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Characterization of mineral parageneses and metamorphic tex-

tures in eclogite- to high-pressure granulite-facies marble at All-

menningen, Roan, western Norway

STYLIANOS KARASTERGIOS 

Karastergios, S., 2020: Characterization of mineral parageneses and metamorphic textures in eclogite- to high-

pressure granulite-facies marble at Allmenningen, Roan, western Norway. Dissertations in Geology at Lund Uni-

versity, No 609, 83 pp. 45 ECTS credits. 

Abstract: The Roan peninsula in western Norway, Vestranden, is known for exposing one of the deepest parts of 

the Scandinavian Caledonian orogen, similar to the Western Gneiss Region. Throughout the Roan area, eclogites 

and high-pressure granulite- and amphibolite-facies gneisses occur, associated with supracrustal rocks including 

marbles, calc-silicate rocks and amphibolites. Although extensive research has been conducted regarding Western 

Gneiss Region and Vestranden, the mineralogical and petrographical data from marbles and calc-silicate rocks are 

limited. 

The study materials are from Allmenningen, an island located 9 km west of Roan. The studied rocks belong to the 

Einarsdalen Supracrustal Unit, which is composed of paragneisses, marbles, calc-silicate rocks with mafic lenses 

and amphibolites. The aim of this study is to determine the petrography, textural characteristics, and mineral 

chemistry of the marbles, calc-silicate and associated mafic rocks, and how they are connected to the metamorphic 

conditions in Roan. Furthermore, calcareous rocks are of environmental importance because they emit significant 

amounts of CO2 into the atmosphere during metamorphism. 

Twelve samples collected from Allmenningen have been analysed under petrographic microscope and five further 

studied in SEM-EDS. Based on the EDS analyses, one sample was used for P–T mineral equilibria calculation 

using TWQ geothermobarometry.  

The petrographic data show that the mineral assemblage in the marbles is calcite + dolomite + clinopyroxene + 

scapolite ± epidote + phlogopite + amphibole + quartz. Calc-silicate rocks are composed of calcite + dolomite + 

clinopyroxene ± amphibole + scapolite + phlogopite + garnet + quartz. Mafic rocks contain garnet + clinopyroxene 

+ zoisite + plagioclase ± amphibole + calcite. Accessory minerals include titanite, apatite, zircon, and opaques. All

three rock types have mineral assemblages that indicate high-pressure granulite-facies metamorphism. P–T

estimates using TWQ suggest temperatures ~875°C and pressures ~14 kbar for the formation of garnet rims in a

garnet-rich mafic calc-silicate rock in the presence of a fluid phase composed of 75% CO2 and 25% H2O.

Diopside and grossular-rich garnet formed by heating and devolatilization in both carbonate and mafic rocks. The 

dominant minerals that were consumed are zoisite, calcite, plagioclase and quartz. Fluorine is present mainly in 

apatite, and in minor amounts in phlogopite and amphibole, suggesting that the CO2-rich fluid phase contained 

minor amounts of dissolved halogens during metamorphism.  

Keywords:  Western Gneiss Region, Vestranden, Roan, Caledonides, marble, calc-silicate, metabasic, petrography, 

SEM-EDS, mineral chemistry, mineral equilibrium, P–T estimate, devolatilization 

Supervisor: Charlotte Möller 

Subject: Bedrock Geology 

Stylianos Karastergios, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 
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Karakterisering av mineralparageneser och metamorfa texturer i 

eklogit- till högtrycksgranulit-facies marmor från Allmenningen, 

Roan, västra Norge

STYLIANOS KARASTERGIOS 

Karastergios, S., 2020: Karakterisering av mineralparageneser och metamorfa texturer i eklogit- till 

högtrycksgranulit-facies marmor från Allmenningen, Roan, västra Norge. Examensarbeten i geologi vid Lunds 
universitet. Nr. 609, 83 pp. 45 ECTS poäng. 

Abstrakt: Roanhalvön i västra Norge, Vestranden, är känd för att exponera en av de djupaste delarna av de 

skandinaviska Kaledoniderna, i likhet med den Västra gnejsregionen i Norge. I Roan-området förekommer 

eklogiter och granulit- till amfibolit-facies ortognejser, tillsammans med suprakrustalbergarter som paragnejser, 

marmor, kalksilikat och amfibolit. Även om omfattande undersökningar har gjorts i Västra gnejsregionen och 

Vestranden, har det gjorts få mineralogiska och petrografiska undersökningar  av marmor och kalksilikatbergarter. 

Studiematerialet kommer från ön Allmenningen 7 km väster om Roan. De studerade bergarterna tillhör Einarsdalen 

Supracrustal Unit, som består av paragnejser, marmor, kalksilikat, samt mafiska linser och amfibolit. Syftet med 

denna studie är att bestämma petrografi, texturer och mineralkemi för marmor, kalksilikat och associerade mafiska 

bergarter, och hur de är kopplade till de metamorfa förhållandena i Roan. Metamorfos av karbonatbergarter är 

dessutom av betydelse eftersom de avger mängder koldioxid till atmosfären som bidrar till klimatförändringar. 

Tolv prov från Allmenningen har analyserats med petrografisk mikroskopi och fem studerades vidare med SEM-

EDS. Baserat på EDS-analyserna valdes ett prov ut för P–T-beräkning med hjälp av TWQ-geotermobarometri.  

Petrografidata visar att paragenesen i marmor är kalcit + dolomit + klinopyroxen + skapolit ± epidot + flogopit + 

amfibol + kvarts. Kalksilikatbergarter består av kalcit + dolomit + klinopyroxen ± amfibol + skapolit + flogopit + 

granat + kvarts. Mafiska bergarter innehåller granat + klinopyroxen + zoisit + plagioklas ± amfibol + kalcit. 

Accessoriska mineral är titanit, apatit, zirkon och opakmineral. Alla tre bergartstyper har parageneser som 

motsvarar högtrycksgranulit-facies. P–T-estimat beräknade med TWQ indikerar temperaturer ~875°C och tryck 

~14 kbar för bildning av granatkanter i en granatrik mafisk kalksilikatbergart, i närvaro av en fluid fas bestående av 

75% CO2 och 25% H2O. 

Diopsid och grossular-rik granat bildades under metamorfosen genom upphettning och devolatilisering av både 

karbonatbergarter och mafiska bergarter De mineral som konsumerades är zoisit, kalcit, plagioklas och kvarts. 

Närvaro av fluor, huvudsakligen i apatit men även i mindre mängder i flogopit och amfibol, antyder att den CO2-

rika vätskefasen innehöll mindre mängder upplösta halogener.  

Nyckelord:  Västra gnejsregionen, Vestranden, Roan, Kaledoniderna, marmor, kalksilikat, metabasit, petrografi, 

SEM-EDS, mineralkemi, mineraljämvikt, P–T-bestämning, devolatilisering  

Handledare: Charlotte Möller  

Ämnesinriktning: Berggrundsgeologi 

Stylianos Karastergios, Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post: 

st6776ka-s@student.lu.se 
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1  Introduction 
Norway is a country with very interesting geology 
because it hosts rocks from a broad variety of 
metamorphic terranes from the Caledonian orogeny. 
The Western Gneiss Region (WGR, Fig. 1) is a 
Precambrian basement area located in the 
southwestern part of the country and it is famous for 
hosting spectacular eclogite formed during the 
Caledonian orogeny (Brueckner 2018, and references 
therein). However, the Caledonian orogen is well 
imprinted on northerly parts as well. Vestranden is a 
Precambrian basement area that is considered a 
northern analogue of the WGR, and the tectonic 
history and the P–T–t metamorphic path show 
similarities with the WGR (Johansson & Möller 1986; 
Möller 1988; Dallmeyer et al. 1992; Gordon et al. 
2016). 

Although the P–T–t evolutions of the WGR and 
Vestranden have been investigated previously, 
mineralogical and petrographical studies of marbles 
and associated rocks are few. Ramberg (1943), 
documented mineralogical assemblages of eight 
marble occurrences along the coasts of Vestranden. 
For at least one of these occurrences, Allmenningen, 
variations are considerable amongst the marbles and 
associated rocks. 

High pressure granulite -and eclogite- facies 
assemblages have been documented in mafic rocks in 
the Roan peninsula and nearby areas in Vestranden 
(Johansson & Möller 1986; Möller 1988). However, 
the marbles in the same area have received little 
attention since the study of Ramberg (1943). These 
rocks are of interest due to the metamorphism that they 
have been subjected to, at high pressure granulite- and 
eclogite-facies. Furthermore, their mineralogy is 
interesting due to interference of silicate material and 
mafic rocks. Pure white marbles have been quarried 
from Allmenningen in Roan and used as pillars in the 
Nidaros Cathedral in Trondheim (e.g., Heldal 2012), 
so this study provides some cultural interest as well. 

In this study, the petrography, textural 
characteristics and mineral chemistry of marble and 
associated mafic rocks at Allmenningen, Roan, 
Vestranden, are analysed and connected to the 
metamorphic conditions. What is remarkable about 
this succession of rocks are the metamorphic 
conditions during Caledonian times. Möller (1988) 
estimated that the metamorphic conditions in Roan 
reached temperatures of 870 ± 50°C and pressures 
around 14.5 ± 2 kbar, which can be translated to the 
equivalent of a 50 km overburden in the crust 
(Johansson & Möller 1986). The metamorphic 
evolution is subdivided in many stages and will be 
described later. 

