore, the problem with As in the 

ground water is extensive and is at risk to increase due to leaching during processing of aggregates in 

quarries and during construction and tunnelling. During blasting of the bedrock, new crystal surfaces 

are exposed and arsenic can be released from the aggregate and contaminate surface and groundwater.  

In general, it seems like the As-problem in the area can be correlated to the occurrence of supracrustal 

rocks in certain metamorphic domains. The hypothesis is therefore that the distribution of As in the 

bedrock depends on both the protolith and the metamorphic grade. Stålhös (1971) describes three 

different phases of metamorphism in the area where the third phase relates to the intrusion of young 

granites, especially within a 500 m wide zone of mica schist. A theory is that this third metamorphic 

phase is of importance for the distribution of As in the bedrock.  

The main geological information about the area is based on the work by Stålhös (1972). This work 

was done at a time before the theory of plate tectonics was accepted and before modern analytical 

methods such as trace element analysis, electron microprobe (EMP) and thermodynamic modelling was 

easily accessible and in general use. Overall, there is not much information regarding low grade 

metasedimentary rocks in the Mälardalen area; regardless of it being a common rock type in this 

expansive area. For example, the area lacks information related to modern petrography, trace elements 

and structural geology. Therefore, the area needs new petrographic information as well as modelling of 

P-T and oxidation conditions. Information on the metamorphic petrology of the area is needed for the 

understanding of the functionality of aggregates as well as the distribution and character of 

mineralizations and occurrence of hazardous elements in the bedrock.  

This project aims to determine the metamorphic conditions in a part of the Arlanda area with elevated 

levels of As through petrographic studies of metasedimentary rocks followed by thermodynamic 

modelling of the metamorphic assemblage. Since the redox conditions can control the behaviour of As, 

modelling of redox conditions will also be done. Through the understanding of the metamorphic 

recrystallisation in the area, important information regarding the physical conditions that prevailed in 

the As-rich area can be accessed. Methods used in the project include field work, optical microscopy, 

electron microprobe analyses, geothermobarometry, pseudosection modelling and geochemical 

modelling.  
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2. Background 
2.1 Previous work 
There are previous studies done on the metamorphic conditions that prevailed in the Arlanda area and 

the larger area of Bergslagen during the Svecokarelian orogeny. For example, pressure-temperature (P-

T) estimates of metamorphic rocks were conducted in the project “Metamorphic map of Sweden” where 

samples from 31 different localities in the Svecokarelian province were analysed (Skelton et al. 2018). 

The study found that the pressure recorded by Svecokarelian rocks generally range from 2 to 6 kbar and 

the temperature from 400 to 800 °C, equivalent of greenschist to granulite facies metamorphism. There 

are regional patterns of the metamorphic conditions where the temperature close to peak metamorphism 

generally is lower in Bergslagen and then higher northwards as well as in the Stockholm archipelago 

and in the SW part of the Svecokarelian province. In this study, the rocks from Bergslagen mostly record 

low-medium P-T conditions corresponding to greenschist to amphibolite facies, with temperatures of 

400-600 °C and pressures of 2-5 kbar (Skelton et al. 2018). 

In a study by Sjöström and Bergman (1998), garnet bearing metasedimentary rocks in the Arlanda 

area were analysed and the metasedimentary rock samples studied were referred to as meta-sandstone 

and mica schist by Stephens et al. (2009). Through garnet-biotite-plagioclase thermobarometry, 

Sjöström and Bergman (1998) estimated a P-T of 2.5-5 kbar and 525-625 °C. Zoning pattern of garnet 

from the same study were either flat or had increasing FeO and decreasing MnO from core to rim. The 

MnO contents of the garnet were 1.5-4 % while the FeO content were 22.5-28.5 %, MgO 0.5-2.5 % and 

CaO 0.5-5 %. The anorthite content of plagioclase in the metasedimentary rocks in the Arlanda area was 

between An30-42, in one case even as high as An50-70 and there were examples of both increasing and 

decreasing anorthite content from core to rim. Furthermore, the Mg# of biotite varied between 0.43-

0.61. The results by Sjöström and Bergman suggested that garnet grew during a time of a 50 °C 

temperature increase and with no major changes in pressure. This temperature increase is suggested to 

relate to isobaric heating in connection to the intrusion of the younger granites (Sjöström & Bergman 

1998).  

As mentioned before, the geological information on the bedrock in the Arlanda area stems from work 

by Stålhös (1972). This author recognized three separate phases of metamorphism in the area. The first 

phase is a contact metamorphic zone spatially related to the intrusion of older (1.91-1.87 Ga) granites 

The second metamorphic phases is a regional scale metamorphic overprint that caused partial melting 

of rocks in the northern and southern parts of Bergslagen and finally, the third phase of metamorphism 

is related to the intrusion of the 1.85-1.75 Ga younger granites. Stålhös (1972) argues that the 

temperature during the first stage of metamorphism should have been around 600 °C, at pressures of 

3.5-4.0 kbar. During the second stage of metamorphism, slightly higher temperatures and pressures of 

around 620 °C and 4-5 kbar are suggested. Lastly, in the area close to the younger granites, a minimum 

temperature of 640 °C, at pressures of 3 kbar is implied.  
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2.2 Terminology 
The metasupracrustal rocks in the Arlanda area are known under a large variety of names. Descriptions 

of the geology of the area commonly use the term “metagreywacke” for the metasedimentary rocks. A 

greywacke is often referred to as a type of sandstone composed of significant amounts of clay and silt. 

The rock type is thought to originate from the deposition of high-energy density flows known as 

turbidites, which are commonly supplied by erosion of mountain ranges. Therefore the rock type is 

common in orogenic environments where it is often the major siliciclastic rock type (Johnson et al. 

2008). According to Stephens et al. (2009), metagreywacke is the most common metasedimentary rock 

type in the Bergslagen area and can be characterised by layers varying in grain size from argillitic to 

sandy. It is implied by Stephens et al. (2009) that graded bedding in metasedimentary rocks suggest that 

the rocks were originally deposited as turbidites.  

Generally, names of metamorphic rocks are simple and relatively straightforward, but one single 

principle for classification of metamorphic rocks does not exist, meaning that one rock can have several 

correct names. However, the main criteria when naming metamorphic rocks are typically mineral 

composition, fabric and structure, but the protolith could also be included in the name. Names where the 

protolith is in focus are for example metapelite, metabasalt, metagranite and metagreywacke. Often, the 

name of metamorphic rocks includes a root name and several prefixes. The root name might refer to the 

structure of the rock, for example schist or gneiss, but can also be a special name such as amphibolite 

or granulite. The prefixes could address structural features or further mineral information (Bucher & 

Grapes. 2011). 

All metamorphic rocks derive from other rocks that are either igneous or sedimentary in origin. The 

chemical and mineralogical composition of the metamorphic rocks are largely controlled by the 

chemical composition of the protolith and the structure of the protolith may also be evident in the 

metamorphic rocks. For example, sedimentary bedding or other sedimentary structures are sometimes 

preserved in low-grade metasedimentary rocks. However, the texture of metamorphic rocks are mostly 

derived from metamorphism and form through deformation and recrystallisation (Bucher & Grapes. 

2011). 

Focusing on sedimentary rocks, pelitic rocks, such as shale, claystone and mudstone, are by far the 

most common, with shale representing more than 80 % of all sedimentary rocks (Bucher & Grapes 

2011). Pelites are sedimentary rocks dominated by clay that are deposited in low-energy environments 

like the deep sea. The metamorphic equivalent of pelites, metapelites, are sensitive to changes in P-T 

and therefore show a wide variety of mineral assemblages and textures, making them important for 

thermobarometry studies. Examples of metapelites include slate, phyllite, schist and gneiss in order of 

increasing temperature and pressure (Table 1). Quartzo-feldspathic metamorphic rocks are quartz and 

feldspar (plagioclase and K-feldspar) rich rocks where the protolith is of either of sedimentary or igneous 

origin (Bucher & Grapes 2011). These rocks comprise a significant part of the continental crust (Waters 
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2021). Sedimentary protoliths include arkose, sandstone, siltstone and greywacke while igneous 

protoliths include granite, granodiorite, tonalite or felsic to intermediate volcanic rocks such as rhyolite 

or dacite (Bucher & Grapes 2011; Waters 2021). Carbonate-rich shales deposited on continental shelfs 

are generally known as marls and their metamorphic counterparts are calcareous mica schists which are 

common metasedimentary rocks in orogenic belts (Bucher & Grapes 2011).  
Table 1. Metasedimentary rocks corresponding to different metamorphic grade and their sedimentary protolith. 
Modified after (Hoinkes et al. 2014). 

Protolith Increasing metamorphic grade  
Quartzo-
feldspathic  

Schist/quartzite Schist/quartzite Paragneiss/ 
quarzite 

Granulite/migmatite 

Pelite Slate Phyllite Mica-schist Granulite/migmatite 
Carbonate Marble Marble Marble Marble 
Marl Calc-mica 

schist 
Calc-mica 
schist 

Calc-
silicate rock 

Calc-silicate rock 

  

Stålhös (1972) divided the supracrustal rocks of the Arlanda area into metasedimentary rocks and 

volcanic rocks. The different metasedimentary rocks are in this division referred to as meta-

argillite/mica-schist and meta-arenite/plagioclase quartzites depending on the mica-content and grain 

size. Compared to the metavolcanic rocks in the area, Stålhös (1972) suggest that the metasedimentary 

rocks are richer in quartz and mica, with a few exceptions.  

In the following report, the classification of rock types and protoliths is based on a combination of 

mineral composition, textures and field appearance such as contact relations, presence and character of 

compositional layering and presence of enclaves.  

2.3 Geological setting 

2.3.1 Bergslagen 
The Palaeoproterozoic Svecokarelian province comprises a large part of the Fennoscandian shield in 

Sweden and Finland. It is bordered by an Archean continental nucleus in the north-east, the younger 

Hallandian- and Sveconorwegian orogenic provinces in the  south and south-west and overthrusted by 

the Caledonian nappe complex in the west and northwest (Stephens 2020). The southernmost parts are 

covered by Phanerozoic platform sedimentary rocks. The Svecokarelian orogen is divided into six 

lithotectonic units: the Överkalix, Norrbotten, Bothnia-Skellefteå, Ljusdal, Berglagen and Småland 

lithotectonic units (Figure 1)(Stephens & Bergman 2020). The Arlanda-area, the study area of this thesis, 

is situated within the Bergslagen lithotectonic unit.  

The Bergslagen lithotectonic unit largely consists of Paleoproterozoic rocks formed between 1.9 and 

1.8 Ga (Stephens et al. 2009). The dominating rock type in the Bergslagen lithotectonic unit are the 

1.91-1.87 Ga metamorphosed granitoid rocks accompanied by subordinate diorite, gabbro and 

ultramafic rocks (Stephens & Jansson 2020). Other rock types include 1.91-1.89 Ga felsic volcanic rocks 

interlayered with shallow water limestones. Additionally, siliciclastic sedimentary rocks occur 

stratigraphically beneath, above as well as intercalated with the volcanic rocks. Emplacement of a 
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granite-, syenitoid-, dioritoid-, to gabbroid (GSDG) intrusive rock association along with deposition of 

volcanic rocks took place at later magmatic phases at 1.87-1.84 Ga and 1.81-1.78 Ga. The volumetrically 

largest magmatic component emplaced after 1.87 is granite associated with pegmatites (Stephens & 

Jansson 2020).   

 

 
Figure 1. The Fennoscandian shield in Sweden with different geological units. Location of Arlanda indicated by 
arrow. Modified from Stephens and Bergman (2020).  
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2.3.1.1 Metamorphism 

The bedrock of Bergslagen has been affected by Svecokarelian deformation and metamorphism to 

different degrees at 1.9-1.8 Ga and some parts in western Bergslagen have been overprinted by 

Sveconorwegian metamorphism at 1.0-0.9 Ga (Stephens et al. 2009). Stephens and Jansson (2020) 

describes the history of metamorphism and deformation in Bergslagen, starting with an early 

deformation phase (D1) that is characterized by the formation of planar and linear fabrics. This 

deformation phase affected the 1.91-1.87 Ga rocks and ended with a static recrystallisation (M1). 

Following this was a major regional scale folding event (D2) and a second metamorphic event (M2). 

The M2 event occurred prior to and during another period of magmatic activity at 1.82-1.75 Ga 

(Stephens & Jansson 2020).  

Stålhös (1991) subdivide Bergslagen into three different regional scale metamorphic zones 

corresponding to high-, medium- and low-grade metamorphism. The boundary between the zones of 

high and medium grade metamorphism is based on the stability of muscovite in the presence of quartz. 

During high temperature conditions, muscovite is consumed (Equation 1) and therefore the mineral is 

generally absent in the high metamorphic domains, including the areas of southern Mälardalen and 

Sörmland. 

                                     Mu + Qz ⇋ Kfsp + And/Sill    (Equation 1) 

 

Stålhös (1991) suggests that the reaction in Equation 2 has been of importance for the growth of the 

typical metamorphic index minerals in the high-grade metamorphic region. 

 

 Mu + Qz ± Bi (+High T) ⇋ Kfsp + Sill/And ± Crd ± Alm + H2O                          (Equation 2) 

  

According to Stålhös (1991), the above reaction, together with the formation of veined gneisses in 

response to anatexis has affected especially the argillitic parts of the metasediments in the high-grade 

metamorphic zone. He suggested that the above reaction should occur at temperatures of 650-700 °C, 

calculated for a hydrostatic pressure of 3.5-5 kbar.  

Stephens and Jansson (2020) agree that upper amphibolite-, and locally granulite facies 

metamorphism occurred in the northern and southern part of the Bergslagen lithotectonic unit while the 

central part of Bergslagen is dominated by low pressure, amphibolite to greenschist facies 

metamorphism. Almandine garnets throughout the central part of Bergslagen suggests lower P-T 

conditions compared to those in the high metamorphic regions. The maximum temperature in the region 

of medium grade metamorphism is suggested to be 600-650 °C and the pressure between 3 and 4 kbar 

(Stålhös 1991). Stephens and Jansson (2020) claim that the low-pressure metamorphism in the central 

part of Bergslagen that occurred under varying temperatures to a large extent is related to magmatic 

activity and especially propose different phases of mafic underplating instead of crustal thickening.  
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Lastly, low grade metamorphism in Bergslagen is primarily recorded in the Grythyttan area, where 

argillitic schists, with preserved chlorite and incipient formation of biotite, are indicative of greenschist 

facies metamorphism (Stålhös 1991). The assemblage of chlorite, albite and epidote in the fine-grained 

mafic rocks around Grytthyttan also suggest greenschist-facies metamorphism (Stephens and Jansson 

2020). The lower grade of metamorphism in the area may be explained by the absence of intrusives 

which are usually associated with increased metamorphic temperature. Another explanation is that the 

schist in the area have a stratigraphically higher position (Stålhös 1991). 

Stålhös (1991) suggest that contact metamorphism related to intrusion of younger granites took place 

in different parts of Bergslagen after the regional metamorphism and resulted in the formation of 

sillimanite, K-feldspar as well as almandine garnet. During retrograde metamorphism, large amounts of 

hydrous fluids were released during crystallisation of younger granites and veins which promoted the 

formation of new hydrous minerals such as chlorite and muscovite-sericite (Stålhös 1991).  

2.3.2 The Arlanda area 
The study area around Arlanda is covered by the bedrock map-sheet “Uppsala SW” made by the Swedish 

Geological Survey (SGU) at scale 1:50,000 (Stålhös 1972). Older granitoids (1.91-1.87 Ga) dominates 

to the west, supracrustal rocks (1.96-1.87 Ga) in the central part and younger granite (1.85-1.75 Ga), 

known as the Vallentuna granite, to the east (Sjöström & Bergman 1998) (Figure 2).  

 
Figure 2. Geological map of the Arlanda area with the location of nearby towns and the Arlanda airport. Red 
frame indicates the study area depicted in Figure 10. Geodata from SGU and Lantmäteriet (2021).    

According to Stålhös (1972) the most common supracrustal rocks in the area are metasedimentary rocks 

composed of layers of meta-argillite/mica schist and meta-arenite/plagioclase quartzites deformed and 

metamorphosed under lower amphibolite facies conditions. The same author identified two types of 
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mica schists and referred to them as muscovite-biotite mica schists and biotite-plagioclase schists, 

respectively. The muscovite-biotite mica schists are in places interbedded with plagioclase quartzite 

while the biotite-plagioclase schists are more compact and undifferentiated. Additionally, Stålhös (1972) 

describes the muscovite biotite mica schists as lighter grey and the biotite plagioclase schists as darker 

grey to grey-black and propose that the biotite-plagioclase schists are more common in the area than the 

muscovite-biotite mica schists. The mineralogy of the metasedimentary rocks in map-sheet Uppsala SW 

and SE are showed in Figure 3. Volcanic supracrustal rocks are also occurring in the area but are, 

according to Stålhös (1972), not as common as the metasedimentary rocks. Figure 4 shows the 

mineralogy of the metavolcanic rocks in the area. 

 
Figure 3. Diagrams illustrating mineralogy of metasedimentary rocks in map sheets Uppsala SW and SE. 
X-axis indicates sample number. Modified after Stålhös (1972). 
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Figure 4. Diagram illustrating mineralogy of metavolcanic rocks in map sheets Uppsala SW and SE. X-axis 
indicates sample number. Modified after Stålhös (1972). 

The rocks that make up the largest part of the Uppsala SW and SE map sheets are the older 1.91-1.87 

Ga, synorogenic intrusions varying in composition from gabbro and diorite, to granodiorite, granite and 

monzonite. These intrusions occur both as layers in the supracrustal rocks and as large massifs. The 

younger (1.85-1.75 Ga) intrusions of granites are accompanied by pegmatites (Stålhös 1972). Stephen 

& Jansson (1972) suggest that granite and pegmatite intrusions (1.82-1.95 Ga) occur throughout the 

Bergslagen lithotectonic unit.  

Stålhös (1972) suggest that the third metamorphic phase in the Arlanda area related to the 1.85-1.75 

younger granite may have caused the formation of K-feldspar and sillimanite in the 500 m wide zone of 

metasedimentary rock adjacent to the Vallentuna granite. Porphyroblasts of muscovite with sillimanite 

inclusions are also thought to originate from this third phase. Stephens & Jansson (2020) do not include 

the first metamorphic phase identified by Stålhös (1972) in their model of metamorphism in Bergslagen. 

They instead suggest two phases (M1 and M2) of regional metamorphism in which the second phase is 

correlated to the intrusion of younger granite (1.82-1.75 Ga).  