Roan exposes one of the deepest structural units of 
the Caledonian orogen, and thus as an area, constitutes 
one of the best examples that provides evidence on the 
tectono-metamorphic history of the Caledonian orogen 
in central Norway. The aim of this study is to provide 
insights into the complex mineralogy of the marbles, 
calc-silicates and mafic rocks, collected from 
Allmenningen, Roan, their mineral assemblages, 
textures, and mineral chemistries. 

2 Geological Setting 
The Western Gneiss Region (WGR) and Vestranden in 
Norway represent the deepest parts of the basement in 
the Scandinavian Caledonides. These regions cover a 
large part of the central Norwegian coastline and 
extend approximately from Bergen northwards to the 
Foldereid-Vikna area (Fig. 1). 

2.1 Western Gneiss Region 
The dominant rock types in the Western Gneiss 
Region are high-grade metamorphic gneisses with 
occurrences of eclogite and garnet peridotite (e.g., 
Eskola 1921; Tveten et al. 1998). Other rock types are 
orthogneisses, high-pressure granulites, paragneisses, 
marbles, amphibolitized eclogites and granulites, and 
late pegmatitic dykes (Engvik et al. 2018, and 
references therein). 

Eclogite and other high-pressure parageneses 
formed in the Western Gneiss Region during 
Caledonian orogenesis, specifically, during 
Silurodevonian continental collision between Baltica 
and Laurentia (Cuthbert et al. 1983; Griffin et al. 
1985). As a result of this collision, extensive tectonic 
burial of the bedrock formed eclogites and high-
pressure granulites (Mørk 1985; Griffin et al. 1985). 
The metamorphic conditions in the WGR fall within 
the eclogite field and increase towards the northwest 
(Krogh 1977); in the region of Kristiansund, estimated 
pressures range between 18 and 20 kbar and 
temperature reaches 800°C (Griffin et al. 1985). In 
southern WGR, ultra high-pressure (UHP) conditions 
(coesite stability field) have been recorded in three 
domains: Nordfjord, Sørøyane, and Nordøyane (Fig. 1; 
e.g., Wain 1997; Root et al. 2005; Vrijmoed et al.
2006; Hacker et al. 2010). Between these three
domains, peak metamorphic conditions increase from
700°C and 28 kbar in Nordfjord to 850°C and 32-36
kbar in Nordøyane (Krogh 1977; Cuthbert et al. 2000;
Krogh Ravna & Terry 2004; Hacker 2006; Young et
al. 2007).

The crystalline bedrock of the WGR is considered 
to represent the parautochthonous shortened margin of 
Baltica (Fig. 1; Gee et al. 1985). The metamorphic 
basement is composed of orthogneisses of mainly 
granitic bulk composition, which are mixed with 
amphibolites, metamafic bodies, and rocks of 
supracrustal origin and unknown age. 

Caledonian metamorphism in the Western Gneiss 
Region is dated at the Silurian–Devonian, ca. 400–425 
Ma, based on Sm-Nd mineral ages and U-Pb zircon 
ages from eclogites (Krogh et al. 1974; Griffin & 
Brueckner 1980; Mearns & Lappin 1982; Kullerud et 
al. 1986; Mørk & Mearns 1986). This event is termed 
the Scandian event (Gee et al. 2008). The protoliths of 
the orthogneisses throughout the WGR have been 
estimated by Kullerud et al. (1986) using U–Pb ages 
from zircon crystals. Also, Mørk and Mearns (1986), 
using Sm–Nd ages, proved that the crystallization of 
the mafic protoliths of some metagabbros and 
metadolerites occurred at around 1250 Ma. Recent 
zircon U–Pb data date the main magmatism in the 
proto-WGR at the Paleoproterozoic, ca. 1686–1594 
Ma (Røhr et al. 2013). 
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Figure 1. Simplified tectonic map of southern Scandinavia, based on Geological Survey databases of Sweden and Norway. The 
small red rectangle in the upper part of the map is the Roan area. Subdivision of the Scandinavian Caledonides after Gee et al. 
1985. Subdivision of the Eastern Segment of the Sveconorwegian orogen after Möller et al. 2015. Illustration provided by C. 
Möller. 

N 
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2.2 Vestranden and the Roan area 
The name Vestranden is used for the strip of 
metamorphosed Precambrian bedrock, and young 
intrusive plutonic rocks (e.g. in the islands of Smøla 
and Hitra), along the Norwegian coast from 
Kristiansund to Namsos (Fig. 1; Kjerulf 1871; 
Ramberg 1943). Vestranden is commonly considered 
to be the northern extension of the WGR (Ramberg et 
al. 2008). The peak metamorphic event in Vestranden 
coincides with the main phase of Caledonian orogeny. 

Similar to the WGR, Precambrian rocks dominate 
large parts of Vestranden (Solli et al. 1997). The 
Precambrian rocks range in age between ca. 1830 and 
1630 Ma (Johansson 1986a; Schouenborg et al. 1991; 
Gordon et al. 2016). These gneisses are intercalated 
and folded together with amphibolite complexes and 
metasupracrustal rocks of hitherto unknown ages and 
origins (Birkeland 1958; Ramberg 1943, 1966; 
Johansson et al. 1987a; Möller 1988; Schouenborg 
1989). 

The Roan peninsula is part of Vestranden (Fig. 2), 
and its bedrock is composed of many different rock 

types. Möller (1988) distinguished three main 
complexes in the Roan area: The Roan Igneous 
Complex (RIC), the Banded Gneiss Complex (BGC), 
and the Einarsdalen Supracrustal Unit (ESU; Fig. 2). 
Younger penetrative pegmatite dykes are found 
throughout these complexes. The BGC and equivalents 
can be found under other names in literature, for 
example, Basal Gneiss Complex in Cuthbert et al. 
(1983) and Vestranden Gneiss Complex in Dallmeyer 
et al. (1992), respectively. This paper, though, will use 
the term Banded Gneiss Complex. 

The island of Allmenningen is part of the Roan 
area (Fig. 2) and is located approximately 9 kilometres 
west of the Roan peninsula. The rock samples that are 
analysed in this study are from this island and were 
collected by C. Möller and L. Johansson in 2016 and 
2019.  

The major rock types in the Roan area are 
orthogneisses which vary in composition from granitic 
to quartz-monzodioritic (Möller 1988, 1990). The 
protolith ages of the orthogneisses have been 
determined using U-Pb dating of zircon crystals and 
yield ages around 1640-1650 Ma (Johansson and 

Figure 2. Bedrock map of the Roan area, with the marble-bearing supracrustal unit (Einarsdalen Supracrustal Unit, ESU) in 
blue. Note the location of Allmenningen in NW and the cross section beneath the map (marked A–B in the map). The blue 
hatched lines in the map, correspond with the hatched lines in the cross section that follow the folding of the rocks. Illustration 
provided by C. Möller. 
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Möller unpublished data; Gordon et al. 2016). The 
Einarsdalen Supracrustal Unit (Möller 1988, 1990) 
forms sheets that contain paragneisses and mafic rocks 
together with marbles and calc-silicate rocks and is 
commonly associated with up to 1 km thick banded 
amphibolite sheets. Supracrustal rocks and banded 
amphibolites are intercalated with and multiply folded 
together with the orthogneisses. 

Petrographic and petrologic studies (Ramberg 
1943; Johansson & Möller 1986; Möller 1988, 1990) 
suggest that the metamorphic peak conditions in 
Vestranden were lower in terms of pressure and higher 
in terms of temperature than of the WGR. An estimate 
based on garnet and two pyroxenes for a garnet 
pyroxenite yielded 870 ± 50 °C and 14.5 ±2 kbar 
(Johansson & Möller 1986). 

The metamorphic P–T path of the rocks in Roan 
records a prograde part with metamorphic peak 
conditions in the high-pressure granulite field, at ca. 
870°C and 14.5 kbar, and a later near-isothermal 
decompression (Johansson & Möller 1986; Möller 
1988; Dallmeyer et al. 1992). Sm–Nd ages (Opx-Cpx-
wr-Grt) dated the high-pressure metamorphism at the 
Silurian 432 ± 6 Ma (Dallmeyer et al. 1992), following 
broadly the general pattern of the Scandian 
metamorphism in WGR. Cooling ages that correspond 
to the near-isothermal decompression were dated with 
the 40Ar–39Ar method on hornblende and provided 
results of 400 ± 16 Ma (Dallmeyer et al. 1992), i.e., 
younger than the peak metamorphic event, confirming 
the P–T–t path proposed by Johansson and Möller 
(1986). Recent U–Pb zircon ages date the 
crystallization of migmatite veins in orthogneiss at ca. 
400 Ma (late Silurian – early Devonian; Gordon et al. 
2016). 

New and unpublished U–Pb zircon ages (C. Möller 
and D. Williams SIMS and LA-ICP-MS dates, 
respectively, presented in abstract by Möller et al. 
2020) date the peak metamorphism at ca. 420 Ma. 
These new data also demonstrate that the origins of 
eclogite and banded amphibolites are Ordovician in 
age and thus originated somewhere west of Baltica’s 
margin. 