2.4 Arsenic 

2.4.1 General 
Arsenic is a semi metal that can be hazardous to both health and the environment. The toxicity of As 

has been known for centuries and the element is well known as poison in both fictional and real-life 

crimes (Parviainen et al. 2015; Bowell et al. 2014). However, the problem with humans being affected 

by As in potable water was only discovered as recent as in the 1990s when millions of people were 

affected by drinking water and rice with high As-concentrations. Long-term exposure to As, for example 
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by ingestion, can result in health issues such as As-poisoning, cancer and damage to internal organs. 

Furthermore, As leached to surface waters might have dangerous effects to aquatic organisms 

(Parviainen et al. 2015). 

Arsenic occurs naturally in the bedrock and soil, but usually at low concentrations where the average 

is 1-2 mg/kg in the Earth’s crust. The concentration of As may be higher in certain rock types, 

particularly in gold and sulphide-bearing mineral deposits (Parviainen et al. 2015). It is among the most 

common toxic elements in the environment and its toxicity and mobility is controlled by mineralogy, 

chemical speciation, and biological processes. The element is widespread in nature and can be 

concentrated through various processes, for example by magmatic and hydrothermal processes. Several 

natural processes, such as volcanic eruptions, biological activity and weathering, as well as numerous 

anthropogenic activities can cause As mobilisation (Bowell et al. 2014).  

According to RRUFF (2022), there are 750 known minerals containing essential As. The major 

mineral species containing As are sulphides and arsenides that are often related to magmatism and 

associated hydrothermal processes. Examples of sulphide minerals containing As are arsenopyrite 

(FeAsS) and pyrite/arsenian pyrite (FeS2/Fe(As,S)2) and these minerals are more or less stable under 

reducing and near-neutral conditions in the bedrock and in deep soils (Parviainen et al. 2015). According 

to Bowell et al. (2014), the largest amount of As in crustal rocks is most likely hosted by pyrite. Pyrite 

can contain up to 16.5 wt% As in synthetic marcasite and up to 10 wt % in natural pyrite (Bowell et al. 

2014). Additionally, oxide minerals and hydrous metal oxides might also have high As concentrations 

where especially iron oxides can accumulate As in high concentrations, up to several weight percent. 

Because As may substitute for P, Si, Al, Fe and Ti in different mineral structures, it is present in many 

other minerals as well, although at much lower concentrations (Bowell et al. 2014). For example, the 

concentration of As in the most common silicate minerals is around 1 mg/kg and carbonate minerals 

typically consist of < 10 mg/kg As (Smedley & Kinniburgh 2002).  

Changes in pH and the redox conditions through natural processes or anthropogenic disturbances can 

result in changes of the mobility of As. For example, construction and mining operations might result 

in the exposure of As-bearing minerals to oxidation and weathering and cause release of As to the 

environment. The oxidation state of As will influence its behaviour (Parviainen et al. 2015). Arsenic 

mostly occurs in three oxidation states in nature: As (V) (arsenates), As (III) (arsenites) and As (-III) 

(arsenides). In groundwater, As occurs in oxyanions where the most common species are As (III) and 

As (V) (Smedley & Kinniburgh 2022). According to Korte & Fernando (1991) As (III) is both more 

toxic and more mobile than As (V).  

Arsenic is one of the more problematic oxyanion-forming elements in the environment because it is 

sensitive to mobilisation under both oxidising and reducing conditions, and at pH values typical for 

groundwaters. The As speciation in aqueous environments largely depends on redox potential (Eh) and 

pH, where arsenate species H2AsO4
− is the dominant species under oxidizing conditions at pH < 6.9 and 
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arsenite species H3AsO3 dominates under reducing conditions at pH < 9.2 (Figure 5) (Smedley & 

Kinniburgh 2002).  

Arsenopyrite is the most frequently occurring As-bearing mineral in the bedrock and because of this, 

there have been many studies on arsenopyrite oxidation and less on the oxidation of for example 

löllingite (Battistel et al. 2021). Under reducing conditions, arsenopyrite is stable, but becomes unstable 

under oxidising conditions which may lead to release of H2SO4, H3AsO3 and H3AsO4 (Corkhill & 

Vaughan 2009). Figure 6 shows the Eh (redox potential) and pH conditions under which arsenopyrite is 

stable.  

 

2.4.2 Local Arsenic problem 
In the Arlanda-Roserberg area, there are several problems related to As in the bedrock. One includes 

high concentrations of arsenic in potable water (Thunholm et al. 2009). Often, these elevated 

concentrations occur in spatial connection to metasedimentary rocks, but high concentrations of As can 

also be related to other rock types, such as metavolcanic rocks and metagranites/metagranitoids (Figure 

7). Geochemical mapping done by SGU also shows elevated levels of As in moraine which further 

implies high concentrations in the bedrock (SGU lithogeochemical database, 2022). The guideline value 

of As in drinking water is in the countries of the European Union 10 μg/l (Swedish Food Agency 2022). 

In Sigtuna municipality, 14 % of the wells have concentrations higher than 10 μg/l while the 

corresponding percentage in all of Sweden is about 3 %. Furthermore, about 17 % of the wells in Sigtuna 

municipality are near this limit. According to Thunholm et al (2009), the concentrations of As in the 

groundwater correlates to the occurrence of sulphide minerals in the bedrock and sulphide minerals may 

Figure 5. Eh-pH diagram of aqueous arsenic species at 25 
°C and 1 bar from Smedley & Kinniburgh (2002). 

Figure 6. Eh-pH diagram of Fe–As–S–O system 25 
°C and 1 atm with grey area representing stability 
field of arsenopyrite from Corkhill & Vaughan 
(2009). 
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in turn be related to magnetic flux density (e.g. presence of pyrrhotite and/or graphite). In Sigtuna 

municipality, the concentrations of As in drilled wells can be correlated to the magnetic anomaly. Areas 

with positive magnetic anomalies, particularly in the eastern part of the municipality, has significantly 

more wells with elevated concentrations of As (Thunholm et al. 2009).  

 
Figure 7. Geological map with the Arlanda area in the centre. Green and yellow circles represent drilled wells in 
the bedrock, where yellow circles indicate arsenic concentrations of  ≥ 10 𝜇𝜇𝜇𝜇/𝑙𝑙. High arsenic concentrations often 
occur in spatial relation to metasedimentary rocks (blue in map) but may also occur in other rock types. Map based 
on SGU bedrock map database at scale 1: 50,000. Data on tubed wells from Maxe (2021).  

Arsenic-contamination of surface and ground water can be expensive for the construction industry as it 

causes delays and need for remediation efforts (Law and Jaksobsson, 2014; Bidros, 2013). In the 

construction intensive Arlanda area, the project of building a new interchange in Rosersberg 2011-2013 

suffered from complications related to As in the bedrock, soil and groundwater. These complications 

resulted in a nine and a half months delay and additional costs of more than 30 million SEK (Bidros 

2013). There are large volumes of aggregates quarried in the area and since the bedrock records high 

levels of As, the produced aggregates may also be rich in As. One example of this problem is from a 
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playground at a kindergarten in Sigtuna where the sand produced in a quarry in the Arlanda-Roserberg 

area had As-levels >500 ppm (Länsstyrelsen Stockholm, 2019).  

As mentioned, the Arlanda-Rosersberg area is a place of intensive construction, and it is not possible 

to move this area to a location without As-rich rocks. Therefore, the problem with As in the bedrock has 

to be handled on site. Today, to our knowledge, there is no information in the literature on how the As 

is distributed in the local bedrock, for example in what rock type or mineral, or if it is mainly related to 

cracks and fracture fillings. Consultant reports available from the area give different views of how As 

is located in the bedrock. For example, a particular rock in one investigation considered potentially 

hazardous was in another regarded as safe (eg. Arnbom 2012, 2014; Svensk ekologikonsult 2018; Evins 

2021). Furthermore, As-rich minerals, such as arsenopyrite (FeAsS) or löllingite (FeAs2) have been 

found in pegmatites (Nysten & Jonsson 1998), while other studies imply that the pegmatites in the area 

do not contain As (Evins 2021). In order to deal with the As problem in the area, there is a need to be 

able to predict the presence of As bearing phases in the bedrock. 
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3. Methods 
3.1 Field work and petrography 
Field work was done during three days in August and September 2021. Before going into the field, maps 

and satellite images over the Arlanda area were studied in order to find suitable locations of exposed 

bedrock, with the main area of focus being the trail of 

metasediments south of the Arlanda airport. Twelve 

different localities were visited, and lithology, 

mineralogy, textures, structures and field relations were 

described, and photos were taken at each outcrop. 

Samples were collected at three outcrops. Several samples 

were taken at lithologically heterogenous outcrops to 

cover significant lithological changes in the rock, such as 

differences in grain size, mica content or presence of 

garnet. The samples were prepared for the making of thin 

sections and whole rock geochemistry and at least one 

piece from every sample was saved for reference. 

Samples were sent to ALS Piteå for whole rock analysis, 

including major oxides (method ME-ICP06) and trace 

elements (methods ME-MS81, ME-MS42 and ME-

MS41). Thin sections were prepared at AGH University 

of Science and Technology in Krakow (Poland). 

Apparent minerals, mineral relationships and 

microtextures were described from observations of thin 

sections under a petrographic polarizing optical microscope (Olympus bx60f5) (Figure 8). The thin 

sections were photographed at SGU with a microscope camera.  

Further on, six thin sections were chosen for electron microprobe studies, two sections from each 

locality. Thin sections where unknown minerals were encountered were prioritized. An electron probe 

microanalyzer (EPMA) or microprobe (EMP) is a non-destructive analytical technique in which an 

electron beam is focused on a sample surface and the energy and wavelength of the emitted X-rays are 

analysed. In energy dispersive spectroscopy (EDS), the X-rays are converted to electronic signals with 

varying photon energy and the energy of the X-rays are determined (Wenk & Bulakh 2004). The EDS 

method is fast but has lower resolution and sensitivity than wave-length dispersive spectroscopy (WDS), 

which depends on Bragg’s law: 

                                                                                 nλ = 2d sinθ                                                  

Figure 8. Photo of the optical microscope 
(Olympus bx60f5) that was used for 
petrographic studies.  
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where λ is the wavelength of the incident X-rays, d is the spacing between the crystal lattice planes and  

θ is the angle of incidence (Henry et al. 2016). In WDS, X-rays of different wavelengths diffract on an 

analytical crystal with specific lattice spacings. X-rays emitted from the sample hits the analytical crystal 

at a specific angle where only the X-rays which satisfy Bragg´s law are reflected, and a single 

wavelength is sent to a detector. When X-ray intensities of the specified elements are counted, the values 

are compared to known standard values of elements and corrected with a computer program. The results 

of the analyses are expressed as weight % of an element. WDS analyses are more time consuming than 

EDS analyses but are generally more precise and have better resolution (Henry & Goodge 2016). The 

EPMA used in this study was a Jeol JXA-8530F Hyperprobe (Figure 9). 

 
Figure 9. Photo of the electron microprobe (Jeol JXA-8530F Hyperprobe) used for petrographic studies and WDS 
and EDS analyses. 

EPMA instruments can be used to detect almost all elements, but in general not analyse elements with 

an atomic number lower than 9. This means, for example, that the water in hydrous minerals cannot be 

detected and that the total weight % of elements in a mineral will not always add up to 100 %. Major 

elements, with concentrations exceeding 0.05 wt % are often measured with ease, while trace amounts 

may be undetected. Another shortcoming is distinguishing between ions of different oxidation states, 

such as Fe2+ an Fe3+ (Goodge 2020). 

    Before analysing a sample in the microprobe, a coating of a conductive material has to be applied to 

avoid electrical charging of a rock sample when directing an electron beam at it (Goodge 2020). For this 

study, a coating of carbon was applied in a vacuum chamber through heating of a carbon rod. EDS 

analyses were completed on six thin sections with the aim to identify opaque phases as well as to locate 

minerals suitable for geochronology. The chemical composition of certain minerals was obtained by 
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WDS-analyses which were completed in each of the chosen sections. Furthermore, profiles and maps of 

garnets were conducted.  

3.2 Geothermobarometry 
The data from WDS analyses on some of the minerals such as biotite, plagioclase and garnet, was used 

to calculate pressure temperature estimates with the aid of different methods, including Garnet-Biotite 

thermometry, Garnet-Biotite-Plagioclase-Quartz barometry, Garnet-Biotite-Muscovite-Plagioclase 

barometry and Titanium in Biotite thermometry. The geothermobarometry calculations were performed 

in Excel.  

3.3 Thermodynamic modelling 
According to laws of thermodynamics, the assemblage in a system that has the lowest Gibb’s free energy 

at certain conditions is going to be the stable assemblage. In a rock, the assemblage of minerals and 

fluids that represent the lowest Gibb’s free energy at a specific pressure and temperature is known as 

the “equilibrium phase assemblage”. With changing temperature and pressure, there might be 

assemblages that have lower Gibb’s free energy, and the old equilibrium phase assemblage will be 

replaced by a new one through a chemical reaction. To achieve equilibrium, a rock is constantly aiming 

to minimize its total Gibb’s free energy through changes in mineralogy or mineral composition (Bucher 

& Grapes 2011).  

Pseudosections, also known as assemblage stability diagrams, are a sort of phase diagram that show 

the mineral assemblages that are stable at different PT-conditions, based on the bulk chemistry of a 

specific rock. Pseudosections can be done with various techniques and thus, there are many different 

computer programs that can be used (Bucher & Grapes 2011). A commonly used computer program 

that creates pseudosections is Perple_X, which uses the method of Gibb’s free energy minimization to 

make pseudosections and phase diagrams. In programs that are Gibb’s free energy minimizers, there is 

a list of potentially stable phases and the programs job is to identify and characterize the stable phase 

for the given pressure, temperature and composition (Xiang & Connolly 2022). Hirsch (2016) means 

that the choice of bulk composition is of importance when creating a pseudosection. The bulk 

composition can be obtained from whole rock geochemical analysis assuming that equilibrium is 

achieved on the scale of the sample. However, taking into account the chemical zoning of porphyroblast, 

an “effective” bulk composition could be more suitable, where modal proportions is combined with 

mineral chemistry data (Hirsch 2016). Another program which can be used to create pseudosections is 

GeoPS, which also uses the method of Gibb’s free energy minimisation, similar to Perple_X. However, 

in contrast to Perple_X, which is a console-based program, GeoPS uses a graphical interface which 

makes it easier to use (Xiang & Connolly 2022).  

The composition and molar abundance of minerals can be plotted as contours on a pseudosection, 

and these contours are known as composition isopleths or modal isopleths respectively. If the 

composition of certain minerals has been measured with for example electron microprobe, the 
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intersection of compositional isopleths may be used for thermobarometry. Isopleth thermobarometry 

assumes that a certain mineral grew in equilibrium with the bulk rock composition (Evans 2004).  

The whole-rock chemistry data was used for modelling of P-T and oxidation conditions. Modelling 

of P-T conditions was first performed in GeoPS, by specifying the wt % of the oxides SiO2, Al2O3, FeO, 

CaO, MgO, Na2O, K2O, TiO2 and MnO for each sample. The chosen thermodynamics database was 

HP11, and the fluid dataset was HP98. The a-x model, which includes a set of solution models, was set 

as HP11_Pelitic or HP11_ Mafic, depending on the rock type. The a-x model HP11_Pelitic includes 

solution models Chl(W), Gt(W) Mica(W), Crd(W), Bi(W), Ctd(W), St(W), melt(W), Ilm(W), 

Opx(W)(White et al. 2014a; White et al. 2014b), Fsp(C1)(Holland & Powell 2003), Sp(WPC)(White et 

al. 2002) and Ep(HP11). HP11_Mafic includes all the mentioned models as well as Augite(G) and 

cAmph(G)(Green et al. 2016). Isopleths for garnet endmembers and XFe (FeO/(FeO+MgO)) were 

created with the “Calculate Isopleth” tool. Adjustments to the input data had to be done when the 

calculated isopleths did not look reasonable, for example changing the H2O content. The results from 

GeoPS were exported as an excel sheet in which for example the modal abundance of certain minerals 

at different P-T could be observed.  

Pseudosections were also created with Perple_X (Version 6.9.1)(Connolly 2005), using the same a-

x solution models as in GeoPS. In Perple_X, pseudosections were created using the Build, Vertex and 

Pssect programs and the Werami and Pstable programs were used to calculate composition and modal 

isopleths of different minerals. When applicable, the intersections of compositional isopleths were used 

to estimate P-T conditions. The resulting pseudosections and isopleths from Perple_X were later edited 

in Adobe Illustrator.  

3.4 Oxygen fugacity 
Modelling of oxygen fugacity was performed using Perple_X. Oxygen fugacity (fO2) may be described 

as the activity or partial pressure of O2 in a system and gives information on the redox potential of the 

system at equilibrium. In general, the oxygen fugacity of a system is determined through indirect 

methods, such as O2 thermobarometry (Müller & Groves 2016). Oxygen fugacity was here modelled in 

Perple_X by plotting temperature vs O2. Isopleths of garnet endmembers and XFe in biotite were plotted 

on the resulting pseudosection and an approximate O2 value could be obtained. 

3.5 PHREEQC modelling 
Redox conditions were modelled with the computer program PHREEQC, which is available for free 

through the U.S Geological Survey (USGS). The program was developed by Parkhurst et al. (1980) and 

both a second (Parkhurst & Apello 1999) and a third (Parkhurst & Apello 2013) version are now 

available. The acronym PHREEQC originally stood for pH-Redox-Equilibrium and the program relies 

on equilibrium chemistry of aqueous solutions with minerals, gases, solid solutions, exchangers and 

sorption surfaces. Now, the program is also able to model kinetic reactions and one-dimensional 

transport (Parkhurst & Apello 2013).  
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    A part of the output from a PHREEQC model involves saturation indices (SI) which can be analysed 

to determine which solids are likely to dissolve and precipitate. SI is defined as the ratio between the 

ion activity product (IAP), which is retrieved from water chemical analyses, and the solubility product 

constant (Ksp) (Liu & Wu 2019; Reyes-Santiago et al. 2021). An SI=0 means that there is a balance 

between dissolved ions and a solid mineral. SI>0 implies that the solution is oversaturated with respect 

to the specific mineral and that the mineral will precipitate. When SI<0, the solution is undersaturated 

with respect to the mineral and will likely dissolve to reach equilibrium (Reyes-Santiago et al. 2021). 

Another output of interest is the pe or Eh value, or redox potential, which describes the reducing or 

oxidizing capacity of the solution. Lower pe or Eh values suggest more reduced conditions and higher 

values suggest more oxidizing conditions (Pepper & Gentry 2015; Mobilian & Craft 2022).     