 
2.2.1 Roan Igneous Complex (RIC) 
The Roan Igneous Complex (RIC) was interpreted by 
Möller (1988) as the deepest structural unit in 
Vestranden. The main rock types of the RIC are 
orthogneisses which vary in composition from granite 
to quartz monzonite and quartz monzodiorite, with 
lesser amounts of charnockite and mafic rocks (Möller 
1988). It has been observed that some rocks have 
preserved igneous textures and parageneses partly 
surviving the main Caledonian metamorphic episode. 
The contact between the Roan Igneous Complex and 
the overlying Banded Gneiss Complex is a ductile 
highly strained zone, which contains two thin layers of 
metasedimentary rocks (Einarsdalen Supracrustal 
Unit) intercalated with layers of orthogneisses (Möller 
1988).  
 
2.2.2 Banded Gneiss Complex (BGC) 
The Banded Gneiss Complex overlies the Roan 
Igneous Complex. The BGC is composed of 
migmatitic orthogneisses, which vary in composition 

from felsic to intermediate, as well as amphibolites, 
supracrustal rocks, and meta-mafic lenses and bodies 
of amphibolite, metagabbro and metadolerite that can 
be found in the orthogneisses (Möller 1988). Rocks in 
the RIC are better preserved in comparison to the more 
deformed BGC. Extensive folding is observed in BGC, 
where refolded isoclinal folds, including sheets of 
migmatitic orthogneisses, are present at several 
locations (Möller 1988). Möller (1988, 1990) 
suggested that BGC has been thrust onto the RIC 
either as recumbent fold nappes, or as an imbricated 
sequence. Locally observed granulite-facies 
parageneses in rocks of the RIC and BGC, suggest that 
both units were subjected to the main high-pressure 
granulite facies metamorphism. 
 

2.2.3 Einarsdalen Supracrustal Unit (ESU) 
The marble sequence at Allmenningen, which this 
study is focused on, is part of the Einarsdalen 
Supracrustal Unit. East of the RIC, the ESU forms two 
thin layers that are separated by a layer of 
orthogneisses (Möller 1988; Fig. 2). ESU is mainly 
composed of metasedimentary rocks such as garnet-
kyanite-bearing paragneisses, marbles and calc-
silicates incorporated with lenses of mafic rocks, and 
amphibolites (Möller 1988, 1990). Occurrences of 
ESU include the islands west of Roan (Allmenningen, 
Farmannsøya, Klokkarholmen and Vaerøya), west of 
the Roan peninsula, as well as towards the east, north 
and south interfolded with the orthogneisses of the 
BGC (Möller 1990; Fig. 2).  

Individual rock groups of ESU vary in thickness 
between less than a metre and 200 metres. Despite its 
relative thinness, it can be traced for several kilometres 
in the field (Möller 1990). The different rock layers 
within ESU vary from centimetres to several tens of 
metres (Möller 1990). These rocks are locally 
isoclinally folded and have a penetrative fabric 
subparallel to the compositional layering (Möller 
1990). Locally, the ESU rocks are cross-cut by late 
intrusive granitic pegmatite. Field observations of 
migmatitic structures in metasedimentary rocks of the 
ESU (Möller 1988) suggest that ESU was subjected to 
high-temperature metamorphism. 

The most diagnostic rocks in ESU are paragneisses 
which are composed of reddish-brown biotite, pinkish 
garnet, quartz, feldspar, and aluminium-silicates 
(Möller 1990). However, there are also some biotite-
poor, quartz-rich layers which are alternating with the 
biotite-rich layers. The quartz-rich paragneisses 
contain pink garnet, kyanite, quartz, feldspar, and/or 
graphite, with a significant abundance in heavy 
minerals such as rutile, ilmenite, iron-sulphides, 
apatite, zircon, and monazite (Möller 1988; 1990). 

The mafic rocks form either layers or lenses. 
Generally, they are dominated either by hornblende or 
biotite, and contain variable amounts of garnet, biotite, 
and plagioclase ± titanite ± quartz. The metabasic 
rocks vary in thickness: layers can be several metres 
thick, while the lenses vary from very small (20 cm 
long) up to some metres (Möller 1990). Mafic lenses 
occur in the marbles, too. 

This paper focusses on the occurrence of marbles, 
calc-silicates, and their associated mafic pods on the 
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island of Allmenningen. Previous studies have given 
insights to the mineralogy of this occurrence. Ramberg 
(1943), referred to the calc-silicates as ‘Lime Silicate 
Schists’ defining also the mineral parageneses 
containing andesine, quartz, biotite, almandine ± 
hornblende ± muscovite. Moreover, he categorized the 
marbles in Vestranden based on the metamorphic 
grade. Marbles from Allmenningen were considered to 
belong to the highest-grade metamorphic marbles, 
based on the migmatitic state of the associated rocks. 
Rare metamorphic minerals were observed in the 
marbles and nearby skarn formations, (e.g. 
vesuvianite) and metamorphic varieties of specific 
amphiboles (e.g. cummingtonite; Ramberg 1943).  

Möller (1988, 1990) reported that calc-silicate 
rocks of the ESU generally form thin layers up to 
several decimetres thick. The parageneses observed 
include variable amounts of diopside, garnet, scapolite, 
zoisite, titanite, plagioclase and/or calcite. The marbles 
vary in colour and mineralogy, and thickness ranges 
between a few centimetres up to 40 metres. The white 
marble at Allmenningen has been quarried and used 
for pillar construction for the Nidaros Cathedral in 
Trondheim (Fig. 3). According to Ramberg (1943) the 
white marble contains dolomite, diopside, scapolite 
and cummingtonite. Other varieties of marble are 
pinkish or yellowish. 

Mafic rocks in the ESU are present as layers 
between calc-silicate and marble layers, or inside these 
rocks as lenses and pods. This study investigates mafic 

lenses in marble, which are macroscopically dark 
green–brown in colour and relatively heavy. Möller 
(1990) categorized this kind of rocks as ‘rusty 
weathering mafic granulites’ and reported garnet, 
clinopyroxene, plagioclase, quartz, and lesser amounts 
of amphibole, zoisite, biotite, white mica, chlorite and 
pyrrhotite.  

The amphibole-free varieties of these rocks were 
used by Möller (1990) to calculate a P-T estimate for 
the Einarsdalen Supracrustal Unit. The temperature 
estimation was obtained by applying the garnet-
clinopyroxene geothermometer calibration by Ellis and 
Green (1979), and the pressure estimation from the 
garnet-clinopyroxene-plagioclase-quartz (Mg-
endmembers) geobarometer of Moecher et al. (1988). 
Results from this study provided a temperature 
estimate from the mineral cores of 860 ± 12 °C and 
pressure of 14.2 ± 0.25 kbar. Data from the rims of the 
same mineral parageneses were also studied but 
provided results with lower values (780 ± 25 °C and 
10.6 – 12.6 kbar). These numbers are in concordance 
with the P-T estimate previously reported for a garnet 
pyroxenite on the mainland (Kråkfjord, Roan; 
Johansson & Möller 1986). 

Dallmeyer et al. (1992) extracted 13 hornblende 
and 6 muscovite concentrates from rocks in 
Vestranden, including the supracrustal units similar to 
those of Einarsdalen Supracrustal Unit. The 
concentrates were analysed with the 40Ar–39Ar  method 
and their plateau ages range between 396 ± 3 and 406 

Figure 3. Columns made of marble from Allmenningen, in the Nidaros Cathedral in Trondheim. Photo from Tom Heldal, NGU. 
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± 4 Ma for hornblende and 392 ± 1 and 393 ± 1 Ma for 
muscovite. 

2.3 Metamorphic evolution of meta-
supracrustal rocks in Roan 
Möller (1988, 1990), interpreted the metamorphic 
evolution of Roan, including RIC, ESU and BGC, 
based on the mineral assemblages that were formed 
during each metamorphic stage and coupled them to 
structural observations of deformation in the bedrock. 
Seven metamorphic stages were defined: 
1) Prograde metamorphism defined by garnet growth
and inclusions in the garnet grains.
2) Peak metamorphic episode at high-pressure
granulite-facies forming the main garnet-bearing
mineral assemblages in e.g. eclogites, mafic granulites
and garnet-kyanite paragneisses.
3) Formation of disequilibrium textures in the rocks
during decompression. In some mafic and intermediate
rocks, garnet rims were replaced by symplectites (e.g.,
of orthopyroxene and plagioclase), and clinopyroxene
and kyanite reacted to form plagioclase-clinopyroxene
intergrowths and orthopyroxene, corundum, sapphirine
and anorthite.
4) Hydration of the assemblages described above, and
associated deformation. The main mineral parageneses
in orthogneisses comprise amphibole, feldspar ±
biotite ± quartz.
5) Formation of the second generation of migmatite
veins in the gneisses while the hydrous minerals from
the paragenesis in stage 4, define the penetrative
foliation.
6) Second retrograde ductile deformation phase of the

metamorphic evolution. During this time, the 
migmatite veins and foliation from stage 5 are 
extensively deformed and refolded at solid state 
conditions. The mineral paragenesis that defines the 
foliation in the felsic gneisses was still amphibolite-
facies, however below the granite solidus. 
7) During the last stage, pegmatite dykes intruded the
metamorphic bedrock. Late localized shear also
affected the pegmatites after their solidification.