    PHREEQC (version 2 and 3) was used for geochemical modelling. The first model studies how the 

observed As-bearing minerals interacts with water in ambient conditions. Models were conducted to 

analyse equilibration of arsenopyrite and löllingite in pure H2O, hence no biological reactions were 

included. Data needed regarding arsenopyrite and löllingite comes from Perfetti et al. (2008). For some 

models, a partial pressure for CO2 of -3.5 was used, and it was assumed to be constant. No specific 

concentration was given for the solution and therefore, the concentrations of löllingite and arsenopyrite 

were considered infinite. Models were created with solution of different pH (7, 4 and 2) at a temperature 

of 25 °C and pressure of 1 atm.   

To model the equilibration of löllingite and arsenopyrite in pure water at varying temperatures, 1 

mole of both arsenopyrite and löllingite was set as equilibrium phases with a saturation index of 0. With 

the “reaction temperature” tool, the temperature range and number of steps were chosen. In the output, 

the focus was on how the molality of As and As-species change with temperature of the solution. 

Furthermore, since As can occur on the surface of iron oxides, the saturation indices of hematite and 

magnetite were examined. The same model was repeated with pH of 7 and 4.   
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4. Results 
Twelve localities in the Arlanda area were visited (Figure 10) and samples were collected from three of 

these localities. In the following section, field descriptions, petrographic descriptions of thin sections as 

well as EPMA results from these three localities will be presented. Field descriptions and photos of the 

outcrops from which no samples are presented in the Appendix 4. 

 
Figure 10. Bedrock geological map of the study area with the location of all visited localities. Sampled localities 
are encircled in red. Geodata from SGU (2022) and Lantmäteriet (2022).  

4.1 Locality 4 (N 6614711, E 666102) 

4.1.1 Field appearance  
This outcrop is located close to a fire-station and consists of two parts cut by a road. A dark magmatic 

rock with pegmatite veins occurs on the south-western side of the road. Within the pegmatite veins, 

rusty precipitates associated with small 1-3 cm wide weathered out holes were observed. On the north-

western side of the road, the rock type was in the field classified as an intermediate volcanic or intrusive 

rock. However, there are differences in the lithology with regards to the grain size and colour. A finer 

grained, darker mafic rock, and a coarser grained, more plagioclase rich rock of a more intermediate 

composition were observed and the contact between the two is sharp (Figure 11A and 7B). There are 5-

10 cm large angular mafic enclaves in both rock types which consist of randomly oriented Fe-Mg 



20 
 

minerals, possibly amphibole (Figure 11A and B). The coarser grained host rock appeared to have a 

distinct preferred orientation of darker minerals. 1-1.5 cm large garnet occur in places (Figure 11C and 

D). 

 
Figure 11. Field photos from locality 4. A-B) Contact between coarser grained, more intermediate rock (left) and 
finer grained, more mafic rock (right). Enclaves pointed out in both rocks. C) Garnet in the coarser, more 
intermediate rock. D) Single garnet in the coarser grained, more intermediate rock. 

4.1.2 Optical microscopy & electron microscopy 
Two thin sections were prepared from this locality. One from the fine grained, more mafic rock and one 

from the coarser grained, more felsic rock.  

4A Mafic rock 
The sample from the fine-grained and more mafic rock (4A) has the mineral assemblage biotite + quartz 

+ plagioclase +- K-feldspar. Accessory minerals include TiO2, apatite and fluorite. There are plenty of 

small <50 μm, but also a few larger >100 μm, opaque phases in the sample, including ilmenite, 

chalcopyrite, and pyrite.  

Aggregates of quartz +-plagioclase are elongated with the foliation defined by biotite (Figure 12B). 

The aggregates vary in size, with the largest measuring around 10 x 2 mm. Elongated calcite grains with 

an irregular, anhedral shape could be observed at the ends of one of the larger (~10 x 2 mm) quartz 

segments, mainly situated in quartz (Figure 12A). The calcite is colourless, has high relief and low 

B 
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interference colours of greenish grey to turquoise/blue. Phases that were observed growing in association 

with calcite include K-feldspar (Figure 13A), fluorite and pyrite (Figure 13C). Fluorite in the sample is 

generally cerium (Ce) bearing and in places, fluorite occur in K-feldspar, along with pyrite (Figure 13E). 

An Mg-Fe-rich clay mineral locally occurs in between two biotite crystals and as a thin (~10-60 μm 

wide, 300 μm long) flake in quartz together with chalcopyrite (Figure 13D). 

4B Intermediate rock 
Sample 4B is from a coarser grained and more intermediate rock than sample 4A and has a mineral 

assemblage of plagioclase + biotite + quartz + K-feldspar. Accessory minerals are apatite, pyrrhotite, 

fluorite, pyrite, zircon, rutile (TiO2), ilmenite and chalcopyrite. The biotite grains define a distinct 

foliation, and many biotite crystals have inclusions of zircons or monazite that cause dark halos. 

Furthermore, a porphyroclast of K-feldspar was observed in a biotite (Figure 12C). A microfracture with 

chlorite cut across the thin section (Figure 12D, Figure 14C) and close to the fracture, plagioclase often 

appears sericitized. Apatite crystals are typically situated in the biotite rich foliation bands (Figure 14A), 

but also present in the quartz-plagioclase matrix. A TiO2 phase, interpreted as rutile, commonly occur 

as needles inside biotite or in contact with biotite. Ilmenite also occur as needles but is not as abundant. 

The pyrite crystals are partly dissolved and are in general intergrown with K-feldspar and/or chlorite 

(Figure 14B). Pyrrhotite is typically more fine-grained (<50 μm) than pyrite. Fluorite is generally Ce-

bearing and occur as small <40 μm, irregular grains, both in biotite and the matrix. In several areas of 

the section, small (~30-100 μm) patches of a dark (Fe, Si, Al) mineral with tiny spots of pyrite occur in 

the biotite (Figure 14D) and in places, spots of the dark mineral occur within pyrite.  
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Figure 12. Microphotographs from sample 4A and 4B. A) Calcite in quartz segment of 4A, PPL image. B) 
Overview of quartz segments in 4A, PPL image. C) K-feldspar in biotite of sample 4B, PPL image. D) 
Microfracture with chlorite in 4B, PPL image. 
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Figure 13. Backscattered electron (BSE) images of 
various minerals in sample 4A. A) Calcite grain in 
quartz segment with K-feldspar occurring in central 
parts of picture. B) Pyrite with chalcopyrite. C) Calcite 
grain in a quartz segment with pyrite and fluorite. D) 
Mg-Fe rich clay mineral in a quartz domain in contact 
with chalcopyrite. Thin sliver of fluorite in the middle. 
E) Pyrite occurring with fluorite. 
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Figure 14. BSE images of sample 4A. A) Abundant apatite crystals in biotite. B) Pyrite with chlorite. C) Crack 
with chlorite going through biotite. D) Small patches of a dark mineral (Fe, Si, Al) with tiny pyrite speckles, sitting 
in a biotite. 
 
4.1.3 Mineral chemistry 
Biotite in sample 4A revealed XFe (Fe/Fe+Mg) values of 0.50-0.53 and Ti (apfu) values of 0.21-0.23. 

Anorthite content in plagioclase was between An41 and An42, indicating an andesine plagioclase. 

4.2 Locality 5 (N 6612895, E664787) 

4.2.1 Field appearance 
Outcrop along a forest path ca 200 meters southeast of the parking lot “Benstocken” (Figure 15). The 

rock has a penetrative schistosity, but relict sedimentary textures were not observed. Garnet is abundant 

in parts of the outcrop and the garnet varies in frequency, textural appearance and size. The small garnet 

(< 1 cm) is purple, euhedral, unaltered and occur in a rock of intermediate composition. Larger garnet 

(> 1 cm) is more pinkish in colour and anhedral in shape. Rocks with both small and large garnet were 

sampled. About 50 meters east of the sample location along the forest path, larger garnet (>1 cm) was 

observed. Segregations resembling melt occur in this rock and some garnet has a white rim (Figure 15C). 
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Figure 15. Field photos from locality 5. A) Sampling location of 5A-1. B) Plenty of garnet crystals in rock with 
scratched surface. On same path of sampling location. C) Garnet with white rim, from a location approximately 
50 meters from the path. D) Photo of garnet crystals close to the ones depicted in C.   

4.2.2 Optical microscopy and electron microscopy 
Three thin sections from this location were analysed with optical microscopy (5A-1, 5A-2A and 5A-

2B). Section 5A-1 and 5A-2B were further analysed with electron microprobe.  

5A-1 
In sample 5A-1, the mineral assemblage is plagioclase + biotite + quartz + ilmenite + garnet + grunerite 

(amphibole). Accessory minerals are pyrrhotite, pyrite, chlorite, apatite, chalcopyrite and calcite. Garnet 

is large (~3-6 mm) and relatively anhedral and irregular in shape, but some crystals have euhedral parts 

(Figure 16C, 16E-F). Grunerite, quartz and ilmenite occur as inclusions in garnet. Grunerite is common 

and both smaller (100-200 μm) and larger (>500 μm) grains occur. The majority of the grunerite is 

euhedral and recognized by its characteristic cleavage. Most grunerite is colourless and has yellow-

orange interference colours, but grunerite with grey/white interference colours occur as well (Figure 

A B 

C D 
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16A-B). Furthermore, some amphibole has turbid interiors, while others are clear. Grunerite is the 

dominating amphibole, but there are places where another, more sodic, amphibole occur as an older 

phase in the grunerite crystals (Figure 17A). The older phase was identified as ferro-hornblende or ferro-

tschermakite. 

A few small (<100 μm), green tourmaline crystals occur, and small (~100-300 μm), opaque minerals 

are widespread. The plagioclase in the section has a mottled appearance in back-scattered electron (BSE) 

images, due to differences in sodium and calcium content (Anorthite content 60-80%). Fluorite 

containing cerium and lanthanum occur in the sample, mostly as small (~10-50 μm), partly dissolved 

grains. In terms of sulphides, pyrrhotite occur as relatively coarse (~100-200 μm), anhedral crystals in 

foliation planes (Figure 17C). Additionally, a few anhedral, partly turbid grains of sphalerite occur as 

well as pyrite and minor chalcopyrite. Anhedral pyrite in places occurs as inclusions in garnet and fine-

grained (<30 μm) chalcopyrite is often associated with this pyrite (Figure 17B). In places, calcite occurs 

intergrown with chlorite blades (Figure 17D) and small (~10-50 μm) grains of fluorite is also often 

associated with the calcite.   
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Figure 16. Microphotographs from section 5A-1. A-B) Grunerite (amphibole) grains with white/grey interference 
colour where the central grunerite grain has no visible cleavage, PPL/XPL image. C) Euhedral part of garnet, PPL 
image. D) Small piece of garnet with grunerite of different sizes, PPL/XPL image. E-F) Subhedral/Euhedral part 
of garnet, PPL/XPL image.   
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Figure 17. BSE images from section 5A-1. A) Inner core of ferro-hornblende/ferrotschermakite surrounded by 
grunerite. B) Pyrite in garnet. Chalcopyrite in upper right corner of uppermost pyrite. C) Pyrrhotite with biotite 
and grunerite. D) Radiating branches of chlorite (light grey) in calcite (dark grey). Surroundings are quartz, 
plagioclase and biotite. Sphalerite (uppermost white grain) and fluorite (white). 
 

 

 



29 
 

5A-2A and 5A-2B 

In sample 5A-2A and 5A-2B, the overall mineral assemblage is biotite + garnet + plagioclase + quartz 

+ ilmenite. Accessory minerals are chlorite, apatite, TiO2, pyrite and monazite. Biotite varies in colour 

from brown-orange to yellow-orange (Figure 18E) and frequently with dark spots reflecting radiation 

damage caused by inclusions of zircon or monazite. Biotite defines the foliation, and the orientation of 

ilmenite as well as scattered crystals of arsenopyrite and löllingite follow the foliation. Tourmaline 

occurs as small (<100 μm), green-yellow crystals. Chlorite of two different kinds occur. The first one is 

discordantly overgrowing biotite and occur as prismatic, elongated, light green grains with low 

birefringence (Figure 18F). The other type commonly occurs as fracture fillings in garnet and is light 

green with dark blue interference colours. Sericite alteration is apparent in some of the plagioclase. 

Ilmenite and TiO2 commonly occur together, with ilmenite often appearing as needles (Figure 19C). 

Monazite is mostly situated in biotite (Figure 19C). A fluorine, cerium and lanthanum bearing mineral 

occur as small (~10-50 μm), irregular crystals. A relatively large (>200 μm) mineral is located in the 

middle of the section, in contact with quartz, plagioclase and biotite (Figure 19D) and consist of Fe, Al, 

Si and O. 

The garnet in sample 5A-2A and 5A-2B is significantly larger than those in sample 5A-1, up to 1 cm 

(Figure 18A-D). Quartz inclusions are abundant within the garnet in both samples and other inclusions 

are apatite, ilmenite and TiO2 (Figure 19A-B). In some garnet, the internal foliation is slightly curved 

and continuous with the external foliation, suggesting syntectonic growth (Figure 18D) and in others, 

the external foliation wraps around garnet. Arsenopyrite often occurs close to, or in contact with garnet 

(Figure 19E-F) and löllingite also occurs in the vicinity of garnet (Figure 19G-H). Parts of the löllingite 

has elevated cobalt contents. Arsenopyrite is generally more euhedral than löllingite and arsenopyrite 

often appear more disseminated. Relatively small (<100 μm) pyrite crystals occur in quartz.   
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Figure 18. Microphotographs from section 5A2B. A) Large garnet crystal, PPL image. B) Same as A, XPL image. 
C) Large garnet crystal with internal foliation aligning with external foliation, PPL image. D) Same as C, XPL 
image. E) Yellow-orange biotite and more brown-orange biotite. Sericite altered plagioclase. PPL image. F) 
Secondary chlorite growing diagonally to foliation defined by biotite, PPL image. 
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Figure 19. BSE images from section 5A-2B. A) TiO2 inclusions in garnet, B) Apatite inclusions in garnet and 
arsenopyrite crystal at garnet border, C) Monazite, ilmenite, TiO2 and apatite situated in/near a biotite, D) 
Unknown Fe, Si, Al mineral in sample KS5A-2B, E), F) Arsenopyrite close to garnet, G), H) Löllingite close to 
garnet. 
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4.2.3 Mineral chemistry 

In sample 5A-1, the anorthite content of plagioclase is between An58 and An83. XFe in biotite is 0.54-

0.58 and Ti (apfu) varies between 0.21 and 0.25. Biotite in sample 5A-2B records XFe values of 0.47-

0.50 and Ti values (apfu) of 0.16-0.17 and anorthite content of plagioclase varies between An35 and 

An40. The garnet composition in sample 5A-1 is 62-68 % almandine, 11-17 % spessartine, 12-14 % 

grossular and 7-10 % pyrope. Fe decreases from core to rim while Mn and Ca increases (Figure 20). Mg 

is relatively constant from core to rim. Figure 21 shows the zoning pattern of garnet endmembers where 

especially almandine (Fe) and spessartine (Mn) show distinct patterns. Higher almandine composition 

seems to correspond to lower spessartine composition and vice versa. The garnet composition in 5A-2B 

is 71-79 % almandine, 10-14 % pyrope, 3-10 % spessartine and 5-8 % grossular. The garnet is clearly 

zoned, with increasing Mn and Ca from core to rim and decreasing Fe and Mg (Figure 22). Garnet 

zoning profile from rim to core shows decreasing almandine and increasing spessartine (Figure 23).  
 

 
Figure 20. Compositional maps of garnet in 5A-1. White arrow indicates position and direction of profile seen in 
Figure 21. Warmer colours correspond to higher concentrations 
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Figure 21. Profile of garnet in 5A-1 showing mol-percentages of garnet endmembers. 

 
Figure 22. Compositional maps of garnet in 5A-2B. White arrow indicates position and direction of profile seen 
in Figure 23. Warmer colours correspond to higher concentrations. 
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Figure 23. Profile of garnet in 5A-2B showing mol-percentages of garnet endmembers. 

4.3 Locality 8 (N6610683, E665641; N6610709, E665647; N6610878, 

E665828) 

4.3.1 Field appearance 
Location 8 is situated in the Västerbytorp quarry. The first two stops are in the quarry, where different 

grey, fine grained rocks occur (Figure 24). The rocks are foliated to varying degrees and the mica and 

quartz content of the rock differs between segments. Pegmatites are also present as dykes, veins and 

lenses. One of the minerals sitting in the pegmatites is pinkish, possibly garnet or apatite. Apatite 

might also occur with a blue/green colour. The lithological banding is parallel to the north-northeast 

trending subvertical tectonic foliation.  

Figure 24. Field photos from locality 8-2. A) Location of samples 8-2B and 8-2C. B) Pegmatite vein in dark, grey 
rock. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 200 400 600

M
ol

 %

Distance (μm)

Grossular

Pyrope

Almandine

Spessartine

A B 



35 
 

The other stop is an about 100 m long section (Figure 25A). Similar to locality 8-2, the dominating rock 

type is lithologically banded, fine grained and grey. However, in the freshly blasted outcrops, variation 

in grain size, texture and mineralogy was difficult to discern which complicated subdivision of rocks. 

In places, there are sharp contacts between rocks with different colours, but the contacts appear semi 

continuous and could not be traced for more than a couple of decimetres. In several places, darker 

segments with sharp contacts appear within the lighter, bluish grey rock (Figure 25C). Five samples 

were gathered from this outcrop. Sample 8-3A is from a lighter, bluish grey rock type while sample 8-

3B is from a darker, fine-grained rock with distinct contacts to surrounding rocks. Sample 8-3C (Figure 

25B), 8-3D and 8-3E was retrieved from more mica rich segments. Sample 8-3F was similar to 8-3A, 

but the rock type was slightly coarser grained (~0.5 mm). There are some differences in magnetic 

susceptibility of the outcrop, with 5-10 × 10-5 SI at the location of sample 8-3A, 50-70×10-5 SI at 8-3B 

and 20-30×10-5 SI at 8-3C. A possible sedimentary texture similar to crossbedding was observed at a 

place in the grey, fine grained rock (Figure 25D). Garnet crystals occur near the contact to a granitic 

dyke around 50 meters east of the sampling location (Figure 25E).  
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Figure 25. Field photos from locality 8-3. A) Overview of the outcrop. B) Position of sample 8-3A and 8-3C. C) 
Border between rock 8-3A and 8-3B. D) Sedimentary structure (?). E) Garnet close to granite intrusion about 50 
m from sampling location. 
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4.3.2 Optical microscopy and electron microscopy 
Three thin sections at locality 8:1 (8-1A, 8-1B1 and 8-1B2), two from 8:2 (8-2C and 8-2D) and five 

from 8:3 (8-3A, 8-3B, 8-3D, 8-3E, 8-3F) were studied under an optical microscope. Section 8-2C and 

8-3B were further analysed with electron microprobe. 

8-1A, 8-1B1 and 8-1B2 
In sample 8-1A, quartz and plagioclase dominate, and biotite and muscovite are also major phases. The 

foliation is defined by the orientation of mica, with grain size typically ~200-400 μm, but a band of 

coarser (>1 mm) mica occurs as well. The sample is relatively rich in accessory fine grained (<60 μm), 

opaque minerals. Sample 8-1B1 and 8-1B2 are similar, with a mineral assemblage of quartz + 

plagioclase + biotite + muscovite. In both samples, a thin 100-150 μm discrete zone of fine grained mica 

or calcite grow perpendicular to the older foliation (Figure 26C-F). The interference colours of the 

mica/calcite grains vary from greyish beige to bright blue/pink/green. A broad band of coarse-grained 

(~1.5-2.5 mm) quartz and feldspar occur in sample 8-1B1 and next to this domain, a large (>2 mm), 

twinned muscovite crystal is obliquely overgrowing biotite (Figure 26A-B).  

8-2C and 8-2D 
The mineral assemblage in samples 8-2C and 8-2D is quartz + plagioclase + biotite + muscovite. The 

thin sections are cut differently with respect to foliation, leading to biotite in 8-2C being randomly 

oriented and relatively anhedral while biotite in 8-2D is more elongated and has a preferred orientation. 

Sample 8-2D show a banding defined by variation in grain size (~0.2-1 mm) and biotite content. In both 

8-2C and 8-2D, zircon or monazite occurs in biotite and sericite alteration is common in plagioclase. 

Sample 8-2C has a few occurrences of around 300 μm, yellow-orange tourmaline and at least one of the 

grains has a well-developed crystal shape while the others are more anhedral. Tourmaline mainly occurs 

in quartz, in contact with plagioclase and biotite (Figure 27A-B).  

Accessory minerals in section 8-2C apart from tourmaline include zircon, apatite, K-feldspar and 

monazite. Muscovite and biotite frequently occur together (Figure 28C) and K-feldspar commonly occur 

with muscovite. Fine-grained (<30 μm) K-feldspar also occur with fluorite in a fracture close to 

tourmaline (Figure 28B). Overall, few opaque minerals are present in 8-2C, but there are two small (150 

μm), cobalt-nickel bearing löllingites (Figure 28D-E). One of the löllingite crystals is surrounded by 

muscovite, quartz and plagioclase while the other is surrounded mainly by biotite.  
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Figure 26. Microphotographs of thin sections from locality 8-1. A) Transversal muscovite-porphyroblast in 
sample 8-1B1. PPL image. B) Same, twinned, muscovite crystal as in A that is overgrowing plagioclase and biotite. 
XPL image. C) Chain of mica or calcite in sample 8-1B1. PPL image. D) Same as C, XPL image. E) Chain of 
mica or calcite in sample 8-1B2. PPL image. F) Same as E, XPL image. 
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Figure 27. Microphotographs of tourmaline in sample 8-2C. A) PPL image. B) XPL image. 

Figure 28. BSE images from sample 8-2C. A), B) 
Tourmaline crystal in contact with quartz, plagioclase ad 
biotite. C) Biotite and muscovite with a swirly 
appearance. Apatite (large, light grey) and monazite 
(white). D), E) Löllingite crystal. 
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8-3A, 8-3B, 8-3D, 8-3E and 8-3F 
In all the thin sections from location 8:3 (8-3A, 8-3B, 8-3D, 8-3E, 8-3F), the general mineral assemblage 

is quartz + plagioclase + biotite + muscovite. Sericite alteration in plagioclase is apparent in most of the 

samples, especially in 8-3A. The mica in sample 8-3A is also more fine-grained (~200-400 μm) and 

their orientation is more random. Light green chlorite with dark blue interference colours occurs in 

section 8-3E and 8-3F and mainly grows in thin (<100 μm) discrete zones obliquely cutting the foliation 

defined by mica.  

In sample 8-3B, there are alterations between coarser (~3-4 mm) and finer (~200-500 μm) bands, 

where the coarser-grained domains are dominated by quartz. The mineral assemblage of the finer bands 

is muscovite + biotite + quartz + plagioclase +/ K-feldspar with accessory minerals tourmaline, apatite, 

zircon, monazite, pyrrhotite and pyrite. One mica rich band has several occurrences of tourmaline, where 

two of the crystals are more elongated and exhibit turquoise interference colours and others are rounded 

and has yellow interference colours, reflecting differences in the orientation of the crystals. K-feldspar 

in the mica rich band appears to either grow together with plagioclase or replace plagioclase. In the same 

band, apatite is abundant, and zircon and monazite occur mostly as inclusions in biotite. Furthermore, 

small crystals of pyrrhotite and lesser pyrite occur.  

Tourmaline also occurs in the coarse grained (~3-4 mm) quartz and plagioclase rich domain as a 

large (>1000 μm), irregular and elongated crystal with turquoise interference colours (Figure 29A-B). 

Quartz inclusions as well as minor K-feldspar inclusions occur in the large tourmaline and thin cracks 

in the crystal are filled with chlorite. Intergrowths of K-feldspar and plagioclase is in places widespread 

(Figure 30D). In such domains, K-feldspar appear with tiny (<5 μm), irregular patches not observed in 

other places (Figure 30E). In addition, in the same domain, larger (>100 μm) crystals of pyrrhotite occur 

in plagioclase. Bordering the pyrrhotite crystals is albite plagioclase, while plagioclase has a higher 

anorthite content further away from the sulphides (Figure 30F).  

Figure 29. Large tourmaline crystal in sample 8-3B. A) PPL image. B) XPL image. 
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Figure 30. BSE images from sample 8-3B. A), B) Tourmaline in Bt-Mu-rich segment, C) Large tourmaline crystal 
situated in quartz-plagioclase, in contact with muscovite and biotite, D) Intergrowth of K-feldspar (lighter grey) 
in plagioclase (darker grey). Muscovite flakes and quartz domains. E) Curved cracks and holes restricted to K-
feldpar grains, F) Pyrrhotite crystals in plagioclase. Albite bordering pyrrhotite and more Ca-rich plagioclase 
further away. 

4.3.3 Mineral chemistry 

In sample 8-2C, the plagioclase has an anorthite content of An12-An15 and the biotite records XFe values 

of 0.58-0.61 and Ti values of 0.26-0.32. In sample 8-3B, biotite has XFe values of 0.57-0.59 and Ti 

values of 0.24-0.27. Anorthite content in plagioclase ranges between An21-An23. The chemical 

composition of tourmaline in sample 8-2C and 8-3B is 35-37 wt % SiO2, ~33-35 wt% Al2O3, 6.3-7.3 

wt% FeO, 5.3-5.8 wt% MgO and 1.6-1.9 wt% Na2O (Table A6). 
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4.4 Pressure and temperature estimates 
The results of the WDS analyses of the garnet bearing samples 5A-1 and 5A-2B were used to estimate 

P-T conditions. Four different calibrations that calculate temperature and/or pressure were applied and 

the results of these calibrations for each sample are summarized in (Table 2). The first calibration, by 

Holdaway (2000), calculates temperature based on the exchange between Fe and Mg in garnet and 

biotite and pressure is calculated with garnet-biotite-plagioclase-quartz barometry based on net transfer. 

This method yielded temperatures of 600-620 °C and pressures of 3-3.5 kbar for sample 5A-1. The same 

method resulted in temperatures of 580-610 °C and pressures of 3-3.5 kbar for sample 5A-2B (Table 2).  

Another garnet-biotite thermometer was used, which compares the results of seven different 

calibrations (Thompson 1976; Holdaway & Lee 1977; Ferry & Spear 1978; Perchuk & Lavrent’eva 

1983; Dasgupta et al. 1991; Bhattacharya et al. 1992). Assuming a pressure of 3.5 kbar, the temperature 

calculated from this method was 550-630 °C (5A-1) and 500-600 °C (5A-2B) (Table 2). 

Furthermore, a calibration by Wu (2015), that uses the garnet-biotite thermometer from Holdaway 

(2000) as well as a garnet-biotite-muscovite-plagioclase barometer, was applied. Since no muscovite is 

apparent in sample 5-A1 and 5A-2B, the muscovite chemistry was estimated. This calibration resulted 

in temperatures of 590-620 °C (5A-1) and 550-570 °C (5A-2B). The pressure range was 5.2-5.5 kbar 

(5A-1) and 3.1-3.8 kbar (5A-2B) (Table 2). The last method used was a Ti in biotite geothermometer 

developed by Henry et al. (2005) and revised by Wu & Chen (2015). With an estimated pressure of 3.5 

kbar, the resulting temperatures were 520-550 °C (5A-1) and 580-590 °C (5A-2B). This geothermometer 

was also applied for the samples 4A, 8-2C and 8-3B, which yielded temperatures of 490-550 °C (4A), 

600-640 °C (8-2C) and 570-590 °C (8-3B) (Table 2). The majority of P-T estimates are consistent with 

amphibolite facies metamorphism while a few plot in the greenschist facies field (Figure 31). 

Furthermore, nearly all P-T estimates plot in the sillimanite stability field.  
Table 2. Temperature (T)- and pressure (P) estimates from different methods. Temperature is given in °C and 
pressure in kbar. Cursive numbers indicate assumed pressure. 

 
Sample 

Holdaway (2001) Seven calibrations Wu (2015) Wu & Chen 
(2015) 

T P T P T P T P 
5A-1 600-620 3.0-3.5 550-630 3.5 590-620 5.2-5.5 520-550 3.5 
5A-2B 580-610 3.0-3.5 500-600 3.5 550-570 3.1-3.8 580-590 3.5 
4A - - - - - - 490-550 3.5 
8-2C - - - - - - 600-640 3.5 
8-3B - - - - - - 570-590 3.5 
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Figure 31. Pressure-temperature diagram with metamorphic facies and PT-estimates for sample 4A, 5A-1, 5A-
2B, 8-2C, 8-3B (all yellow). Modified from Winter (2010). 

4.5 Whole rock geochemistry 

4.5.1 Major elements 

Whole rock geochemistry shows SiO2 values from 57 to 80 wt% where the highest SiO2 values are from 

the locality 8 samples. There is a distinctive difference in Fe2O3 content between locality 4-5 (7.7-12.4 

wt%) and locality 8 (3.5-5.7 wt%). The locality 8 samples are also less enriched in MgO relative to 

locality 4 and 5 samples (Table 3). In a TAS-diagram (total alkali vs silica), the samples of presumed 

volcanic origin plots in the andesite and dacite fields (Figure 32).  

 

 

 

 

 

 



44 
 

Table 3. Whole rock geochemistry of major elements (weight %). 

Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Cr2O3 TiO2 MnO 
5A-1 57.8 15.65 12.35 5.06 4.1 1.51 1.82 0.33 1.49 0.33 
5A-2 61.5 15.5 10.35 3.05 2.99 2.56 1.78 0.01 1.23 0.21 
4A 57 16.65 9.76 3.32 4.11 2.68 3.12 0.004 1.53 0.12 
4B 61.5 15.65 8.29 3.38 3.61 2.59 2.79 0.01 0.85 0.09 
4C 63.9 16.35 7.68 4.45 3.28 1.22 2.72 0.014 0.7 0.08 
8-1A 76.9 11.45 4.23 1.2 1.14 2.16 2.2 0.01 0.41 0.05 
8-1B 79.7 9.36 3.47 1.27 0.84 2.23 1.47 0.01 0.32 0.04 
8-2C 75 12.2 4.7 0.73 1.36 3.1 2.14 0.011 0.43 0.06 
8-3A 72.2 12.5 4.75 2.88 1.72 1.62 2.13 0.012 0.48 0.05 
8-3B 67.5 16 5.7 0.57 2.01 1.72 4.31 0.013 0.48 0.06 
8-3E 67.1 15.85 5.69 0.85 1.96 1.61 4.1 0.013 0.53 0.06 
 

 
Figure 32. Total alkali versus silica (TAS) diagram for volcanic rocks. Protoliths of the presumed metavolcanic 
samples (orange squares) are andesite and dacite.  

4.5.2 Trace elements 
Whole rock analysis of all samples shows enrichments in light rare earth elements (LREE) relative to 

the heavy rare earth elements (HREE) and a negative Eu anomaly is present in all samples (Figure 33). 

Spider diagram of trace element composition show a similar pattern for all samples, including a negative 

Nb-Ta anomaly, a positive Pb anomaly and a negative Sr anomaly (Figure 34).  
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Figure 33. Diagram of the variation in REE of the different samples. REE on the x-axis and normalised sample 
values on the y-axis. Chondrite values from Boynton (1984).  

 
Figure 34. Spider diagram showing trace elements contents of the different samples, normalized to primitive 
mantle contents. Primitive mantle values from Sun & McDonough (1989). 

4.5.3 Arsenic concentrations 
The As-concentrations in all samples from locality 4 and in sample 5A-1 are < 4 ppm, while the 

concentrations from all other samples are >20 ppm (Figure 35). Sample 8-2C record the highest As-

concentrations with 90 ppm.   
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Figure 35. Arsenic concentration (ppm) in all samples.  

4.6 Pseudosection modelling 

4.6.1 Sample 4A and 4B 
The mineral assemblage observed in thin section in sample 4A and 4B include biotite, quartz, 

plagioclase and K-feldspar. This assemblage alone is not present in the pseudosections calculated with 

Perple_X and GeoPS from these samples. In the P-T space around 3-5 kbar and 500-600 °C, the 

equilibrium assemblages include the mentioned mineral phases, but also phases such as amphibole, mica 

and rutile (Figure 36). Intersection of biotite compositional isopleths plots at P-T of 4-4.5 kbar and 600-

610 °C. In this P-T range, the calculated modal abundance of amphibole is around 17-25 vol% according 

to Perple_X and around 5-8 vol% according to GeoPS. Garnet was not observed in thin section but 

occurred sporadically at the outcrop. Modal isopleths of garnet calculated with Perple_X indicate that 

garnet is not stable at P< 6 kbar. GeoPS does however calculate around 1-4 vol% garnet in sample 4A 

at PT of around 3-5 kbar and 500-600 °C.  
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Figure 36. P-T pseudosections calculated for samples 4A (left) and 4B (right) using whole rock analysis results. 

4.6.2 Sample 5A-1 
Figure 37 shows the P-T pseudosection created in Perple_X for sample 5A-1 where the assemblage 

plagioclase + biotite + quartz + ilmenite + garnet + grunerite plots in a wide field covering T of ~500-

700 °C and P of 0.5-7 kbar. Isopleths of grossular and pyrope intersect at T around 530- 610 °C and P 

around 4-5.5 kbar (Figure 37). Isopleths of almandine and spessartine plot in higher pressure fields of 

the pseudosection. The garnet composition of the core and rim were compared where pyrope and 

grossular isopleths intersect at ~536 °C and 4.5 kbar for the core and at ~564 °C and 5.0 kbar for the rim 

(Figure 37). The intersection for the garnet core measurements plot in a field with the stable assemblage 

feldspar, garnet, ilmenite, amphibole, chlorite, mica and biotite, and the corresponding stability field for 

garnet rim measurements consist of the same minerals except chlorite.  

The vol% of amphibole appears to be the lowest at higher T and lower P and increase with lower T 

and higher P. In the field corresponding to the assemblage observed in the sample, GeoPS calculates 

around 7-15 vol% of amphibole. Isopleth of the vol% of garnet indicate low garnet content (<4 vol%) 

at P below 6 kbar and in the assemblage field plagioclase + biotite + quartz + ilmenite + garnet + 

grunerite, the garnet content is around 1-3 vol%.  
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Figure 37. P-T pseudosection calculated for sample 5A-1 using whole rock analysis results with isopleths of 
pyrope (XMg) and grossular (XCa) in garnet. The intersections of pyrope and grossular isopleths for core and rim 
are shown. 

4.6.3 Sample 5A-2 
For sample 5A-2, the assemblage garnet + biotite + plagioclase + quartz + ilmenite, which was observed 

in thin section, plots in a pseudosection field covering T of 600-700 °C and P of 4-8 kbar (Figure 38). 

The intersection of isopleths of grossular, pyrope and spessartine in garnet indicate P of 4-5.5 kbar and 

T of 550-600 °C (Figure 38). Almandine in garnet and An in plagioclase also plot within these conditions 

and XFe in biotite plots at T close to 600 °C. These P-T conditions correspond to the assemblage fields 

of plagioclase, biotite, chlorite, ilmenite, garnet and quartz. The vol% of chlorite in the said assemblage 

field varies from <1 to 12 vol% and it is implied that chlorite disappears when T exceeds around 600 

°C. Isopleths of grossular and pyrope in the garnet rim of sample 5A-2 intersect at 4 kbar and 572 °C. 

Grossular and pyrope isopleths intersect at ~5 kbar and ~565 °C when using analyses closer to the core 

(Figure 38). 
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Figure 38. P-T pseudosection calculated for sample 5A-2 using whole rock analysis results. Isopleths of pyrope 
(XMg), grossular (XCa) and spessartine (XMn) in garnet are shown, along with the intersections of pyrope and 
grossular isopleths for core and rim.  

4.6.4 Locality 8 samples 
In the samples from locality 8, the general mineral assemblage observed in thin section is quartz + 

plagioclase + biotite + muscovite. These mineral phases along with for example ilmenite, garnet, 

chlorite, sillimanite and staurolite are created in the stability fields in the P-T range of 3-5 kbar and 500-

600 °C (Figure 39). Sillimanite is created in stability fields above 550 °C and at P between 2 and 7 kbar 

and the modal abundance of the mineral varies between the samples. Modal isopleths of sillimanite from 

Perple_X suggest around 0.05-0.9 vol% in samples 8-1B and 8-3A, 0.12-2.5 vol% in samples 8-1A and 

8-2C and around 0.3-7.0 vol% in samples 8-3B and 8-3E. Chlorite mostly plots at T <525 °C, but in 

pseudosections for a few samples (8-3A and 8-3E), chlorite occurs at T up to 550 °C. The modal 

abundance of chlorite at T > 500 °C ranges between ~0.3-2.0 vol%.  