2.4 Marbles and associated rocks in 
Allmenningen 
This chapter contains field photos of the study area. 
All illustrations used in this work have been taken and 
provided by C. Möller. The photos below show a 
variety of outcrops in Allmenningen featuring mostly 
the main rock types that are investigated and described 
in this work.  

On Allmenningen, the main rock types of ESU are 
blended and alternate with each other in several 
beddings (Fig. 4a). The beddings incorporate meta-
supracrustal rocks (e.g. marbles, calc-silicate rocks and 
mafic rocks).  

Generally, marbles are white in colour (Fig. 4), but 
unusual colours may appear as well, such as yellow 
and pink. Marbles appear either weathered or 
unaffected, based on their mineralogy. Weathered 
surfaces of the marbles are coloured greyish-blueish, 
while pure, unaffected marble horizons are white (Fig. 
4d, 4e, 4h).  

Mafic rocks in Allmenningen are greenish-grey 
with white domains (Fig. 4b, 4c). Mafic rocks are 
found as knobs inside calc-silicate beds and/or thicker 

a. 

d. c. 

b. 

CM16R-03b CM16R-03b2 

CM16R-03b1 
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marble horizons (Fig. 4f, 4g). Their mineralogy is 
close to a mafic granulite and they present similar 
textural characteristic of such rocks. Some of these 
rock types contain calcite and scapolite. For this 
reason, they may be confused with calc-silicate rocks 
but in fact they are mafic rocks. 

Calc-silicate layers are embedded between marble 
horizons and have been deformed by tectonic 
processes during the metamorphic episodes. These 
rocks form characteristic boudinage structures. Their 
color varies compared to the host marble, depending 
on the type and amount of silicate minerals they 
contain (Fig. 4d, 4h). They usually have white color, 
but black amphiboles, green diopside and white zoisite 
or yellowish epidote are sometimes observed. 

 

3 Methods 
3.1 Sample Preparation 
Twenty-one samples were selected, together with 

supervisor C. Möller, for thin section preparation. 
After rock sawing, samples were sent for thin section 
manufacturing. Sample IDs, with coordinates and 
notes about colour and petrography, are given in Table 
1. Figure 5 provides a map of the study area with 
localities plotted from the coordinates given in Table 
1. 
 

3.2 Microscopy 
3.2.1 Optical Microscopy and Photomicrographs 
All 21 thin sections were investigated in a polarized 
light microscope. Twelve samples were selected for 
petrographic documentation in this thesis. The 
selection process was mainly based on petrographic 
criteria such as: peculiar metamorphic texture, or 
minerals that could not be recognized in the optical 
microscope. Photomicrographs were captured using 
HD-digital camera connected to a polarized 
transmitted light Olympus BX53 microscope at the 

e. 

h. g. 

f. 

CM19R-11d 

CM19R-11k 

CM19R-11i2 

Figure 4. Field photos from Allmenningen. All illustrations have been taken and provided by C. Möller. a): Overview of outcrop 
(about 2 m wide) with banded marble, calc-silicates and mafic rocks. Carbonate and mafic rocks have been collected from this 
outcrop (samples CM16R-03b1, CM16R-03b2, CM16R-03b3). b): Close-up photograph of mafic rock (sample CM16R-03b2) 
interbedded with marble and calc-silicate rocks. 20 mm coin (1 Norwegian krone), for scale. c): Close-up of mafic, calc-silicate 
rock (sample CM16R-03b1) interbedded with marble and mafic rocks. 20 mm coin (1 Norwegian krone), for scale. d): Blueish 
grey weathering in white marble with pinch-and-swell boudinaged calc-silicate layers. Outcrop width ca. 2 m. e): Deeply 
weathered (right) and weathering-resistant (left) marble layers next to one another. Yellowish white marble with silicates 
(sample CM19R-11e) and weathering-resistant marble layer (sample CM19R-11d) were collected from this outcrop. Hammer, 
55 cm, for scale. f): Garnet-bearing calc-silicate knob (sample CM16R-11i2) in white marble. 20 mm coin (1 Norwegian krone), 
for scale. g): Garnet-clinopyroxene-rich knob (sample CM16R-11k) at the contact between marble and metabasite. 20 mm coin 
(1 Norwegian krone), for scale. h): Sea-washed outcrop of white marble with boudinaged calc-silicate layers. 19 mm coin (1 
Swedish krona) for scale.  
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Department of Geology, Lund University. The 
objectives used for photo capturing are 2X and 4X. In 
every photo taken there is a scale bar on the lower 
right corner and description in the figure caption. 
Mineral abbreviations on photomicrographs, text, 
reactions and tables, follow Siivola and Schmid 
(2007). 
 
3.2.2 Scanning Electron Microscopy (SEM) and 
Energy Dispersive X-ray Spectroscopy (EDS) 
Five of the samples were selected to be studied with 
scanning electron microscopy (SEM) for further 
mineral identification and mineral chemical analysis 
using Energy Dispersive X-ray Spectroscopy (EDS). 
In this way, mineral grains that could not be correctly 
identified by optical microscopy were identified using 
EDS spectra. All analyses were performed at the SEM-
laboratory of the Department of Geology, Lund 
University. The machine is a Tescan Mira 3 Field 
Emission Scanning Electron Microscope (FE-SEM), 
linked to an EDS analysis system Aztec by Oxford 
Instruments. 

The SEM uses an electron beam under vacuum 
conditions which is formed in high voltage and passes 
through a tungsten filament. The sample, in this case 
the thin section, is mounted on a metal holder and 

placed on the stage which can move in x and y 
directions inside the vacuumed chamber while the 
electron beam is located under a fixed position. The 
electron beam must be focused several times using the 
magnification tools on the machine. The focusing is 
conducted for a better image acquisition of the thin 
section. The focusing of the beam is performed 
progressively every time, by decreasing the distance of 
the stage from the electron beam (e.g. 45, 30 and 15 
mm). 

When the fired electron beam hits the carbon-
coated surface of the sample it generates four main 
products: (a) secondary electrons (SE), (b) back-
scattered electrons (BSE), (c) cathodoluminescence 
(CL), and (d) X-rays. Secondary electrons are 
produced from the electrons of the sample that are 
dislocated when they interact with the beam. BSE are 
electrons from the beam which are formed by the 
reflection of the beam from hitting the sample. The CL 
is the emission of photons with predefined wavelength 
from a material which is subjected under high-energy 
electron bombardment. X-rays are emitted when the 
outer electrons are changing atomic orbitals. These X-
rays are unique for every element of the periodic table 
(Egerton 2005). 

The selected thin sections were coated with a 

Sample name 

Coordinates 
(ETRS89 zone 32N) Rock type 

North East 

CM16R-02b2 7118094 549945 Calc-silicate layer 

CM16R-03b1 7117417 550120 Scapolitic mafic granulite 

CM16R-03b2 7117417 550120 Mafic granulite 

CM16R-03b3 7117417 550120 Carbonate rock 

CM16R-03e1 7117242 550035 Rusty weathering Grt-Cpx mafic rock 

CM16R-03e2* 7117242 550035 Rusty weathering Grt-Cpx mafic rock 

CM16R-09c* 7117398 549816 Pink marble with a green mineral 

CM16R-09d 7117409 549813 Mafic rock with 2-3 cm white layers 

CM16R-09f1* 7117322 549825 White marble 

CM16R-09f2 7117322 549825 White carbonate layer with black minerals 

CM19R-11 Block, not in situ Pure white marble, quarried rock 

CM19R-11b* 7117443 550136 White marble with 1 cm silicate layers 

CM19R-11d 7117232 550036 Weathering-resistant (dolomitic?) marble layer 

CM19R-11e 7117187 549976 Yellowish white marble layer with silicates 

CM19R-11f 7117187 549963 White marble with coarse white knobs 

CM19R-11g2 7116985 549810 Thin calc-silicate layers in marble 

CM19R-11g3 7116985 549792 Coarse knob in marble 

CM19R-11h2 7116950 549767 Rusty weathering Grt-Cpx mafic rock 

CM19R-11i1 7116863 549663 Calc-silicate layer 

CM19R-11i2 7116863 549663 Grt-bearing knob in calc-silicate 

CM19R-11k* 7116938 549735 Grt-Cpx-rich knob in contact zone marble-amphibolite 

Table 1. List of samples with locations. Samples selected for petrographic illustrations are in bold; * = selected samples for 
EDS analyses of minerals. 
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carbon layer ca. 20 nm thick. Before coating, the edges 
of the thin sections were covered with aluminium tape 
in order to ensure electric current conductivity. 
Furthermore, three pieces of slim carbon tape were 
attached to connect the thin section with the sample 
holder. The analyses were performed under an 
acceleration voltage of 15 kV, and the beam intensity 
was 14 nA. The mineral chemistry was identified 
using EDS-spectra and quantitative analyses were 
performed using Co-calibration and the extended 
standard set provided by Oxford Instruments. 