Garnet appears in all pseudosections from locality 8, but according to modal isopleths of garnet 

created in Perple_X, the vol % rarely exceeds 1 at pressures below 6 kbar. GeoPS output suggest that 

garnet may occur at up to around 4 vol % at P < 6 kbar and at T < 500 °C. Ilmenite is created in almost 

all stability fields of sample 8-2C, but the calculated modal abundance of ilmenite from GeoPS and 

Perple_X never exceeds 0.31 and 0.45 vol% respectively. The vol % of ilmenite estimated by GeoPS 
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and Perple_X is similar in all samples from locality 8. Similarly, staurolite occurs in the P-T 

pseudosection of 8-2C and 8-3A, but the calculated modal abundance of the mineral ranges between 

0.03 and 0.7 vol %.  
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Figure 39. P-T pseudosections calculated with Perple_X for locality 8 samples using whole rock analysis results. 
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4.6.4 Oxygen fugacity 

T-X models were created in Perple_X to study oxygen fugacity. A pseudosection of 5A-1 with T against 

O2 suggest that the O2-range of the mineral assemblage plagioclase + biotite + quartz + ilmenite + garnet 

+ grunerite is around 0-0.6 at a pressure of 4 kbar (Figure A9). For sample 5A-1, a P-T pseudosection 

was created with O2 value of 0.4 wt % which resulted in a very narrow field of the correct mineral 

assemblage (Figure A10). In the T-X pseudosection created for sample 5A-2, the mineral assemblage 

garnet + biotite + plagioclase + quartz + ilmenite plots close to 0 O2 (Figure A11).   

4.7 PHREEQC 
The output for each model created in PHREEQC consists of many different parameters such as pH, 

redox potential (pe) and molality of As-species after equilibration of arsenopyrite and löllingite in pure 

water. Selected output from the models is presented in table 4. The first solution, with a pH of 7, 

decreases to pH 6.53 after equilibration with arsenopyrite and löllingite and yields a pe value of -3.82. 

The distribution of species after equilibration shows concentrations of 1.6E-5 total As(III) and 4E-15 

total As(V) (Table 4). The resulting saturation indices (SI) indicates what species will precipitate, where 

positive values suggest precipitation and negative values suggest dissolution. In the model with a 

solution with pH 7, no species have a positive SI. The same model, but with a solution of pH=4 results 

in pH and pe of 5.01 and -2.40 respectively. After equilibration, the total concentration of total As (III) 

is 9.2E-5 and of total As(V) 3.4E-16 (Table 4). The species with positive SI after equilibration are 

elemental As and elemental C, meaning the solution is oversaturated with respect to these species. 

Lastly, the model using a solution with pH 2, results in pH and pe of 2.13 and 0.3 respectively. The 

distribution of species indicates 2.8E-3 total As(III) and 1.9E-17 total As(V) (Table 4). Species with 

positive SI include elemental As, elemental C and realgar. In these three models, the most common As 

species are H3AsO3
- and H2AsO3

- (As(III)) and H2AsO4
- (As(V)). At pH 2, the dominating As(V) species 

is H3AsO4 (Table 4). The most common As-species are highlighted in the Eh-pH diagram in Figure 40 

in which the pe-values from table 4 have been converted to Eh values.  

 
Table 4. Output of pH, pe and molality of As(III) and As(V) from PHREEQC model where arsenopyrite and 
löllingite equilibrates with pure water in a solution of 25 °C at varying pH.  

 pH pe H3AsO3
- H2AsO3

- Tot 
As(III) 

H2AsO4
- HAsO4

2- H3AsO4 Tot As(V) 

pH7 6.53 -3.82 1.6E-5 3E-8 1.6E-5 2.8E-15 1.1E-15 1.7E-19 4 E-15 

pH4 5.01 -2.40 9.2E-5 5.3E-9 9.2E-5 3.3E-16 3.8E-18 6.3E-19 3.4 E-16 

pH2 2.13 0.30 2.8E-3 2.3E-10 2.8E-3 6.1E-18 1.3E-22 8.1E-18 1.9 E-17 
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Figure 40. Eh-pH diagram highlighting the dominating As-species after equilibration of arsenopyrite and löllingite 
with pure water in a solution of 25 °C. Modified from Smedley & Kinniburgh (2002).  

The model considering temperatures up to 250 °C indicates increasing molality of As with increasing 

temperature (Figure 41) and the molality of As is considerably higher at pH=4 than pH=7. The 

dominating oxidation states of As are As (III) and As (V) and the molality of both oxidation states 

increases significantly, but As (V) is still very low at 250 °C (Figure 42). The saturation indices of iron 

oxides hematite and magnetite increase with increasing temperature and the solution becomes over 

saturated with respect to hematite at 140 °C and to magnetite at 135 °C. When lowering the pH to 4, the 

temperature at which the solution becomes oversaturated increases to 225 and 220 °C. (Figure 43). 

 
Figure 41. Molality of As at different temperatures after equilibration of arsenopyrite and löllingite in pure water 
with pH 7 (A) and pH 4 (B). 
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Figure 42. Molality of As (III) and As (V) at different temperatures after equilibration of arsenopyrite and 
löllingite in pure water with pH 7 (A) and pH 4 (B). Pressure is 1 atm. The dominating oxidation state is As (III) 
while the molality of As(V) is close to 0. Both phases increase with increasing temperature.   

 
Figure 43. Saturation index of hematite and magnetite at different temperatures after equilibration of arsenopyrite 
and löllingite in pure water with pH 7 (A) and pH 4 (B). Pressure is 1 atm. The solution becomes oversaturated 
with respect to löllingite and arsenopyrite at around 135-140 °C. 
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5. Discussion 
5.1 Rock types and protoliths 
In general, the protolith to the metamorphic rocks observed was difficult to assess in the field. For 

example, relict sedimentary structures such as bedding were rare. There are more typical localities of 

metasedimentary rocks in the area, that for example has more apparent bedding, with layers of varying 

grain sizes, but such outcrops were not visited during this study. Since the rocks have been variously 

affected by metamorphism, some sedimentary structures might have disappeared. 

Sample 4A and 4B were gathered from an outcrop where enclaves occurred in the rock, which 

suggest an igneous origin and the outcrop is also located within a zone dominated by volcanic rocks on 

the geological map (SGU, 2022). Based on the ratio between quartz, plagioclase, and K-feldspar in the 

samples, the most suitable volcanic protolith is quartz-andesite or dacite while the plutonic equivalent 

is granodiorite-tonalite. The TAS-diagram agrees with an andesitic to dacitic protolith, with a plutonic 

equivalent of diorite-granodiorite. Garnet at locality 4 was only occurring sporadically, and its origin 

remains unclear since garnet was not present in thin sections prepared from this locality. New thin 

sections from this locality containing garnet would be necessary to analyse the garnet occurrence further. 

At location 5, two different garnet-bearing rock types were observed: one with amphibole and one 

without amphibole. None of the samples that Stålhös (1972) considered metasedimentary contain 

amphibole, but hornblende occur in several metavolcanic rocks. He describes this hornblende as 

yellowish-green, green and bluish green, but also mentions occurrences of “colourless cummingtonite 

hornblende”. Since the grunerite in sample 5A-1 was mostly colourless, it is possible that it corresponds 

to the colourless hornblende described by Stålhös (1972). The difference in mineralogy along with the 

significantly higher anorthite content in 5A-1 than in 5A-2B suggest different protoliths. Sample 5A-1 

contains significant amounts of amphibole, but not enough to be referred to as a garnet amphibolite. The 

rock is presumably of volcanic origin, possibly a tuff or a volcanosedimentary rock. In this rock sample, 

different species of amphibole were observed, with ferrohornblende/ferroschermakite in the core and 

grunerite growing around the older phase. This suggests that the rock is polymetamorphic. Based on the 

textural context, it is believed that ferrohornblende/ferroschermakite grew first and that grunerite and 

garnet grew later under new conditions.   

The other garnet bearing rock type at location 5, represented by samples 5A-2A and 5A-2B is most 

probably a metasedimentary rock, due to the lack of amphibole. The outcrop where the samples were 

taken was not well exposed, and it was therefore difficult to see any structures in the field. Under the 

microscope, the samples were penetratively foliated, and the foliation was deflected by the large garnet 

crystals. Based on the fabric of the samples, 5A-2A and 5A-2B can be referred to as mica schists. In 

sample 5A-2B, there are a few examples of garnet where the internal foliation is slightly curved and 

continuous with the external foliation, which suggests that the garnet grew syntectonically. Apart from 
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some syntectonic garnet, garnet is intertectonic. Some garnet observed at the outcrop about 50 meters 

from the sample location has white rims that appeared to be dominated by plagioclase. These rims are 

not present around the garnet at the sample location, perhaps implying yet another rock type.   

At locality 8, the rock type is presumably of a sedimentary origin, although sedimentary structures 

were rare. There were, however, a lithological banding defined by a variation in grain size and mica 

content, which could resemble a sedimentary origin. At thin section scale, clear differences in grain size 

were observed in a few samples. Furthermore, the grain size is not constant between the thin sections. 

At locality 8-3, a texture similar to crossbedding was observed in a decimetre wide band of the rock. 

Stålhös (1972) suggested that the different kinds of metasedimentary rock types are intercalated, 

meaning they occur in layers varying in, for example, grain size, quartz and mica-content. This could be 

the case at locality 8 where there were segments of clearly foliated mica-rich rocks interbedded with 

more massive segments, of presumably less mica content. There are uncertainties regarding the dark 

segments with sharp contacts at locality 8-3 from which sample 8-3B was collected. In the field it 

resembles a diabase dike, but its microtexture, mineralogy and chemistry have more similarities with a 

metasedimentary rock.  

According to the division by Stålhös (1972), quartz is generally more abundant in the 

metasedimentary rocks of the area than in the metavolcanic rocks. This applies to the samples analysed 

in this study as well, where the rock from locality 8 are more quartz-rich than the others. Tourmaline 

was observed in a few samples from the quarry of locality 8, which may suggest a marine depositional 

environment for the protolith (Henry & Dutrow 1992). Comparing the composition of the tourmaline 

from sample 8-2C and 8-2B to the composition of different tourmaline group minerals (Anthony et al. 

2001), it indicates a composition between dravite and schorl. Stålhös (1972) suggests that the growth of 

tourmaline might be related to the intrusion of the younger granites and pegmatites during the third 

metamorphic event.   

The chemical compositions of the samples are consistent with the interpreted protoliths. For example, 

the samples from locality 8, interpreted as metasedimentary, have SiO2 values ranging between 68-80 

wt %, possibly reflecting differences in clay content of the protolith. The samples with lower SiO2 have 

higher Al2O3 and vice versa. The chemical composition of samples 4A and 4B resembles the chemical 

composition of tonalite (Bucher and Grapes 2011), which agrees with the interpreted protolith of 

andesite-dacite/diorite-tonalite-granodiorite.  

Worth mentioning is that dividing these rock types into volcanic or sedimentary might be an 

oversimplification. Based on field observations, especially from locality 8, sedimentary and volcanic 

rocks are sometimes interlayered and there might be mixtures. For example, the interpreted volcanic 

rocks may be better viewed as volcano-sedimentary rocks. 
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5.2 Comparisons to previous studies 
Although no point counting analysis was performed in this study, the mineral composition of the samples 

can still be roughly compared to the mineral composition of the metasupracrustal rocks analysed by 

Stålhös (1972) (Figure 3-4). The rocks from locality 8 correspond well to the mineralogy of the 

metasedimentary rocks, with varying amounts of quartz and mica. According to Stålhös (1972) the 

biotite plagioclase schists often appear more compact and lithologically undifferentiated, which is the 

case for sample 8-3A, which showed no internal banding in the field. The sample also has less mica 

compared to the other samples from the same location, which resembles the biotite plagioclase schists 

as defined by Stålhös (1972).  

As mentioned, samples 4A and 4B were collected from an area located in the volcanic zone on the 

geological map. Stålhös (1972) refer to a few samples from this same zone as plagioclase-porphyrite, 

quartz-porphyry, quartz-plagioclase porphyry or dacite. At locality 4, although a K-feldspar 

porphyroclast was observed in a thin section from sample 4B, no porphyritic texture was observed in 

the field, (Figure 12D). A porphyritic texture was more apparent in the field at for instance locality 6 

(Figure A3). Moreover, the mineral composition of the metavolcanic rocks described by Stålhös (1972) 

is relatively similar to the mineralogy of sample 4B, with plagioclase being the dominant mineral. 

However, sample 4A contains significantly more biotite.  

Sjöström & Bergman (1998) analysed garnet bearing metasedimentary rocks in the Arlanda area and 

their results indicated garnet composition of 70-78 % almandine, 3-13 % spessartine, 2-16 % pyrope 

and 4-15 % grossular. In comparison, the garnet composition in 5A-2B was 71-79 % % almandine, 3-

10 % % spessartine, 10-14 % pyrope and 5-8 % grossular, suggesting a very similar composition. 

Sjöström & Bergman (1998) found either flat garnet zoning profiles or decreasing MnO and increasing 

FeO from core to rim, which is also the case in the garnet profile from sample 5A-2B. Furthermore, the 

plagioclase composition in the metasedimentary rocks studied by Sjöström & Bergman (1998) generally 

varied between An30 and An42 and the plagioclase in sample 5A-2B had anorthite content of An35-

An40. The XFe values of biotite is also relatively similar between the Sjöström & Bergsman samples 

(0.43-0.61) and sample 5A2B (0.47-0.50). Additionally, Ti (apfu) values in biotite from sample 5A-2B 

(0.16-0.17) are in range for the Ti values from Sjöström & Bergman (1998) (0.14-0.24).   

5.3 Arsenic minerals  
Arsenic-bearing minerals were found in some of the thin sections in the form of arsenopyrite and 

löllingite. At locality 5, both löllingite and arsenopyrite occurred in sample 5A-2B and at locality 8, a 

few löllingite crystals were found in sample 8-2C. Both these samples were interpreted as 

metasedimentary rocks, which is of interest since the elevated arsenic levels in tubed wells can be 

connected to metasedimentary rock domains. In Central Maine, USA, a similar problem exists where 

metasedimentary rocks are enriched in As. There, the As enrichment is mostly related to arsenian pyrite, 

but other As hosts are present too (O’Shea et al. 2015). In the metasedimentary bedrock of eastern Maine 
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on the other hand, Foley & Ayuso (2008) suggest that almost all major As minerals occur, for example 

arsenian pyrite, arsenopyrite and pyrrhotite and local enrichments of löllingite and realgar. These 

minerals are suggested to account for the elevated As-concentrations in the groundwater (Foyle & Ayuso 

2008). Similarly, in the Arlanda area, the presence of löllingite and arsenopyrite may explain the high 

concentrations of As in the tubed wells. Several samples contain pyrite, but according to EDS-analyses 

the pyrite does not contain arsenic. It is however possible that arsenian pyrite could be a potential source 

of arsenic in the area, but this has to be studied further. 

In sample 5A-2B, the As-minerals were mostly sitting close to the garnet crystals. This might be 

explained by As-minerals growing in the same bedding plane and that the later metamorphic growth of 

garnet caused deflection of the bedding plane. There were also a few occurrences of As-minerals sitting 

in the cavities of garnet. The connection between As-minerals and garnet has not been explored further 

and is something future research may focus on. In sample 5A-2B, it was relatively easy to distinguish 

between löllingite and arsenopyrite since löllingite often appear in a rounded shape while arsenopyrite 

was euhedral. In sample 8-2C, however, löllingite is more euhedral.  

According to the whole rock geochemistry, the concentration of As is low (< 4 ppm) in samples from 

rocks with assumed volcanic origin, while the high As concentrations seem to be related to rocks of 

presumed sedimentary origin. The observation that elevated As levels in the area seem to occur in spatial 

connection to sedimentary rock is supported by the fact that there are significantly higher levels of As 

in the assumed sedimentary rocks compared to the volcanic/volcanosedimentary rocks. However, due 

to the small number of samples this observation is uncertain and further studies are needed to establish 

a stronger connection. The As-concentrations are the highest in the samples from locality 8, where 

sample 8-2C has the highest of around 90 ppm. In the thin section derived from this sample, a few 

löllingite crystals were found, which could explain the high As-concentration. The consistently high As-

concentrations from locality 8 might suggest the presence of As-bearing minerals in other samples apart 

from 8-2C. The As-minerals were not identified in hand specimen or in optical microscopy. In this study, 

only sample 8-2C and 8-3B were analysed with electron microprobe and As-bearing minerals may also 

occur in the other thin sections from the same locality. 

5.4 Metamorphic grade 
Based on textural relationships observed in thin sections of the samples, it is suggested that garnet grew 

during the first metamorphic event (M1)(according to the metamorphic model by Stephens & Jansson 

(2020)), and this is the metamorphic event for which P-T calculations were performed. The second 

metamorphic event M2 is represented by the growth of late chlorite observed in sample 5A-2A and 5A-

2B. 

Throughout all samples available for geothermobarometry calculations, temperature values vary 

between 490 and 640 °C. Although some methods required an assumed pressure in order to calculate 

for temperature, two methods also calculated pressure (Holdaway 2000; Wu 2015). Pressures obtained 
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from these methods were around 3.0-3.8 kbar, and according to the method by Wu (2015), sample 5A-

1 reached even higher pressures, around 5.2-5.5 kbar. Overall, the P-T estimates correspond well to the 

values for the Arlanda area presented by Sjöström & Bergman (1998) (525-625 °C/2.5-5 kbar). 

Nevertheless, all pressure and temperatures estimated by the different methods suggest amphibolite 

facies metamorphism. The obtained values are also in the range of temperature and pressure values in 

Bergslagen defined by Skelton et al (2018); 400-600 °C and 2-5 kbar.  

Additionally, the P-T estimates correspond well to the values for the different stages of 

metamorphism presented by Stålhös (1972). From the results by Stålhös (1972), it is apparent that the 

highest temperature is achieved in the 500 m wide zone in contact with the younger granites. Based on 

the geological map, the samples from the Västerbytorp quarry might be located within this zone. Only 

one method of geothermometry was applied on the samples from the quarry since they lacked garnet 

and based on the results from that method (Wu and Chen 2014), the highest temperatures were indeed 

found in the quarry. However, not enough samples have been analysed to see a possible connection 

between temperature and distance from the younger granites. Sjöström and Bergman (1998) analysed 

samples in a E-W profile across the Arlanda shear zone into the younger granites but found no 

correlation between the P-T conditions and distance to the younger granites. 

Due to the shape and size of the garnet crystals, the profiles were not put over the entire crystal but 

instead over an outer part of the crystal. Therefore, the zoning profiles do not correspond to the growth 

of the entire garnet crystal, but rather shows the general pattern as well as the peak metamorphic stage. 

For example, it is evident in both garnet maps that the Mn levels are significantly higher towards the 

actual garnet core and similarly, the Fe levels are visibly lower in the actual core than what is represented 

in the profile. The zoning pattern of garnet in sample 5A-1 shows three peaks of spessartine, one 

representing the core and two peaks closer to the rim where spessartine levels slightly drop. This pattern 

is not a simple “bell-shape” and hence does not suggest a single stage forming garnet. This rather means 

that the garnet grew in several stages, perhaps in the form of an atoll and might also be an effect of 

coalescence. Furthermore, it may be an effect of a hot, slowly cooling orogen.  

5.5 Trace elements 
The rare-earth element diagram shows a pattern similar to average shale and continental crust (White 

2013), with enrichment in LREE and a negative Eu-anomaly. This pattern is also similar to results by 

Stephens et al. (2009). A negative Eu-anomaly is, according to White (2013), characteristic of many 

continental rocks, most sediments and also seawater. This anomaly may be explained by the 

crystallisation of plagioclase, which extracts Eu from a melt. Sedimentary rocks get this Eu anomaly 

from source rocks in the continental crust (White 2013). The spider diagram of trace elements has a 

similar pattern for all samples, including a sharp negative Nb-Th anomaly. This anomaly is also apparent 

in granitoid rocks analysed by Stephens et al. (2009) which they suggest indicates a source affected by 

subduction related processes. All rock samples, both the assumed sedimentary and volcanic rock 
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samples share the same pattern in the trace element diagram. This suggests that the assumed volcanic 

rocks may be better referred to as volcano-sedimentary rocks. The different rock types should at least 

not be viewed as completely separated in origin.  

5.6 Pseudosection modelling 

5.6.1 P-T estimates 
As with the PT-calculations, the metamorphic event that has been modelled is the first event described 

by Stephens & Jansson (2020), M1. According to the thin section analysis, the assemblage in sample 

5A-1 is plagioclase + biotite + quartz + ilmenite + garnet + grunerite. The intersection of garnet 

endmember isopleths partly plots in this assemblage field on the P-T pseudosection, but also in the 

neighbouring fields of higher P and lower T. The garnet compositional isopleths created for core and 

rim analyses suggest both increasing P and T from core to rim. This agrees with the garnet profile where 

there is a decrease in spessartine as well as an increase in pyrope component from core to rim. Overall, 

the P-T indicated from pseudosection modelling of sample 5A-1 are quite consistent with the P-T results 

from geothermobarometry calculations. The pseudosection modelling, however, generally results in 

higher P than the 3.5 kbar which was used as the estimated P in most of the geothermobarometry 

calculations. This might suggest that the previous P-T estimates should be recalculated with a higher P 

but increasing the P in the calculations does not change the T significantly. All isopleths of garnet 

endmembers do not intersect with each other within the frames of the pseudosection. For example, 

spessartine and almandine isopleths in 5A-1 plot at higher P than pyrope and grossular isopleths. If the 

intersections of garnet compositional isopleths are not tightly clustered in the P-T pseudosection, Evans 

(2004) suggest that the garnet could not have grown in equilibrium with the bulk composition.  

The intersection of isopleths of grossular and pyrope in garnet of sample 5A-2 suggest P-T conditions 

of 550-600 °C and 4-5.5 kbar. The assemblage field corresponding to these P-T values is very similar 

to the observed assemblage, the only difference being it also includes chlorite in the assemblage. 

Chlorite was indeed observed in the sample, and it is therefore plausible that the isopleths cross in this 

assemblage field. A modal isopleth of chlorite does however suggest higher vol% of chlorite (~1-10 

vol%) at the intersection of garnet compositional isopleths than what was observed in thin section. The 

T range suggested by intersection of isopleths are very consistent with P-T estimates from the different 

geothermobarometry calculations, however the P-range indicated from the pseudosection modelling is 

higher than that of the geothermobarometry calculations. Intersection of pyrope and grossular for core 

and rim data suggest decreasing P and increasing T from core to rim. This does not agree with the core 

to rim pattern observed in 5A-1, where P clearly increases from core to rim. The garnet compositional 

profile (Figure 23) shows decreasing spessartine and increasing pyrope from core to rim, which indicates 

increasing P and T.  
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5.6.2 Mineral phases 
The pseudosections created for the samples from locality 8 all suggest that ilmenite is part of the mineral 

assemblage in many of the stability fields. However, in 8-2C, almost no opaque phases were present, 

and ilmenite was not identified with EDS. This may suggest that there must be something else that 

accounts for the titanium in the sample, but in the thin section, no major titanium-phase could be 

observed. However, given the small vol% of ilmenite calculated from Perple_X, it is reasonable that 

ilmenite was not observed in the sample. There may have been tiny inclusions of ilmenite that were 

unnoticed in thin section.  

Furthermore, garnet is included in many stability fields in the pseudosections from locality 8 and no 

garnet was observed in the thin sections or in hand specimens. The calculated modal abundance of garnet 

from both Perple_X and GeoPS is mainly < 1 vol% at P below 6 kbar and it is thus understandable that 

no garnet was observed in thin section. GeoPS output suggests higher abundance of garnet at T< 500 

°C, but given the geothermometry results, such conditions are less likely. There are occurrences of garnet 

elsewhere in the quarry, for example near intrusions of granite, and future studies could try to sample a 

garnet bearing rock from the locality.  

In pseudosections from locality 4, amphibole was created even though no amphibole phases were 

observed in thin sections. The vol % calculated by GeoPS ranges from 0.05-29 in 4A and from 1.4-7.8  

in 4B, where values above 20 are mostly related to the higher pressure (>6 kbar) fields. However, at P-

T conditions similar to what was calculated with geothermobarometry, the amount of amphibole is still 

significant enough to believe that it should not be overlooked in the thin sections. The estimated 

amphibole content from the whole rock data is similar to that of sample 5A-1, in which amphibole was 

observed without problem. 

In the P-T pseudosection calculated with GeoPS, garnet is estimated to occur in almost all stability 

fields, whereas in the pseudosection calculated with Perple_X, garnet is only included in the higher P (7 

kbar) stability fields. The reason behind different results from the different software is unclear. Although 

garnet was not observed in thin sections, the mineral was observed in places in the field, and it is 

therefore possible that garnet occurred in the samples that were analysed for bulk chemistry. If this was 

the case, however, you would expect both GeoPS and Perple_X to create garnet in the assemblages of 

the pseudosection.  

In some samples from locality 8, sillimanite occurs in stability fields around the expected P-T 

conditions and the vol% is according to Perple_X results between 0.05-7. Small, needle-like crystals 

that may be sillimanite were observed in some thin sections, but in a very small amount. Due to lack of 

time, they were not checked in the microprobe.  

5.6.3 Oxygen fugacity 

T-X models created in Perple_X suggest that oxygen fugacity in the samples from locality 5 was close 

to zero. A pseudosection of 5A-1 with temperature against O2 suggest that the O2-range of the mineral 
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assemblage plagioclase + biotite + quartz + ilmenite + garnet + grunerite is around 0-0.6 at a pressure 

of 4 kbar. Since the mineral assemblage is stable at 0 wt% O2, it is not significantly affected by oxygen 

fugacity.  

5.6.4 Different software 
Both the Perple_x and GeoPS software was used for pseudosection modelling. These two softwares 

provided very similar output, which is reasonable since they are built similarly. Both rely on the bulk 

chemistry of the rock samples and have similar solution models. If another software had been used, in 

which you have to specify all the minerals observed in your sample, such as Thermocalc, the results 

could have been a little different. Generally though, Thermocalc and Perple_X should yield similar 

results if the same data is used (Perple_X, n.d.).  

5.7 PHREEQC results 
The arsenic species As(III) and As(V) are the most common in groundwater, and the modelling of 

equilibration of arsenopyrite and löllingite in pure water shows that As(III) is a more common species 

in the system than As(V). As(III) species typically dominate in reduced environments while As(V) 

species are more common in oxidized environments. The PHREEQC results indicate that when 

arsenopyrite and löllingite react with pure water, the uncharged arsenic species H3AsO3 dominates in 

the solution. Furthermore, comparing the molality of As after equilibration at pH 7, 4 and 2, it is evident 

that As(III) increases with decreasing pH, while As(V) decreases.  

An attempt was made to model the same situation at closer to metamorphic conditions. The P-T range 

was dependent on the database and source used in the program (Perfetti et al. 2008). Perfetti et al. (2008) 

provides data up to 350 °C and 300 bar for arsenopyrite and löllingite, which are therefore the highest 

possible values to model with. However, there were uncertainties with the output at temperature >250 

°C, which is why modelling was only done up to 250 °C. This temperature range could apply to a cooling 

stage post metamorphism and the concentration of As in the water was then higher than in todays 

environment. According to SGU (2013), the temperature of the groundwater in southern Sweden is 

generally the same as yearly mean temperature in the air and in 2021, the mean air temperature in 

Uppsala-Stockholm was 7-8 °C (SMHI 2022). Using the PHREEQC output data, this temperature 

corresponds to As concentrations of around 2.3-3.8E-8 moles/kg at pH 7 and 1.3-3E-7 moles/kg at pH 

4 after equilibration with löllingite and arsenopyrite. SGU (2021) states that the groundwater 

temperature in Sweden has increased by 1.5 °C since the 1970’s and with an increasing temperature, the 

concentration of As in the groundwater will likely increase as well. Furthermore, during hot summer 

days, exposed outcrops of As-bearing rock can get significantly warmer than the air-temperature, 

leading to higher As concentrations in water. Worth mentioning is that the modelling results indicate 

that As (III) species are dominating and these species are also the most toxic.  

A model with the same input, but at varying pressures (1-300 bar) instead of varying T, gave the 

same output as the one at constant pressure. It was expected that the output would differ in some way 
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when changing the P and thus, the output is questionable. How the arsenic concentrations changes with 

varying pressures is therefore something that may be studied further.  

The PHREEQC results should be interpreted with caution since the models are very simple and only 

consider equilibration of the As-bearing minerals löllingite and arsenopyrite in pure water. Therefore, 

the modelling does not consider any microbial activity for example, which if included would probably 

lead to a different result. It is also possible to add other minerals as input in the models and this would 

result in different output since other elements than As, Fe and S would be available. Future modelling 

could also try to use real measurement of the water in the wells in the Arlanda area in order to work with 

real values of parameters such as pH and temperature.  

6. Conclusion 
The aim of this project was to describe the supracrustal rocks observed in the Arlanda area, determine 

protoliths to the metamorphic rocks and pin down the metamorphic conditions of the area. The project 

provides new petrographic information about the bedrock in the Arlanda area that may be useful for 

future work regarding the problem of As in the bedrock. Field appearances together with analyses of 

thin sections in both optical- and electron microscope indicate that the bedrock in the study area consists 

of metasupracrustal rocks of different origin. A volcanic/plutonic origin is suggested for locality 4 and 

for sample 5A-1, where enclaves and amphibole, respectively, occur in the rock. For rocks with 

variations in grain size between layers and without amphibole and/or volcanic/plutonic textures, a 

sedimentary protolith is suggested. In the area, there are possibly intercalations and mixtures of volcanic 

and sedimentary rocks. Several different geothermobarometers as well as pseudosection modelling of 

the first metamorphic event M1 suggest that the rocks were metamorphosed under amphibolite facies 

conditions of 3.0-5.5 kbar- and 490-640 °C. Pseudosection modelling also conclude that the mineral 

assemblages are not significantly affected by oxygen fugacity. Regarding the distribution of As-

minerals, löllingite and arsenopyrite are only observed in rocks of presumed sedimentary origin and the 

As concentrations are also higher in the metasedimentary rock samples compared to the 

volcanic/volcanosedimentary samples. There is however still a need to include more samples to find a 

correlation between the distribution of As and rock type. Simple modelling of equilibration of löllingite 

and arsenopyrite in pure water indicate that As (III) is the dominating oxidation state of As and that the 

molality of As increases with increasing T and decreasing pH.  
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Appendix 1: Coordinates of localitites 
Table A1. Coordinates of localities (SWEREF99 TM). Thin sections were created for the localities highlighted in 

green. 

     N     E 
1 6614282 665362 
2 6615877 667100 
3 6616639 666570 
4 6614711 666102 
5A 6612895 664787 
5B 6612793 664809 
6 6612321 664144 
7 6607810 663701 
8-1 6610683 665641 
8-2 6610709  665647 
8-3 6610878 665828 
9 6613385 665075 
10 6612071  664099 
11A 6611822  664127 
11B 6611762  664151 
12 6612379 665888 
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Appendix 2: Other localitites 
Locality 1 (N 6614282, E 665362) 
At this location close to the Arlanda Beta parking lot, the outcrop was not very well exposed as it is 

covered with moss. Where visible, a fine-grained, light grey rock type was observed (Figure A1). The 

rock is relatively rich in mica and has a wavy appearance. Dark patches (possibly cordierite) with a size 

of a few centimetres occur in the rock. 

 
Figure A1. Photo of moss-covered outcrop at location 1.  

Locality 2 (N 6615877, E 667100) 
This outcrop was located along a road cut close to a hotel (Good Morning Arlanda). The rock type 

glimmers, indicating mica rich schistosity and as with the first outcrop, there are occurrences of dark 

patches. The matrix of the rock consists of biotite, quartz and feldspar and the rock is fine grained and 

dark grey. Furthermore, small (1-3 mm), dark, curved fragments occur. There is an apparent change in 

the lithology across the outcrop and a darker, phyllitic/schistose rock was also observed. The magnetic 

susceptibility of the outcrop is low.   

Locality 3 (N 6616639, E 666570) 
A large ca 50 wide blasted outcrop at a parking lot at view point Arlanda, Halmsjön, which consists of 

different rock types. In the western part of the outcrop, the rock type is a deformed granitoid or tonalite 

which in the eastern part grades into a porphyritic metavolcanic rock. The easternmost parts include a 

phyllitic to schistose rocks outcropping along the N-S trending length of the parking lot. It is unclear if 

the protolith to the phyllitic to schistose rocks are a deformed volcanic or sedimentary rocks (Figure 

A2). The phyllitic to schistose part of the outcrop show variation in mica content. The magnetic 

susceptibility of the outcrop is low.  
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Figure A2. Photos from locality 3. A) Grey rock with variation in grain-size. Coarser layer in the middle of the 

photo. B) Same rock from a different angle, where the foliation is visible.  

Locality 6 (N 6612321, E 664144) 
An outcrop opposite from a test track for cars. The rock is light grey, fine grained and of presumed 

volcanic origin. A porphyritic texture is apparent, with larger (> 1mm), dark Fe-Mg grains in a fine-

grained matrix. Most porphyroclasts seem to be surrounded by a pale/white rim (Figure A3).  

 
Figure A3. Photo from locality 6 of a fine-grained, grey, volcanic rock with dark porphyroclasts.  

Locality 7 (N 6607810, E 663701) 
A large outcrop by the Preem gas station in Rosersberg. Here, a supracrustal sequence with plagioclase 

porphyritic volcanic rock and veined micaschist is injected by large volumes of coarse pegmatite in 

places speckeled with tourmaline (Figure A4). The mica schist contains abundance of coarse-grained 

muscovite.  

A B 
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Figure A4. Photo of fine-grained, grey, sedimentary rock at locality 7. 

Locality 9 (N 6613385, E 665075) 
An outcrop beneath electric power lines. A darker, more mafic rock and a lighter, more intermediate 

rock were observed here, with major minerals being plagioclase, quartz, an Fe-Mg mineral and feldspar 

(Figure A5). The lighter rock type was finer grained and has a higher content of quartz. This outcrop is 

located within the volcanic rocks according to the geological map from SGU, but the rock could also be 

interpreted as a deformed intrusive rock.  

 
Figure A5. Photos from locality 9. A) Contact between darker and lighter rock. B) Close-up of the lighter rock.  

 

 

 

 

A B 
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Locality 10 (N 6612071, E 664099) 
Outcrop by a temporary quarry close to Arlanda express building. The rock is similar to the one at 

locality 4 and was interpreted as an intermediate andesitic rock type with amphibole. However, at this 

outcrop, the rock appears more deformed. Possible magmatic textures occur (Figure A6A). The dark 

minerals in the rock ranges from having a preferred orientation (Figure A6B) to being randomly 

oriented. Sulfides are visible in places. The magnetic susceptibility of the rock is quite low (15-20 * 10-

5 SI-units). At the same locality, but perhaps only in a separate block, a dark, fibrous rock (Figure A6C) 

was observed.  

 

Locality 11 (N 6611822, E 664127; N 6611762, E 664151) 

This outcrop was located next to a gas station by the Arlanda express building. On the same level as the 

gas station (Gasum), a similar rock type as outcrop 4 and 10 could be observed. The rock is heavily 

oxidised leading to an orange colour and the rock is also relatively mica rich (Figure A7A-B ). Walking 

on top of this wall towards the east, the rock changes to a schist with conspicuous whitish 1-5 cm large 

speckles, possibly remnants after cordierite  (Figure A7C-D).  

Figure A6. Photos from locality 10. A) 

Grey, fine grained rock with light blobs 

representing a possible igneous 

structure. B) Light rock with oriented 

dark grains. C) Dark, fibrous 

(amphibole-rich) rock at same locality, 

that might have been a separate block.  

A B 

C 
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Figure A7. Photos from locality 11. A) Rock wall of a foliated, presumed volcanic rock. B) Same rock wall with 

rusty surface. C-D) Texture in an area on top of the rock wall in A and B consisting of quartz rich “bubbles”.    

Locality 12 (N 6612379, E 665888) 
Small outcrops next to a road towards Kimsta. The rock is dark and fine grained and in places show 

lithological banding (Figure A8). Old thin sections from this location indicates a presence of sphalerite 

and pyrrhotite.  

A B 

C D 
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Figure A8. Photo from locality 12 of a moss-covered outcrop with a grey, foliated rock.  
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Appendix 3: Mineral chemistry results 
Table A2. WDS analyses of biotite in wt %.  