A spectrum that is produced from the emitted X-
rays is the X-ray energy-dispersive spectroscopy 
(XEDS or EDS). The photons and their energy which 
are created by the X-rays, are gathered by a specific 
diode. The result compiles a spectrum of the 
wavelengths which is unique for every element. 
Quantitative data that may be acquired from these 
spectra, correspond to the chemical analysis of the 

mineral. (Egerton 2005). 
The data obtained from the EDS analysis of each 

spot were used for calculation of wt-% elements  and 
stoichiometry by software Aztec. Analyses resulting in 
wt% totals between 96 and 104% for dry silicate 
minerals were accepted for further quantitative 
composition calculations. Analyses that overpass the 
range of 96-104%  have been discarded. Also, 
misplaced analyses, for which the beam hit on the 
surfaces of two minerals at the same time, have been 
excluded. A few mica and amphibole analyses with 
totals of 80-90 wt% have been also excluded from 
quantitative analyses. 

Mineral compositions of rock-forming minerals 
were calculated based on the standard number of 
oxygens: 6 for pyroxenes, 12 for garnet, 11 for micas, 
23 for amphiboles, 12.5 for epidotes, and 8 for 
feldspars. The amount of Fe3+ was calculated using the 
method of Droop (1987) in every case where the 

Figure 5. Geological map of Allmenningen and localities of the samples. Map acquired from the database of Norway’s Geologi-
cal Survey. 
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calculated cation sum exceeded the maximum desired 
total that any given mineral can host in its’ crystal 
structure. Amphiboles were classified following Leake 
et al. (1997), pyroxenes based on Morimoto (1988) 
and micas using Rieder et al. (1998). Site allocation in 
garnet is based on Grew et al. (2013). 

 

3.3 Geothermobarometry  
3.3.1 winTWQ  
The winTWQ software has been used for 
geothermobarometry calculations for a sample of 
garnet-rich mafic knob (CM19R-11k). TWQ 
(Thermobarometry With Estimation of Equilibration 
State), is a program which calculates mineral (and 
mineral-fluid) equilibria. TWQ uses an internally 
consistent thermodynamic dataset for endmembers and 
solid solutions that has been derived from several 
thermodynamic experiments (Berman 1991). TWQ 
also allows the user to calculate reactions in P-T-X 
(composition) space, involving both pure and solid-
solution phases and fluid phase compounds such as 
H2O and CO2. After input of the chemical 
compositions of the minerals in a sample and selection 
of endmembers for which the program will base the 
calculations, the outcome is a P-T diagram with a 
number of reaction lines. With petrographical criteria 
and observations on the petrographical microscope, the 
phases that equilibrated, and probably reacted with 
each other, are selected via a list of potential reaction 
curves. If the minerals are in equilibrium, the reaction 
curves will be intersecting in a point (ideally) or form 
a limited range of intersections in the P-T field. This 
way the user is able to define the metamorphic 
conditions during which the assemblage achieved 
equilibrium. 
 

4 Results 
4.1 Petrography  
The studied rocks include four samples of each rock 
type, marble, calc-silicate and interlayered mafic pods 
and are described below. Marbles can be seemingly 
pure and white in colour, but all marble samples 
investigated here actually contain silicate minerals. 
Most minerals in the marbles are colourless or of faint 
colour, which is the reason why some minerals were 
identified or confirmed using EDS. Quartz, micas, 
pyroxene, and scapolite are occurring in them but in 

slight proportions. Pure marbles contain only 
carbonate minerals and quartz. Calc-silicate rocks are 
light in colour or melanocratic; the silicate minerals 
provide a greyish hue to the rocks. Mafic rocks are the 
heaviest of the samples and are found as rusty bodies 
in the calcareous succession. Their composition is 
close to that of a mafic granulite regarding 
parageneses and metamorphic textures. Some calc-
silicate and mafic pods samples may look very similar 
under the petrographic microscope. However, calc-
silicate rocks differ from the mafic rocks in terms of 
mineralogy, because only the former contain scapolite 
and phlogopite. This criterion has been used to classify 
these two rocks types in this study. Table 2 at the end 
of this chapter summarizes every sample by 
petrological type and their according mineral 
paragenesis observed. 

 

4.2 Marbles 
Marbles are one of the components of Einarsdalen 
Supracrustal Unit and the largest occurrence of marble 
is on the island of Allmenningen. The marbles on 
Allmenningen vary in colour from pure white to pink 
and yellow. Marbles also occur interfolded with calc-
silicates right on the east of the Roan window, 
suggesting that ESU covered RIC as a tectonic nappe 
which now has been eroded. Four of the samples 
collected and characterized as marbles are described 
below. 
 
4.2.1 Pink marble, sample CM16R-09c 
Sample CM16R-09c is of a 1-meter wide layer of 
impure pink marble from the central part of the island. 
Quartz in this rock is forming coarse grained 
aggregates and is weathering-resistant in comparison 
to the carbonate matrix of the sample (Fig. 6a). 
Greenish-black clinopyroxene and vitreous quartz are 
visible macroscopically. Light green to yellow epidote 
and light pink to orange titanite are visible using the 
hand lens (Fig. 6b). The complete paragenesis of this 
rock is: Cal + Qtz + Ep + Cpx + Ttn + Scp ± Wmca ± 
Pl + Ap + Rt + Zrn + Op. 

The matrix of this rock is medium to coarse-
grained, predominantly composed of calcite, with 1–7 
millimetres grains or aggregates of quartz, diopside, 
scapolite, and titanite. In some domains can also occur 
plagioclase and/or retrograde K-feldspar (Fig. 7 a-h). 
Clinopyroxene is colourless and occurring in two main 

Figure 6. Hand sample of pink marble (sample CM16R-09c). a): The weathered surface showing a spiky appearance of Qtz 
crystals. b): Sawed surface in which Qtz and Cpx crystals are visible to the bare eye. 
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shapes: either prismatic with distinct cleavage 
subparallel to crystallographic c-axis, or in rounded 
grains of maximum 1-millimetre diameter. In every 
case though, Cpx is altering/pseudomorphing to a 
brown, cloudy, fine-grained aggregate which is 
composed of actinolite ± quartz ± calcite (Fig. 7 c-d). 
Clinopyroxene might also be at the form of detrital 

crystals (Fig. 7 a-b). The detrital crystals were 
probably deposited in the sedimentary protolith and 
‘survived’ compaction and metamorphism. These 
crystals have dark-green colour and pleochroism. 
Retrograde amphibole has been formed in the cracks 
of these rock pieces. Epidote forms rounded subhedral 
grains maximum 0.5 millimetres in length. It is 

Figure 7. Photomicrographs of pink marble (sample CM16R-09c). PPL (parallel polars) on the left and corresponding XPL 
(crossed polars) on the right. Note the medium to coarse-grained matrix consisting of Cal + Qtz. a, b): Site with green detrital 
clinopyroxene crystal and scapolite. c, d): The light blue arrows without label show pseudomorph of diopside into a fine-
grained aggregate of Act + Cal + Qtz. e, f): Rutile square-shaped crystals in quartz, pseudomorphs of diopside and unusual 
birefringence colours in Scp. g, h): Pseudomorphs of diopside into Act + Cal + Qtz and orange-yellow epidote crystals. Scale 
bar: 0.5 mm. 
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appearing as a yellow phase slightly pleochroic (Fig. 7 
g-h). Scapolite is another abundant rock-forming
mineral in this rock. It forms prismatic crystals like
clinopyroxene. However, the two can be distinguished
by clinopyroxene’s higher relief and scapolite’s higher
birefringence colours. Scapolite is colourless and
appears fractured (Fig. 7 a-b and e-f). Usually white
mica occurs next to clinopyroxene and/or scapolite
crystals and forms phyllo-morphed* aggregates (Fig. 7
a-h). Titanite is the dominant accessory mineral and is
pleochroic as well, ranging from light pinkish to
brownish. It locally occurs in euhedral sphenoidal
crystals reaching 1 millimetre in length. One titanite
grain contains a composite inclusion of square-shaped
rutile in quartz (Fig. 7 a-f). Other accessory minerals
include rutile, apatite, zircon, and opaque minerals.

*: Phyllo-morphed comes from the Greek ‘phyllo’ 
which stands for leaf. It is a textural term which is 
used in Greek petrology textbooks and describes the 
aggregate shape of phyllo-silicate minerals, like mica. 

4.2.2 White marble, sample CM16R-09f1 
Sample CM16R-09f1 is a white marble collected from 
an abandoned quarry in the middle part of 
Allmenningen. Its colour is pure white, and it contains 
thin faded-beige stripes of siliceous minerals. The rock 
is medium- to coarse-grained and its main component 
are carbonate minerals (Fig. 8). The mineral 
paragenesis of this marble is: Cal + Dol + Cpx + Phl + 
Ap + Ttn + Zrn ± Ep + Op. 

The most plentiful minerals in this thin section are 
calcite and dolomite. The carbonaceous grains can be 
quite large and sometimes they approach 1 centimetre 
in length (Fig. 9 a-f). Clinopyroxene forms both 
prismatic and rounded crystals up to several 
millimetres long. Furthermore, perfect cleavage on 
110 is visible even under PPL. The crystals are in most 
of the cases fractured and filled by talc and/or 
amphibole (Tr), a feature that probably reflects a late 
stage breakdown reaction of clinopyroxene (Fig. 9 a-

f). Amphibole (Tr) is observed brownish, slightly 
pleochroic, forming fine grained masses as 
pseudomorphs after clinopyroxene (Fig. 9 c-f). White 
mica occupies the space between clinopyroxene 
grains, as phyllo-morphed aggregates (Phl). Talc 
forms very fine-grained masses in fractures within 

clinopyroxene (Fig. 9 a-f). Accessory minerals which 
could not been identified under the optical microscope 
but have been observed in SEM are apatite, titanite, 
zircon, epidote and Fe-sulphides. 