 

 

 

 

 
   
No.  Na2O Al2O3 MgO SiO2 K2O TiO2 CaO BaO Cl NiO FeO MnO Cr2O3 Total 

4A                

 Bt-1 0.35 16.89 11.28 36.21 9.01 1.98 0.02 0.14 0.04 0.00 20.43 0.20 0.00 96.56 

 Bt-2 0.10 16.93 11.28 35.89 8.89 2.02 0.02 0.13 0.02 0.02 21.3 0.25 0.03 96.87 

 Bt-3 0.31 16.83 11.27 35.69 8.89 1.92 0.02 0.17 0.03 0.00 20.74 0.23 0.00 96.10 

 Bt-4 0.85 17.02 9.72 38.06 8.24 2.04 0.75 0.23 0.03 0.00 19.84 0.22 0.00 96.99 

 Bt-5 0.15 16.98 12.18 34.07 6.64 1.83 0.13 0.14 0.03 0.03 22.4 0.18 0.00 94.75 

 Bt-6 0.27 16.93 10.8 36.05 9.25 1.93 0.05 0.20 0.03 0.04 20.57 0.27 0.01 96.40 
5A-1                
 Bt-1 0.12 16.61 10.01 35.79 9.91 2.14 0.13 0.09 0.20 0.02 0 21.43 0.00 96.45 

 Bt-2 0.17 16.13 10.26 35.5 9 1.86 0.10 0.11 0.24 0.03 0.04 21.26 0.00 94.70 

 Bt-3 0.22 17.16 9.83 35.76 9.41 2.12 0.11 0.11 0.21 0.02 0.01 21.57 0.00 96.53 

 Bt-4 0.18 16.83 10.09 35.58 9.43 2 0.10 0.05 0.14 0.01 0.01 21.32 0.01 95.76 

 Bt-5 0.16 16.76 10.22 36.15 9.34 1.99 0.08 0.07 0.21 0.04 0.07 21.16 0.07 96.33 

 Bt-6 0.05 17.27 9.56 35.11 9.09 2.14 0.09 0.05 0.19 0.03 0.00 23.15 0.11 96.84 

 Bt-7 0.05 16.83 9.69 35.37 8.98 1.8 0.13 0.04 0.22 0.03 0.00 22.44 0.01 95.59 

 Bt-8 0.08 16.81 10.27 34.14 8.13 1.89 0.11 0.05 0.26 0.02 0.00 23.22 0.00 94.98 

 Bt-9 0.01 17.23 9.99 34.9 8.8 2.14 0.07 0.09 0.17 0.02 0.00 21.85 0.03 95.30 

 Bt-10 0.05 17.13 9.85 35.19 9.15 2.12 0.17 0.08 0.19 0.03 0.10 22.73 0.04 96.83 
5A-2B               
 Bt-1 0.09 17.57 11.42 35.26 8.98 1.451 0.02 0.03 0.22 0.016 0.08 20.34 0.00 95.47 

 Bt-2 0.28 18.19 11.83 35.16 8.73 1.511 0.01 0.03 0.24 0.021 0.00 18.99 0.00 95.00 

 Bt-3 0.24 18.04 11.22 35.65 8.69 1.365 0.03 0.03 0.26 0.018 0.00 19.95 0.03 95.52 

 Bt-4 0.12 18.14 11.25 35.71 8.93 1.46 0.01 0.02 0.18 0.029 0.00 19.86 0.01 95.72 

 Bt-5 0.31 17.72 11.3 35.83 8.74 1.501 0.07 0.09 0.30 0.011 0.01 19.76 0.01 95.67 
8-2C                
 Bt-1 0.13 18.9 7.93 34.75 9.7 2.26 0.02 0.02 0.04 0.036 20.84 0.30 0.03 94.94 

 Bt-2 0.14 18.56 8.01 34.72 9.38 2.46 0.00 0.06 0.01 0.05 20.38 0.24 0.00 94.02 

 Bt-3 0.10 19.54 8.21 34.39 9.32 2.44 0.00 0.01 0.02 0.052 20.32 0.25 0.02 94.68 

 Bt-4 0.06 19.17 7.34 34.62 9.58 2.52 0.00 0.04 0.05 0 20.78 0.35 0.03 94.54 

 Bt-5 0.12 19.06 7.82 35.14 9.61 2.44 0.00 0.03 0.05 0.083 19.71 0.31 0.03 94.40 

 Bt-6 0.12 18.81 8.1 34.3 9.54 2.71 0.00 0.06 0.03 0.026 20.67 0.30 0.07 94.73 
8-3B                
 Bt-1 0.19 19.3 8.73 34.81 9.3 2.13 0.01 0.08 0.11 0.085 20.22 0.25 0.00 95.22 

 Bt-2 0.12 19.18 8.77 34.36 9.54 2.33 0.02 0.09 0.11 0.042 20.67 0.20 0.01 95.44 

 Bt-3 0.15 19.29 8.65 34.57 8.99 2.04 0.01 0.07 0.12 0.097 20.87 0.25 0.00 95.10 

 Bt-4 0.21 19.43 8.61 34.97 9.89 2.25 0.01 0.02 0.10 0 20.78 0.24 0.06 96.58 

 Bt-5 0.25 18.98 8.15 34.59 9.67 2.06 0.03 0.09 0.12 0.058 21.25 0.28 0.02 95.55 

 Bt-6 0.21 19.44 8.49 35.03 9.64 2.12 0.03 0.10 0.11 0 19.86 0.22 0.05 95.28 
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Table A3. WDS analyses of plagioclase in wt %.  

 
   
No.  Na2O   Al2O3  MgO    SiO2   K2O    TiO2   CaO    BaO    Cl     NiO    FeO    MnO    Cr2O3  Total   

4A                
 Pl-1  6.88 26.98 0.03 57.75 0.08 0.04 8.83 0.00 0.04 0.00 0.07 0.00 0.02 100.73 

 Pl-2  6.72 26.27 0.02 56.93 0.05 0.01 8.68 0.02 0.04 0.00 0.01 0.00 0.00 98.75 

 Pl-3  6.68 26.63 0.02 57.99 0.05 0.01 8.81 0.00 0.00 0.00 0.06 0.02 0.00 100.28 

 Pl-4  6.7 26.91 0.00 58.37 0.06 0.00 8.46 0.00 0.00 0.02 0.13 0.00 0.01 100.67 

 Pl-5  6.78 26.72 0.00 57.68 0.07 0.03 8.61 0.00 0.00 0.00 0.21 0.01 0.05 100.16 

 Pl-6  6.59 26.64 0.00 58.17 0.03 0.04 8.73 0.02 0.02 0.00 0.12 0.01 0.02 100.39 
5A-1                
 Pl-1  3.69 29.66 0.02 53.61 0.07 0.03 0.01 13.02 0.00 0.00 0.00 0.13 0.00 100.23 

 Pl-2  3.53 31.82 0.00 49.74 0.03 0.03 0.00 14.67 0.00 0.01 0.00 0.07 0.00 99.90 

 Pl-3 1.94 33.99 0.00 46.23 0.03 0.07 0.02 16.97 0.00 0.00 0.00 0.07 0.00 99.32 

 Pl-4 4.3 29.36 0.00 53.38 0.06 0.00 0.00 11.85 0.03 0.01 0.00 0.07 0.10 99.15 

 Pl-5 2.84 32.35 0.05 48.64 0.07 0.01 0.01 15.64 0.00 0.01 0.04 0.15 0.02 99.83 

 Pl-6 0.02 22.96 0.19 42.72 0.01 0.45 0.01 26.52 0.00 0.01 0.06 1.69 0.00 94.64 

 Pl-7 0.01 22.7 0.28 42.83 0.00 0.60 0.00 26.31 0.00 0.01 0.04 1.74 0.06 94.58 

 Pl-8 4.69 28.96 0.29 52.57 0.16 0.00 0.00 11.86 0.00 0.00 0.00 0.85 0.00 99.38 

 Pl-9 4.36 30.35 0.04 52.27 0.09 0.01 0.00 12.6 0.00 0.02 0.02 0.18 0.01 99.95 
Pl-10 4.32 29.98 0.03 51.69 0.30 0.05 0.01 12.25 0.00 0.02 0.00 0.14 0.00 98.79 
Pl-11 4.28 30.64 0.00 51.01 0.04 0.00 0.02 13.41 0.06 0.01 0.00 0.15 0.01 99.63 
Pl-12 3.37 31.57 0.02 50.09 0.02 0.03 0.00 14.06 0.00 0.01 0.02 0.23 0.00 99.42 

5A-2B                
 Pl-1 7.09 26.9 0.01 58.06 0.03 0.00 0.06 8.52 0.05 0.00 0.06 0.04 0.01 100.83 

 Pl-2 6.8 25.42 0.31 56.76 0.09 0.03 0.02 7.51 0.01 0.02 0.01 0.95 0.00 97.93 

 Pl-3 7.13 26.34 0.06 58.18 0.76 0.00 0.00 6.92 0.03 0.00 0.00 0.29 0.00 99.71 

 Pl-4 6.92 26.35 0.01 57.59 0.05 0.02 0.02 7.99 0.01 0.01 0.00 0.04 0.00 99.02 

 Pl-5 6.68 26.36 0.00 57.78 0.04 0.00 0.01 8.22 0.00 0.00 0.00 0.03 0.00 99.13 
8-2C                
 Pl-1 9.95 22.15 0.01 63.72 0.24 0.03 3 0 0.01 0.00 0.03 0.01 0.00 99.14 

 Pl-2 9.68 21.79 0.00 64.55 0.22 0.02 2.93 0 0.01 0.00 0.00 0.03 0.00 99.23 

 Pl-3 10.31 21.59 0.00 65.14 0.12 0.00 2.45 0 0.01 0.00 0.04 0.00 0.00 99.66 

 Pl-4 9.68 22.09 0.00 64.48 0.14 0.08 3.18 0 0.00 0.03 0.00 0.00 0.00 99.68 

 Pl-5 10.26 22.41 0.03 64.75 0.13 0.00 2.93 0 0.01 0.00 0.02 0.00 0.04 100.57 

 Pl-6 9.75 22.18 0.00 64.2 0.15 0.05 3.01 0 0.00 0.07 0.02 0.01 0.00 99.43 
8-3B                
 Pl-1 8.4 23 0.00 62.54 0.28 0.00 4.42 0.02 0.00 0.00 0.00 0.00 0.00 98.66 

 Pl-2 8.61 23.54 0.00 63.4 0.18 0.06 4.38 0.04 0.00 0.03 0.00 0.00 0.02 100.26 

 
Pl-3 8.98 23.04 0.00 62.74 0.19 0.00 4.38 0.00 0.00 0.00 0.03 0.00 0.04 99.40 

 
Pl-4 9.19 23.8 0.00 62.94 0.15 0.02 4.47 0.08 0.00 0.00 0.03 0.01 0.00 100.70 

 
Pl-5 9.32 24.14 0.04 62.75 0.09 0.05 4.63 0.04 0.01 0.00 0.11 0.00 0.00 101.17 

 
Pl-6 8.99 23.5 0 62.93 0.11 0.03 4.48 0.01 0.00 0.02 0.08 0.00 0.01 100.16 
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Table A4. WDS analyses of muscovite in wt %. 

 No.  Na2O   Al2O3  MgO    SiO2   K2O    TiO2   CaO    BaO    Cl     NiO    FeO    MnO    Cr2O3  Total   
8-2C                
 Mu-1  0.41 35.13 0.57 45.55 10.87 0.67 0.00 0.18 0.00 0.00 1.16 0.01 0.05 94.59 

 Mu-2  0.51 35.48 0.55 45.71 10.86 0.61 0.00 0.10 0.00 0.11 1.18 0.00 0.03 95.14 

 Mu-3  0.46 35.73 0.59 45.29 10.66 0.62 0.02 0.15 0.01 0.00 0.98 0.04 0.04 94.60 

 Mu-4  0.47 35.56 0.63 45.5 10.61 0.61 0.04 0.16 0.00 0.12 0.89 0.02 0.00 94.62 

 Mu-5  0.48 35.38 0.60 45.18 10.61 0.70 0.00 0.18 0.00 0.00 0.90 0.00 0.06 94.12 

 Mu-6  0.51 35.21 0.58 46.3 10.84 0.69 0.00 0.17 0.00 0.00 0.88 0.00 0.00 95.17 
8-3B                
 Mu-1  0.67 35.53 0.61 45.67 10.88 0.37 0.04 0.20 0.03 0.01 0.83 0.00 0.01 94.86 

 Mu-2  0.60 35.59 0.64 45.9 10.61 0.47 0.00 0.16 0.00 0.03 0.95 0.03 0.00 94.99 

 Mu-3  0.49 35.82 0.57 45.86 10.58 0.40 0.00 0.22 0.00 0.00 0.89 0.02 0.04 94.90 

 Mu-4  0.61 36.34 0.64 46.01 10.55 0.50 0.02 0.20 0.01 0.00 1.12 0.00 0.04 96.04 

 Mu-5  0.62 35.67 0.70 45.75 10.61 0.47 0.00 0.20 0.01 0.03 1.00 0.01 0.12 95.19 

 Mu-6  0.64 36.11 0.61 45.55 10.66 0.39 0.02 0.27 0.01 0 0.85 0.01 0.03 95.16 
 

Table A5. WDS analyses of amphibole in wt %. 

  No.  Na2O   Al2O3  MgO    SiO2   K2O    TiO2   MnO    CaO    BaO    Cl     NiO    FeO    Cr2O3  Total   
5A-1                

 Amph-1 1.12 14.94 7.25 42.54 0.42 0.69 0.27 11.17 0.08 0.02 0.00 19.27 0.04 97.80 

 Amph-2 1.05 15.3 7.07 42.16 0.48 0.65 0.33 10.95 0.00 0.00 0.00 19.96 0.01 97.98 

 Amph-3 0.10 1.38 13.13 50.37 0.05 0.02 0.92 0.70 0.05 0.05 0.01 28.94 0.00 95.71 

 Amph-4 0.07 0.88 13.38 52.21 0.03 0.07 0.88 0.67 0.00 0.00 0.02 28.94 0.02 97.16 

 Amph-5 0.04 0.66 13.71 52.47 0.00 0.03 0.90 0.71 0.00 0.00 0.00 29.4 0.01 97.93 

 Amph-6 0.11 0.87 9.17 61.9 0.09 0.01 0.66 1.61 0.00 0.01 0.00 21.9 0.02 96.35 

 Amph-7 0.04 0.77 13.81 52.59 0.02 0.02 0.90 0.59 0.02 0.00 0.03 29.34 0.00 98.13 

 Amph-8 0.03 0.73 13.72 52.09 0.01 0.07 0.96 0.55 0.00 0.00 0.00 29.1 0.00 97.26 

 Amph-9 0.10 0.95 13.22 52.57 0.02 0.06 0.94 0.61 0.01 0.00 0.00 29.16 0.01 97.65 
Amph-10 0.03 0.78 13.49 52.28 0.02 0.05 0.91 0.60 0.02 0.00 0.06 29.26 0.05 97.56 
Amph-11 0.04 0.83 13.35 51.93 0.04 0.09 0.88 0.78 0.00 0.00 0.03 29.32 0.00 97.31 
Amph-12 0.06 0.78 13.32 51.78 0.01 0.04 0.90 0.61 0.04 0.00 0.01 29.63 0.02 97.20 
Amph-13 0.05 0.68 14.64 52.63 0.00 0.05 1.05 0.66 0.04 0.01 0.00 28.56 0.03 98.40 

 

Table A6. WDS analyses of tourmaline in wt %.  
  No.  Na2O   Al2O3  MgO    SiO2   K2O    TiO2   CaO    BaO    Cl     NiO    FeO    MnO    Cr2O3  Total   
8-2C                               
  Tur-1 1.92 34.79 5.46 36.92 0.04 0.72 0.36 0.02 0.00 0.00 7.1 0.06 0.05 87.44 
  Tur-2 1.81 33.3 5.29 36.71 0.05 1.56 0.48 0.00 0.01 0.06 7.34 0.01 0.05 86.67 
8-3B                               
  Tur-1 1.63 34.73 5.69 35.64 0.07 0.66 0.77 0.00 0.00 0.00 6.31 0.02 0.02 85.55 
  Tur-2 1.72 34.56 5.76 36.22 0.06 0.56 0.63 0.00 0.00 0.00 6.50 0.02 0.05 86.07 
  Tur-3 1.80 33.91 5.82 36.34 0.03 0.87 0.53 0.03 0.00 0.00 6.78 0.02 0.01 86.14 
  Tur-4 1.66 34.59 5.85 36.19 0.00 0.75 0.68 0.00 0.02 0.00 6.28 0.02 0.01 86.04 
  Tur-5 1.82 34.06 5.73 36.39 0.05 0.67 0.55 0.00 0.00 0.01 6.46 0.04 0.13 85.90 
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Table A7. WDS analyses of garnet in sample 5A-1 in wt %. 

   No.  
   