4.2.3 White marble, sample CM19R-11d  
In contrast to the two marbles above, this sample was 
collected from the southern shore of Allmenningen. It 
is a white, weathering-resistant, impure coarse-grained 
marble with yellow and brown-coloured crystals of 
silicic minerals. The major component of this rock is 
carbonate minerals. As noted by careful macroscopical 
examination, the carbonate minerals emit a pearly 
lustre on the crystals’ cleavage surfaces (Fig. 10). The 
mineral paragenesis of this rock is Cal + Dol + Cpx + 
Am + Phl + Qtz ± Op. 

Like in the previously described specimens, this 
rock is mainly composed of carbonate minerals. Most 
carbonate grains are coarse-grained, forming 
porphyroblasts up to some centimetres in diameter 
(Fig. 11 a-d). Clinopyroxene in this specimen is rather 
granular than prismatic. Its crystals are colourless and 
significantly smaller than the carbonate grains. 
Sometimes, perfect cleavage can be perceived. Usually 
the grains are fractured. Very fine-grained material is 
filling the cracks or, locally, pseudomorphing 
clinopyroxene. Following the pattern of these marbles 
it is breaking down producing tremolite and/or talc 
(Fig. 11 a-d). Amphibole occurs in the same way as 
clinopyroxene, in fine-grained aggregates, or forms 
sub-triangular shaped crystals. This mineral is 
colourless and occasionally single (parallel) or double 
cleavage (120°) is perceived (Fig. 11 a-d). Phlogopite 
crystals are generally euhedral in classic mica-shaped 
grains. Their colour changes from colourless to light 
brown in response to their pleochroism (Fig. 11 a-d).  

4.2.4 Yellowish white marble, sample CM19R-
11e 
This specimen has been collected from the southern 
coast of Allmenningen, as well, just next to sample 

CM19R-11d, from a deeply weathered surface (Fig. 
4e; 5). It is another impure marble of the same 
succession, but it differs both in colour and grain size 
from sample CM19R-11d and is prone to weathering. 
This variety of marble is yellowish but also contains 
greyish domains of minerals. The texture of this rock 

Figure 8. Hand sample of white marble (sample CM16R-09f1). The rock is pure white in colour and medium- to coarse-grained. 
a): Rough surface showing the coarse grain size of the carbonate crystals with a beige band marked with red dashed line. b): 
Sawed surface showing beige bands of siliceous minerals and a Cpx porphyroblast. 
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is sugary, suggesting that this rock is rather finer-
grained (Fig. 12). The mineral assemblage in this rock 
is Cal ± Dol + Cpx + Am + Scp + Bt + Ttn + Qtz ± Ap 
+ Op. 

The dominant phases in this marble are carbonate 
minerals. The carbonate crystals are generally anhedral 

and have the same grain size in average; however, 
rarely carbonate crystals are over 2 millimetres long. 
Occasionally triple points occur between these crystals 
(Fig. 13 a-b). Clinopyroxene is colourless and occurs 
as prismatic and rounded crystals of similar size as 
calcite. Nonetheless, clinopyroxene is less abundant 

Figure 9. Photomicrographs of white marble (sample CM16R-09f1), PPL on the left and corresponding XPL on the right. a-f): 
The carbonate matrix (Cb; dolomite and calcite) is medium to coarse-grained, while clinopyroxene crystals present perfect 
cleavage. Clinopyroxene is partly replaced by very fine-grained masses of tremolite and/or talc, which also are present in thin 
fractures. Phlogopite is white due to Fe shortage. Scale bar: 0.5 mm. 

Figure 10. Hand sample of white marble (sample CM19R-11d). a): Raw surface with silicic brown phase. b): Raw surface with 
silicic yellow phase. It is worth looking on the carbonate crystal matrix, its grain size and lustrous cleavage. 
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than calcite and no triple points are observed. 
Cleavage lamellae parallel to 110 are common. 
Pseudomorphs of amphibole after clinopyroxene can 
be detected (Fig. 13 a-d). Amphibole is forming 
various types of crystals from euhedral prismatic and 
rhombohedral-shaped grains to subhedral and anhedral 
rounded grains (Fig. 13 c-d). This amphibole is white 
without pleochroism, and twinning has been observed. 
Their size is a few millimetres. Scapolite is colourless 
too and is identified in rounded grains less than a 
millimetre long. It has higher birefringence colours 
than clinopyroxene and amphibole and is often 
fractured. Mica content is low. However, when 
noticeable, it is white to brownish-pinkish and forms 
phyllo-morphed aggregates (Fig. 13 a-d). Titanite is an 
accessory mineral and develops thin, small, sphenoidal 
crystals less than a millimetre long. Its colour varies 

from colourless to light brown. 
 

4.3 Calc-Silicate Rocks 
Calc-silicate rocks are usually present in marble 
horizons. They occur in various types, either 
containing silicate layers alternating with marbles, or 
in welded siliceous knobs. Their colour varies, but in 
general terms is white for the carbonate minerals and 
light beige or greyish to greenish for the siliceous 
domains. Their colour is darker where closely 
associated with mafic rocks. The type of dark minerals 
and their proportions are responsible for the rock’s 
colour. Mica rich bands are more greenish than their 
clinopyroxene-rich counterparts that appear black to 
grey. The white layers may include scapolite crystals, 
too. 
 

Figure 11. Photomicrographs of white marble (sample CM19R-11d), PPL on the left and same sites with XPL on the right. Note 
the difference in grain size between the large carbonate grains and the clinopyroxene, amphibole and almost colourless, faintly 
brownish, phlogopite mica. Phlogopite (Bt) is slightly coloured indicating Fe deficiency, similar to colourless clinopyroxene and 
amphibole. The light blue arrow points to the amphibole crystal with the single (parallel) cleavage. Scale bar: 0.5 mm. 

Figure 12. Hand sample of yellowish white marble with silicate minerals (sample CM19R-11e). a): Raw surface of the rock with 
a predominant carbonate-scapolite domain in the lower left (red dashed line). b): Sawed surface with a yellow phase which is 
probably amphibole and a greyish which is clinopyroxene. Brownish domains testify titanite grains. 
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4.3.1 Garnet- and clinopyroxene- rich calc-
silicate rock, sample CM16R-03b1 
This rock is a calc-silicate collected from the southern 
coast of the island. Specifically, it is a calc-silicate 
from a layered sequence within a white dolomitic 
marble (Fig. 4a, c). Macroscopically, the hand 
specimen of this rock is made up of thin white 
carbonate stripes in dark silicate horizons, the latter 
composed mainly of greyish pyroxene and reddish-
brownish garnet. Garnet occurs inside the carbonate 
stripes (Fig. 14). Greenish areas visible with the hand 
lens indicate amphibole crystals. Euhedral calcite and/
or scapolite crystals can be recognized inside narrow 
crevices. The mineral assemblage of this rock is Cpx + 
Grt + Ttn + Cal + Scp + Qtz + Op. 

The major mineral in this sample is clinopyroxene. 
In thin section, the clinopyroxene is coloured light 
green with very slight pleochroism. Clinopyroxene 

crystals reach several millimetres long forming large 
porphyroblasts or make up small, less than millimetre-
long, granular polygonal grains. Often, amphibole is 
pseudomorphing after clinopyroxene (Fig. 15 a-b). Its 
colour is dark green to brown pleochroic. Garnet 
crystals have a pinkish hue and also form 
porphyroblasts of some millimetres size. Garnet 
porphyroblasts have inclusions of zoisite, 
clinopyroxene, titanite, and scapolite (Fig. 15 c-d). The 
predominant mineral of the carbonate matrix is 
scapolite. Scapolite forms granoblastic aggregates with 
polygonal crystals (Fig. 15 a-d). Calcite is present but, 
surprisingly, not in large proportions. Triple points 
between scapolite and clinopyroxene grains are 
plentiful resulting in a polygonal granoblastic texture 
to the rock. Titanite is the accessory mineral which 
completes the paragenesis. It has a light pink to brown 
colour and is pleochroic. Small, euhedral and 

Figure 13. Photomicrographs of yellowish white marble (sample CM19R-11e), PPL on the left and XPL on the right. Note the 
pseudomorphs of amphibole after clinopyroxene and the suture-jagged triple points between carbonate mineral grains. Pseudo-
morphs of amphibole may form either euhedral rhombohedral grains or be partially covering the clinopyroxene. Scale bar: 0.5 
mm. 

Figure 14. Hand sample of garnet- and clinopyroxene-rich calc-silicate rock (sample CM16R-03b1). a): Rough surface with 
garnet porphyroblasts inside carbonate and scapolite matrix (red dashed lines) and pyroxene masses which represent the sili-
ceous layer. b): Sawed section of the rock where garnet, pyroxene and carbonate minerals can be identified. 
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sphenoidal crystals occur throughout the sample (Fig. 
15 a-d). 