Na2O      SiO2   

   
Al2O3  

   
MgO    

   
K2O       P2O5   

   
CaO    

   
TiO2      FeO       MnO    

   
Cr2O3     V2O3     Total   Comment   

1 0.051 36.27 20.94 1.82 0.015 0 4.56 0.033 31.19 4.79 0 0.0629 99.732 KS5A-1-Grt Line 001  
2 0 36.64 21.04 2.14 0.056 0.021 4.33 0.016 30.72 4.84 0.0109 0.0678 99.881 KS5A-1-Grt Line 002  
3 0.072 37.03 21.3 2.39 0 0 4.48 0.029 31.44 4.97 0.0044 0.0678 101.78 KS5A-1-Grt Line 003  
4 0 36.92 21.23 2.21 0 0.027 4.67 0.046 30.86 5.07 0.037 0 101.07 KS5A-1-Grt Line 004  
5 0.016 37.23 21.2 2.17 0 0.029 4.6 0.05 30.44 5.32 0 0.017 101.07 KS5A-1-Grt Line 005  
6 0 36.74 21.68 2.19 0 0.016 4.46 0.076 30.63 5.23 0.0436 0 101.07 KS5A-1-Grt Line 006  
7 0.033 37.34 21.4 2.33 0 0.072 4.77 0.065 30.38 5.53 0 0.0242 101.94 KS5A-1-Grt Line 007  
8 0 35.68 20.94 1.507 0 0 7.25 0.071 26.03 4.39 0.0709 0 95.939 KS5A-1-Grt Line 008  
9 0 36.78 21.22 2.26 0 0.026 4.48 0.047 30.43 5.74 0.0283 0.0338 101.04 KS5A-1-Grt Line 009  

10 0.047 37.31 21.34 2.29 0 0.006 4.75 0.01 30.36 5.49 0.0066 0 101.61 KS5A-1-Grt Line 010  
11 0.006 33.99 19.95 2.79 0.001 0.063 4.27 0.026 30.56 5.22 0 0.0145 96.89 KS5A-1-Grt Line 011  
12 0.063 37.11 21.12 2.07 0.001 0 4.55 0.08 30.33 5.65 0 0.0363 101.01 KS5A-1-Grt Line 012  
13 0.011 36.72 20.79 2.24 0.022 0.01 4.57 0.017 29.23 5.85 0.0416 0.0461 99.547 KS5A-1-Grt Line 013  
14 0.003 36.88 21.22 2.29 0.028 0.043 4.29 0.06 30.81 5.8 0.0392 0.0387 101.5 KS5A-1-Grt Line 014  
15 0.008 37.14 21.35 2.29 0 0 4.29 0.065 30.34 6.05 0 0.0387 101.57 KS5A-1-Grt Line 015  
16 0.055 97.35 0.4138 0.023 0.001 0 0.11 0 0.947 0.201 0 0 99.101 KS5A-1-Grt Line 016  
17 0.03 98.25 0.0823 0.013 0 0 0.023 0.017 0.751 0.074 0 0.0326 99.272 KS5A-1-Grt Line 017  
18 0.004 88.63 1.4839 0.095 0.032 0.044 0.414 0.009 2.43 0.544 0 0.0216 93.709 KS5A-1-Grt Line 018  
19 0.051 37.15 21.29 2.01 0.007 0.008 4.34 0.032 30.21 5.91 0.0153 0 101.02 KS5A-1-Grt Line 019  
20 0.074 36.9 20.97 2.12 0.009 0.021 4.21 0.038 30.5 5.81 0 0.0073 100.66 KS5A-1-Grt Line 020  
21 0.018 36.74 21.26 2.24 0 0.013 4.16 0.05 30.5 5.84 0.0196 0.029 100.87 KS5A-1-Grt Line 021  
22 0 26.18 15.11 1.388 0.008 4.73 17.77 0.01 24.12 4.43 0.0473 0.05 93.844 KS5A-1-Grt Line 022  
23 0.011 37.16 21.42 2.11 6E-04 0 4.03 0.04 30.7 5.7 0.0478 0 101.22 KS5A-1-Grt Line 023  
24 0 36.84 21.13 2.15 0 0 4.12 0.073 30.74 5.5 0.0283 0.1088 100.69 KS5A-1-Grt Line 024  
25 0.038 36.7 21.15 2.05 0.049 0 4.1 0.004 31.16 5.54 0.0543 0 100.85 KS5A-1-Grt Line 025  
26 0 36.91 21.59 1.87 0.01 0 4.09 0.017 30.59 5.92 0 0.0193 101.02 KS5A-1-Grt Line 026  
27 0.022 33.36 18.78 1.7 0.001 0 4.02 0.005 31.1 5.88 0 0.0335 94.902 KS5A-1-Grt Line 027  
28 0 91.99 1.2514 0.067 0 0.011 0.22 0 1.75 0.405 0.0222 0 95.717 KS5A-1-Grt Line 028  
29 0 36.83 21.03 2.04 0.019 0 4.24 0.018 31.14 5.24 0 0.0363 100.59 KS5A-1-Grt Line 029  
30 0.189 81.38 7.49 0.578 0.01 0 1.69 0 10.19 1.73 0.0095 0.0157 103.28 KS5A-1-Grt Line 030  
31 0 97.85 0.0667 0 0 0 0.02 0 0.426 0.106 0.0299 0.0054 98.504 KS5A-1-Grt Line 031  
32 0.026 96.35 0.0444 0.006 0.019 0.07 0.046 0 0.418 0.091 0 0.019 97.09 KS5A-1-Grt Line 032  
33 0.015 97.94 0.0512 0.01 0.004 0.023 0.052 0 0.462 0.021 0 0.0272 98.606 KS5A-1-Grt Line 033  
34 0.025 36.9 21.23 1.89 0 0.061 4.49 0.02 30.19 5.21 0.0131 0 100.03 KS5A-1-Grt Line 034  
35 0 36.83 21.35 1.98 0.014 0 4.7 0.053 30.57 5.62 0 0 101.12 KS5A-1-Grt Line 035  
36 0 36.99 21.11 1.98 0 0.045 4.79 0.089 30.51 5.76 0 0.046 101.32 KS5A-1-Grt Line 036  
37 0.042 36.54 21.09 1.9 0.003 0 4.51 0.027 30.14 6.05 0 0.0677 100.37 KS5A-1-Grt Line 037  
38 0 36.86 21.02 2.1 0.008 0.091 4.8 0.081 30.32 6.01 0.0131 0.0411 101.34 KS5A-1-Grt Line 038  
39 0 36.76 20.83 1.93 0.017 0 4.76 0.071 29.2 6.13 0.0372 0.0242 99.759 KS5A-1-Grt Line 039  
40 0 36.87 21.02 2.03 0.029 0 4.71 0.103 29.97 6.34 0 0.0363 101.11 KS5A-1-Grt Line 040  
41 0.005 36.77 21.2 2.01 0 0.021 4.71 0.073 29.17 6.26 0.0196 0.0606 100.3 KS5A-1-Grt Line 041  
42 0.004 36.8 21.07 1.94 0.009 0.042 4.81 0.079 30.16 6.34 0 0.0871 101.34 KS5A-1-Grt Line 042  
43 0.052 36.78 20.88 2.1 0.018 0.036 4.92 0.123 29.43 6.31 0.0175 0.0315 100.7 KS5A-1-Grt Line 043  
44 0 36.75 21.15 1.92 0.003 0 4.94 0.084 29.67 6.56 0 0.0121 101.09 KS5A-1-Grt Line 044  
45 0.045 36.85 21.43 2.01 0.038 0 4.87 0.043 28.92 6.53 0.0022 0 100.74 KS5A-1-Grt Line 045  
46 0.045 35.66 20.39 1.9 0 0.027 4.61 0.046 28.9 6.74 0 0 98.318 KS5A-1-Grt Line 046  
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   No.  
   

Na2O      SiO2   
   

Al2O3  
   

MgO    
   

K2O       P2O5   
   

CaO    
   

TiO2      FeO       MnO    
   

Cr2O3     V2O3     Total   Comment   

47 0.054 37.02 21.13 1.89 0.022 0 4.7 0.055 29.22 6.8 0 0.0363 100.93 KS5A-1-Grt Line 047  
48 0.013 36.85 20.98 2.07 0.002 0 4.81 0.083 29.35 6.96 0.0131 0.0581 101.19 KS5A-1-Grt Line 048  
49 0 36.77 21.12 2.03 0.018 0 4.72 0.099 28.99 7 0.0219 0.0266 100.8 KS5A-1-Grt Line 049  
50 0.038 36.86 21.1 1.96 0.005 0.015 4.63 0.058 29.35 6.98 0.0131 0.0073 101.02 KS5A-1-Grt Line 050  
51 0.035 36.92 21.39 2.05 0 0.006 4.61 0.134 29.2 6.89 0 0 101.24 KS5A-1-Grt Line 051  
52 0.075 29.51 17.03 9.27 0.033 0.045 2.07 0.054 29.31 2.89 0 0.0628 90.349 KS5A-1-Grt Line 052  
53 0.007 36.72 20.98 1.9 0.038 0 4.7 0.115 28.94 7.29 0.0022 0.0459 100.74 KS5A-1-Grt Line 053  
54 0.093 41.31 23.57 2.25 0.01 0 4.59 0.158 28.24 7.09 0 0.0122 107.32 KS5A-1-Grt Line 054  
55 0.014 36.76 21.01 1.95 0 0 4.51 0.12 29.39 7.22 0 0.0918 101.07 KS5A-1-Grt Line 055  
56 0.021 36.98 21.32 1.81 0.011 0.006 4.67 0.113 29.13 7.06 0.0066 0.0654 101.19 KS5A-1-Grt Line 056  
57 0 36.97 20.83 1.9 0 0.035 4.74 0.12 28.97 6.95 0 0.0727 100.59 KS5A-1-Grt Line 057  
58 0 36.36 20.94 1.93 0.016 0 4.69 0.105 28.94 7.25 0.0656 0.0581 100.35 KS5A-1-Grt Line 058  
59 0.028 36.11 21.16 1.85 0 0 4.7 0.1 29.13 6.89 0.0022 0.0263 99.996 KS5A-1-Grt Line 059  
60 0.031 36.72 21.69 1.9 0.004 0 4.77 0.056 29.09 7.22 0.0264 0.0218 101.53 KS5A-1-Grt Line 060  
61 0 36.88 21.2 1.79 0.004 0 4.78 0.107 29.74 6.8 0 0.0557 101.36 KS5A-1-Grt Line 061  
62 0 36.57 21.07 1.72 0.021 0.028 4.81 0.092 29.14 7.18 0 0.0048 100.64 KS5A-1-Grt Line 062  
63 0.023 36.69 21.06 1.93 0 0 4.86 0.093 29.12 6.87 0.0153 0.0194 100.68 KS5A-1-Grt Line 063  
64 0.009 36.4 21.08 1.87 0 0.012 4.83 0.136 28.79 7.04 0.0263 0.0145 100.21 KS5A-1-Grt Line 064  
65 0 36.49 21.28 1.91 0.013 0.003 4.77 0.053 28.44 6.94 0.0303 0.0576 99.987 KS5A-1-Grt Line 065  
66 0 36.76 21.06 1.94 0 0.024 4.89 0.075 29.51 6.85 0 0.0073 101.12 KS5A-1-Grt Line 066  
67 0.041 37.05 21.21 2.1 0 6E-04 4.72 0.093 28.92 6.53 0.0241 0.0024 100.69 KS5A-1-Grt Line 067  
68 0.009 36.75 20.63 1.94 0.033 0.004 4.89 0.092 29.56 6.34 0 0.0121 100.26 KS5A-1-Grt Line 068  
69 0.049 36.87 21.34 1.96 0 0.006 4.91 0.071 29.38 6.2 0.0526 0.0146 100.85 KS5A-1-Grt Line 069  
70 0.021 38.31 21.9 2.17 0 0 5 0.01 28.9 5.85 0 0 102.16 KS5A-1-Grt Line 070  
71 0 37.51 21.05 1.99 0.003 0.01 4.88 0.073 29.71 5.71 0 0 100.94 KS5A-1-Grt Line 071  
72 0.031 36.84 20.99 1.98 0.03 0.034 4.86 0.056 29.96 5.67 0.0044 0.0267 100.48 KS5A-1-Grt Line 072  
73 0.016 36.88 20.92 2.04 0.019 0 4.77 0.08 30.34 5.77 0.0197 0 100.85 KS5A-1-Grt Line 073  
74 0 35.98 21 1.85 0.03 0.003 4.66 0.068 30.1 5.58 0 0 99.271 KS5A-1-Grt Line 074  
75 0.049 36.9 21.31 2.21 0.028 0.017 4.46 0.057 30.74 5.69 0.0284 0.0631 101.55 KS5A-1-Grt Line 075  
76 0.007 35.66 20.39 1.79 0 1.312 7 0.102 29.5 5.53 0.0088 0.0024 101.3 KS5A-1-Grt Line 076  
77 0.016 36.75 20.95 2.14 0 0 4.27 0.028 30.53 5.85 0 0.0242 100.56 KS5A-1-Grt Line 077  
78 0.002 42.97 17.45 1.575 0 0 3.86 0.021 27.55 5.12 0 0.0367 98.585 KS5A-1-Grt Line 078  
79 0 36.84 21.26 1.99 0.041 0 4.45 0.049 30 5.62 0.0066 0 100.26 KS5A-1-Grt Line 079  
80 0.04 96.88 0.0412 0.026 0.025 0 0.045 0 0.565 0.123 0.0425 0 97.788 KS5A-1-Grt Line 080  
81 0.005 36.71 21.04 1.96 0.012 0.026 4.47 0.002 30.39 5.63 0 0 100.25 KS5A-1-Grt Line 081  
82 0.011 36.65 21.19 1.98 0 0.028 4.52 0.044 30.28 5.9 0.0503 0.0194 100.67 KS5A-1-Grt Line 082  
83 0 36.45 20.96 2.14 0.003 0.054 4.81 0.041 30.31 5.95 0.0044 0.0656 100.79 KS5A-1-Grt Line 083  
84 0.006 36.93 21.08 2.09 0.016 0.03 4.64 0.061 30.22 6.08 0 0.0243 101.18 KS5A-1-Grt Line 084  
85 0.056 36.66 21.25 1.84 0 0.033 4.76 0.077 30.31 5.84 0 0.017 100.84 KS5A-1-Grt Line 085  
86 0 36.77 20.94 1.89 0.039 0 4.77 0.076 30.1 5.95 0.0461 0.0243 100.61 KS5A-1-Grt Line 086  
87 0.006 36.59 21.45 2.08 0 0 4.68 0.076 29.95 6.2 0 0.0365 101.07 KS5A-1-Grt Line 087  
88 1.45 36.67 21.11 2.02 0 0.036 4.52 0.042 29.66 6.05 0.011 0 101.57 KS5A-1-Grt Line 088  
89 0.054 36.89 21.14 1.87 0 0 4.9 0.051 29.26 6.43 0 0 100.59 KS5A-1-Grt Line 089  
90 0.038 36.76 21.27 2.09 0.001 0 4.93 0.054 30.29 6.29 0 0.0389 101.76 KS5A-1-Grt Line 090  
91 0 36.84 21.39 1.96 0.008 0 4.66 0.075 29.92 6.29 0 0.0292 101.17 KS5A-1-Grt Line 091  
92 0.007 36.97 21.48 1.98 0.031 0.054 4.6 0.053 29.68 6.18 0 0.0438 101.08 KS5A-1-Grt Line 092  
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   No.  
   

Na2O      SiO2   
   

Al2O3  
   

MgO    
   

K2O       P2O5   
   

CaO    
   

TiO2      FeO       MnO    
   

Cr2O3     V2O3     Total   Comment   

93 0.024 36.41 20.73 1.82 0 0 4.65 0.048 29.49 6 0.0548 0.0316 99.258 KS5A-1-Grt Line 093  
94 0.072 36.46 21.32 2.1 0 0 4.48 0.062 30.46 5.99 0.0197 0.0559 101.02 KS5A-1-Grt Line 094  
95 0.004 37.05 21.29 2.15 0 0.035 4.21 0.021 30.67 6.4 0 0 101.83 KS5A-1-Grt Line 095  
96 0.022 36.86 21.24 2.12 0.003 0.082 4.21 0.024 30.53 6.27 0.035 0.0146 101.41 KS5A-1-Grt Line 096  
97 0 36.84 21.53 2.09 0 0.02 4.15 0.025 30.47 6.37 0.0022 0 101.5 KS5A-1-Grt Line 097  
98 0 36.99 21.42 2.2 0.02 0 4.09 0.057 30.01 6.26 0.0548 0.0486 101.15 KS5A-1-Grt Line 098  
99 0.009 36.65 21.22 2.19 0.027 0 4.33 0.054 30.77 5.94 0 0.0243 101.21 KS5A-1-Grt Line 099  

100 0.06 36.88 21.08 1.92 0.004 0.063 4.18 0.017 30.98 5.59 0 0.0437 100.82 KS5A-1-Grt Line 100  
 
Table A7. WDS analyses of garnet in sample 5A-2B in wt %. 

No.  Na2O   SiO2   Al2O3  MgO    K2O    P2O5   CaO    TiO2   FeO    MnO    Cr2O3  V2O3   Total   Comment    
1 0.07 36.5 21.33 3.27 0 0.04 1.79 0 36.5 1.18 0 0 100.6 KS5A-2B-Grt manual prof 1  
2 0.01 36.2 21.05 3.5 0 0.08 1.79 0 36.7 1.1 0.006 0.06 100.5 KS5A-2B-Grt manual prof 2  
3 0.04 36.3 20.92 3.45 0 0 1.81 0.04 36.6 1.14 0.04 0.05 100.4 KS5A-2B-Grt manual prof 3  
4 0 36 21.17 3.39 0 0 2.29 0.08 35.9 1.4 0.06 0.1 100.4 KS5A-2B-Grt manual prof 4  
5 0.02 36.3 21.12 3.32 0 0 1.96 0.06 35.7 1.34 0 0.02 99.83 KS5A-2B-Grt manual prof 5  
6 0 36.2 21.27 3.22 0 0.05 2.15 0.02 35.9 1.71 0 0 100.5 KS5A-2B-Grt manual prof 6  
7 0.03 36.4 21.19 3.13 0 0 2.4 0.09 34.5 2.19 0.034 0.02 99.9 KS5A-2B-Grt manual prof 7  
9 0.04 37 21.39 2.81 0 0.06 2.46 0.03 33.9 2.36 0.052 0.02 100.1 KS5A-2B-Grt manual prof 9  

10 0 36.8 21.19 3.39 0 0 1.89 0.03 35.3 2.41 0.006 0.05 101.1 KS5A-2B-Grt manual prof 10  
11 0 36.6 21.37 3.45 0 0.04 1.99 0.1 34.6 2.38 0.017 0 100.5 KS5A-2B-Grt manual prof 11  
12 0 36.3 21.22 2.9 0 0.04 2.43 0.1 33.8 3.06 0.067 0.04 100 KS5A-2B-Grt manual prof 12  
13 0 36.2 20.79 2.67 0 0.05 2.49 0.13 34 3.8 0.047 0.03 100.2 KS5A-2B-Grt manual prof 13  
14 0 36.5 21.07 2.83 0 0.04 2.56 0.31 33.2 3.91 0.024 0.01 100.5 KS5A-2B-Grt manual prof 14  
15 0 36.5 21 2.78 0 0.12 2.55 0.07 33.3 4.14 0.032 0 100.5 KS5A-2B-Grt manual prof 15  
16 0.03 36.2 21.03 2.64 0 0 2.59 0.05 33.5 4.33 0 0.01 100.3 KS5A-2B-Grt manual prof 16  
18 0.06 36.6 21.09 2.59 0 0 2.44 0.03 33.7 4.18 0.004 0.06 100.8 KS5A-2B-Grt manual prof 18  
19 0 36.7 21.1 2.46 0 0.07 2.59 0.07 33.4 4.23 0 0 100.6 KS5A-2B-Grt manual prof 19  
20 0 36.7 21.21 2.72 0 0.04 2.43 0.03 34.6 3.7 0.019 0 101.4 KS5A-2B-Grt manual prof 20  
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Appendix 4: Pseudosections 
 

 
Figure A9. Pseudosection of O2 vs temperature in sample 5A-1. The assemblage Fsp(C1) + Bi(W) + Gt(W) + 
Ilm(WPH) + cAmph(G) + q corresponds to the assemblage observed in thin section and plots at 0-~0.6 O2.  

 
Figure A10. P-T pseudosection of sample 5A-1 showing stable mineral assemblages when O2 concentration is 
0.4. The assemblage in sample 5A-1 Fsp(C1) + Bi(W) + Gt(W) + Ilm(WPH) + cAmph(G) + q, plots in a narrow 
field at around 3000 bar and 873 K.   
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Figure A11. Pseudosection of O2 vs temperature in sample 5A-2. The assemblage in sample 5A-2, Fsp(C1) + 
Bi(W) + Gt(W) + Ilm(WPH) + q, plots close to 0 O2, in a narrow field above 873 K.  
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