 
4.3.2 Carbonate-bearing mafic granulite, sample 
CM16R-03b2 
The sample CM16R-03b2 (Fig. 4a,b) was collected 
from the same location as the sample CM16R-03b1. In 
this thesis, it has also been considered as a calc-silicate 
rock, with relatively high specific weight as the sample 
described above. However, this variety of the rock is 
more mafic and less rich in carbonates. In this rock, 
pyroxene porphyroblasts occur, but not even a single 
garnet grain has been observed (Fig. 16). Thus, the 

colour of the rock is mainly dark greyish-greenish with 
thin white carbonate stripes. There are some domains 
in the hand specimen where the white carbonate phase 

is blended with the mafic minerals (Fig. 16a). The 
mineral assemblage in this rock is Cpx + Scp + Ttn ± 
Cal ± Op. 

The identical characteristics between CM16-03b1 
and CM16R-03b2 are the formation of large 
clinopyroxene porphyroblasts and their granoblastic 
texture with triple points between polygonal crystals. 
Clinopyroxene is colourless to light green with high-
relief grains. Their size can reach up to 1 centimetre 
long. Smaller, granoblastic/polygonal crystals occur as 
well (Fig. 17 a-d). Scapolite is found in the thin 
section filling voids between the clinopyroxene 
porphyroblasts (Fig. 17 c-d). Rarely, calcite is present. 
Titanite is an accessory, however abundant, phase. It 

forms euhedral crystals of maximum length ca. 0.5 
millimetres. Its colour ranges from light pink to light 
brown due to pleochroism. 

Figure 15. Photomicrographs of garnet- and clinopyroxene-rich calc-silicate rock (sample CM16R-03b1), PPL on the left and 
corresponding XPL on the right. Photographs of the full mineral assemblage. Observe the scapolite matrix with clinopyroxene 
and garnet. Pseudomorphs of amphibole after clinopyroxene and triple points between the mineral grains can be perceived. The 
garnet porphyroblasts contain various inclusions, mainly clinopyroxene and zoisite. Scale bar: 0.5 mm. 

Figure 16. Hand sample of carbonate-bearing mafic granulite (sample CM16R-03b2). a): Rough surface with the three different 
compositional parts of the sample, b): Sawed section of the rock where the pyroxene rich areas are visible (clinopyroxene por-
phyroblasts). 
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Figure 17. Photomicrographs of carbonate-bearing mafic granulite (sample CM16R-03b2), PPL on the left and XPL on the 
right. Note the clinopyroxene rich domain and associated small titanite crystals. The yellow dashed lines indicate triple points 
formation of the crystals. Scapolite crystals are occasionally filling the space between clinopyroxene porphyroblasts. Scale bar: 
0.5 mm. 

4.3.3 Calc-silicate layer in white marble, sample 
CM19R-11b 
The outcrop of this rock is located at the southern 
coast. This rock is a white calc-silicate with silicate 
layers of 1-3 centimetres long. The silicate layers are 
black-beige or greyish-green depending on whether 
they contain amphiboles and/or pyroxenes, or micas 
and/or pyroxenes, respectively (Fig. 18). The 
carbonate minerals in this specimen are mostly white. 
Scapolite is absent. The rock is coarse-grained and 
dominated by carbonate minerals and porphyroblasts 
of amphibole and pyroxene (Fig. 18). The mineral 
paragenesis in this sample is Cal + Dol + Cpx + Phl + 
Am +Ap + Op. 

This sample is different from the calc-silicate rocks 
described above, both in mineralogy and texture. 

Granulitic texture is absent and triple points have not 
been formed. Clinopyroxene is colourless and forms 
large porphyroblasts (Fig. 19 a-b). Occasionally in 
some cracks, there is fine-grained alteration to talc 
and/or tremolite, similar to that in the marbles 
described above (Fig. 19 a-d). Rarely, perfect cleavage 
along 110 is observed in some diopside crystals. The 
very fine-grained, cloudy, aggregates are rich in 
tremolite pseudomorphing clinopyroxene (Fig. 19 c-d 
and g-h). Phlogopite is colourless and creates phyllo-
morphed aggregates surrounding the large diopside 
and amphibole porphyroblasts. Pleochroism in 
phlogopite cannot be perceived (Fig. 19 c-f). 
Amphibole forms non-pleochroic, grand 
porphyroblasts of some millimetres long. Double 
cleavage of 120° angle, from perpendicular section to 
c-axis is distinguishable (Fig. 19 a-b and e-h). The 

Figure 18. Hand specimen of calc-silicate layer in white marble (sample CM19R-11b). The rock is coarse-grained while some 
crystals can reach 0.5 cm in size. a): Rough surface with a greyish-green silicate layer. The grey phase are pyroxene grains, 
and the greenish aggregates contain micas. The latter own the characteristic glittery lustre of the mica mineral group. b): 1-2 
cm thick, black-beige silicate layer. The dark grey minerals are amphiboles, and the beige phase is pyroxene. 
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Figure 19. Photomicrographs of calc-silicate layer in white marble (sample CM19R-11b), PPL on the left and corresponding 
XPL on the right. a, b): Amphibole (edenite) and clinopyroxene porphyroblasts. Fractures in clinopyroxene is filled with talc. c-
f): Surrounding the large porphyroblasts of diopside and amphibole are phyllo-morphed aggregates of phlogopite and fine-
grained, second generation tremolite aggregates. Double cleavage (120°) is observed in one amphibole crystal (light blue ar-
row). g, h): Diopside and amphibole porphyroblasts and their surrounding carbonate matrix. The retrograde tremolite crystals 
are brown and cloudy, slightly pleochroic and substitute for diopside. Scale bar: 0.5 mm. 

carbonate matrix of this sample is mainly composed of 
calcite (Fig. 19 c-h). However, dolomite crystals, even 
porphyroblasts, are also present. Accessory minerals 
are apatite and opaques. 

 
 
 

4.3.4 Carbonate-rich calc-silicate rock, sample 
CM19R-11i1 
This sample was collected from the southern coast of 
Allmenningen, and in the field was considered a 
variety of marble. However, it is a calc-silicate rock 
that is rich in scapolite and carbonate minerals. 
Macroscopically the rock is composed of white and 
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black minerals. The white phases are carbonate 
minerals and scapolite, while the black and grey are 
pyroxenes and amphiboles. The hand specimen gives a 
fine-grained granular to sugary touch (Fig. 20). The 
mineral assemblage of this rock consists of: Cal ± Dol 
+ Scp + Cpx + Ttn + Bt + Qtz + Op. 

This sample is another scapolite-rich calc-silicate, 
in some ways comparable to sample CM16R-03b2 
(Fig. 16-17). However, in this sample, garnet 
porphyroblasts and granulitic texture are absent. More 
common is that clinopyroxene occurs as rounded or 
prismatic, colourless grains. Complete or partial 
pseudomorphs of clinopyroxene by retrograde 
amphibole are also common (Fig. 21 a-b). Amphibole 
pseudomorphs are generally pale green, showing 
pleochroism. Clinopyroxene grains have well-
developed cleavage that is maintained in the 

amphibole pseudomorphs, too (e.g., Fig. 21 a-d). The 
carbonate phase in this rock is made up of calcite and/
or dolomite. Scapolite is abundant in every site of the 
thin section. A few quartz aggregates occur (Fig. 21 a-
d). Titanite is the most common accessory mineral, 
forming very small subhedral to euhedral pleochroic 
grains, ranging from colourless to dark brown. The 
least common accessory minerals are biotite and 
chlorite. Many opaque minerals are also present (Fig. 
21 a-d). 

 

4.4 Mafic Rocks 
Mafic rocks are another significant constituent of the 
ESU which are present in many outcrops throughout 
the marble-rich association on Allmenningen. The 
majority of the mafic samples are either from lenses 
inside the marble-rich succession, or from contact 

Figure 20. Hand specimen of carbonate-rich calc-silicate rock (sample CM19R-11i1). a): Sugary, granular, fine-grained crys-
tals on the rough surface. The yellow and rusty areas are superficial discolouration. b): Sawed section with greyish-black ag-
gregates of pyroxene/amphibole. The whitish areas are composed of carbonates and scapolite. 

Figure 21. Photomicrographs of carbonate-rich calc-silicate rock (sample CM19R-11i1), PPL on the left and XPL on the right. 
The mineral paragenesis is made up of Cpx, Scp, Cb, Ttn and Qtz. The arrows without labels are pointing the pseudomorphs of 
Am after Cpx; light blue arrows and yellow arrows indicate partial and complete pseudomorphs, respectively. Scale bar: 0.5 
mm. 



 

28 

zones between different kinds of rocks. These rocks 
tend to be relatively heavy and present very rusty 
surfaces, which are indicating Fe-enrichment. In these 
rocks carbonate phases are almost absent; however 
distinguishable white, non-carbonate phases exist in 
many samples. In these rocks garnet is very common 
and coexists with minerals which are representative of 
typical parageneses in mafic granulites. 
 
4.4.1 Garnet-rich mafic granulite, sample CM16R
-03e2 
The sample was taken from a ca. 5 metre large rusty-

weathering mafic lens on the south shore of 
Allmenningen. The hand sample is a rusty mafic rock 
with distinct garnet and pyroxene crystals. Under 
careful examination, dark green amphibole is visible 
with the hand lens as well. The layer of rust is the 
result of weathering of minerals rich in iron which 

causes discolouration (Fig. 22). The mineral 
paragenesis in this rock contains: Grt + Cpx + Am + Pl 
+ Ttn + Ap ± Zrn ± Aln + Op. 

Microscopically, this rock has the attributes of a 
porphyroblastic mafic granulite. There is no 
granoblastic texture, but the mineral assemblage is 
representative of a high-pressure granulite. Garnet has 
a light pink colour and forms porphyroblasts of several 
millimetres size (Fig. 23 a-d). The garnet crystals may 
have inclusions, but not enough to be considered as 
poikiloblasts. Clinopyroxene is the main phase in this 
rock and has a characteristic pale green colour and 

very slight pleochroism. Amphibole crystals have very 
strong pleochroism from olive green to very dark 
green (Fig. 23 a-d). Plagioclase grains are uncommon 
and occur scattered throughout the thin section. The 
most commonly observed accessory minerals are 

Figure 22. Hand sample of garnet-rich mafic granulite (sample CM16R-03e2). a): Raw surface with millimetre-sized garnet 
crystals in pyroxene-rich matrix of the rock and a rusty surface due to Fe discolouration. b): Sawed section with green clinopy-
roxene crystals and pinkish-brown garnet aggregates in the red-dashed lines. 

Figure 23. Photomicrographs of garnet-rich mafic granulite (sample CM16R-03e2), PPL on the left and corresponding XPL on 
the right. The mineral assemblage of this sample comprises garnet porphyroblasts in a matrix predominantly composed of clino-
pyroxene, with lesser amounts of amphibole, plagioclase and accessory minerals titanite and apatite. Scale bar: 0.5 mm. 
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titanite and apatite; however, zircon and allanite are 
visible with higher magnification. Titanite is 
pleochroic with pinkish to brownish colours and 
apatite is colourless (Fig. 23 c-d). Opaque minerals are 
plentiful and probably are either Fe-sulphides or Fe-
oxides. 

 
4.4.2 Zoisite-rich mafic granulite, sample CM16R
-09d 

This sample was collected in the middle part of the 
island, in a wall near the abandoned quarry, at the 
contact between an amphibolite body and the white 
marble. Macroscopically it can be mistaken for a calc-
silicate due to its white layers, but under the 
microscope it is a clinopyroxene-rich rock with 
plentiful zoisite, which forms the white layers. The 
greenish domains suggest pyroxene abundance and the 
rust on the hand specimen is due to the weathering of 

iron-rich minerals (Fig. 24). This rock is composed of 
Grt + Cpx + Zo + Ttn + Ap + rusty Op. 

This sample is a mafic rock, with green 
clinopyroxene as primary constituent (Fig. 25). 
Occasionally clinopyroxene forms granoblastic 
aggregates, but alteration to fine-grained mineral 
aggregates in many places obscures the original 
metamorphic texture. Zoisite makes up for a 
remarkable proportion of this specimen. This mineral 
forms aggregates of colourless crystals, the individual 
grains being surrounded by a dark shroud of extremely 
fine-grained material with somewhat rusty appearance. 
This “rust” is mostly observed around zoisite crystals, 
while it is absent around clinopyroxene and garnet 
(Fig. 25 a-d). Garnet is light pink in colour with 
clinozoisite/zoisite micro drop-shaped inclusions and it 
is less abundant than clinopyroxene and zoisite (Fig. 
25 a-b). Accessory phases in this thin section are 
titanite and apatite (Fig. 25 a-d). 

Figure 24. Hand specimen of zoisite-rich mafic granulite (sample CM16R-09d). a): Rough surface showing 2-3 cm wide zoisite-
rich bands alternating with clinopyroxene-rich bands. The red arrow points to a rusty side suggesting Fe-oxidation. b): Sawed 
section showing the same alternating bands. In the zoisite bands there is also a brown rusty-looking substance. 

Figure 25. Photomicrographs of zoisite-rich mafic granulite (sample CM16R-09d), PPL on the left and XPL on the right. The 
mineral assemblage is made up of clinopyroxene, garnet, zoisite, apatite and titanite. The dark “rust” (yellow arrows) is cover-
ing only the zoisite bearing layers of the rock. Scale bar: 0.5 mm. 
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4.4.3 Garnet-porphyroblastic knob in marble, 
sample CM19R-11i2 
This sample was found as a knob inside the calc-
silicate rock, sample CM19R-11i1 described above 
(see Fig. 20). In comparison to the fine-grained 
scapolite rich host body, this rock is very coarse-
grained and is composed predominantly of garnet, 
clinopyroxene and plagioclase porphyroblasts (Fig. 
26). The minerals that comprise this rock are: Grt + 
Cpx + Pl + Ttn ± Qtz ± Ap + Op.  

This pod can actually be categorized as a mafic 
granulite due to compositional minerals and granulitic 
texture that is observed among the mineral grains. 
Specifically, it can be classified as a partly 
retrogressed mafic granulite, due to pseudomorphs of 
amphibole after clinopyroxene and local chlorite 
growth at the expense of garnet (Fig. 27 c-d). Out of 
the three main phases, plagioclase is the most resistant 

to decomposition and alteration; however, in some 
sites it is sericitized. Garnet grains are pinkish and 
large, reaching 1 centimetre. The porphyroblasts are 
slightly starting breakdown to chlorite and also may 
contain clinopyroxene crystals which have been 
pseudomorphed into amphibole (Fig. 27 c-d). 
Clinopyroxene porphyroblasts are light green in colour 
and up to 1 centimetre long. Generally, triple points 
occur in unaltered plagioclase crystals in many sites, in 
response to polygonal granoblastic texture. 
Nonetheless, clinopyroxene grains next to garnets have 
been subjected to partial or complete pseudomorphing 
after dark green pleochroic amphibole. Plagioclase that 
appears to fill voids between garnet and 
clinopyroxene, is mostly unaltered and anhedral (Fig. 
27 a-b). Titanite is the most abundant accessory 
mineral phase. It is pleochroic, ranging from light pink 
to brown, and often shows twinning (Fig. 27 a-b). 

Figure 26. Hand sample of garnet-porphyroblastic knob in marble (sample CM19R-11i2). a): Rough surface with garnet por-
phyroblasts and plagioclase rich stripes. b): Sawed slab with garnet porphyroblasts and white plagioclase domains inside py-
roxene-rich, green matrix. 

Figure 27. Photomicrographs of garnet-porphyroblastic knob in marble (sample CM19R-11i2), PPL on the left and correspond-
ing XPL on the right. a, b): The unaltered rock contains green clinopyroxene with white plagioclase crystals in triple joints and 
twinned titanite crystals. c, d): Garnet porphyroblasts may include prismatic clinopyroxene inclusions which have been partly 
pseudomorphed by amphibole. Scale bar: 0.5 mm. 
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4.4.4 Garnet-rich mafic knob, sample CM19R-
11k 
The last sample included is a mafic knob in a marble-
amphibolite contact zone in the southern coast of the 
study area. This rock is medium-grained, but garnet 
porphyroblasts can be seen with bare eye (Fig. 28). 
The main constituents of this sample are garnet, 
clinopyroxene, zoisite and carbonates. The complete 
mineral assemblage comprises: Grt + Cpx + Zo + Cal 
+ Pl + Ttn + Op. 

This mafic pod is very interesting due to its 
peculiar metamorphic texture. Under the microscope, 
thin garnet rims around the other minerals can be 
observed in many sites. Garnet also forms large 
poikiloblasts with clinopyroxene and zoisite 

inclusions. The rims have been formed around every 
type of main mineral i.e. clinopyroxene, calcite, 
zoisite, and plagioclase (Fig. 29 a-d). The colour of 
garnet is pink. Clinopyroxene is green and occurs in 
polygonal and prismatic aggregates forming triple 
joints that give a granoblastic texture in this sample 
(Fig. 29 a-d). Zoisite is the most plentiful colourless 
phase in the assemblage and it can be recognised by its 
anomalous birefringence colours (Fig. 29 a-d). 
Plagioclase is also present, however, has been partly 
altered into very fine-grained sericite and prehnite 
(Fig. 29 a-d). Carbonate minerals complete the 
assemblage and form polygonal crystals along with 
diopside that connect in triple points (Fig. 29 a-b). 
Titanite is the most bountiful accessory mineral. It 
forms small crystals, pleochroic, ranging from light 

Figure 28. Hand sample of garnet-rich mafic knob in a marble-amphibolite contact zone (sample CM19R-11k). a), b): Rough 
surfaces of two separate pieces of the rock with distinguishable minerals of the main assemblage. The garnet rims are very thin 
thus, not visible even using the hand lens; however, the porphyroblasts are visible, and sometimes the clinopyroxene inclusions 
through very close observation. 

Figure 29. Photomicrographs of garnet-rich mafic knob in contact zone marble-amphibolite (sample CM19R-11k), PPL on the 
left and corresponding XPL on the right. Note the garnet grain (upper left) with zoisite inclusions, and garnet reaction rim 
around clinopyroxene, carbonates and zoisite crystals. The area in between garnet rim is the sericitized plagioclase. The yellow 
dashed marks indicate development of triple joints on carbonate-clinopyroxene boundary. The sericitization sites are accompa-
nied by garnet reaction rim on its boundary, clinopyroxene and zoisite porphyroblasts, as well as calcite and titanite grains. 
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Table 2: Overall table of samples included in the study with the associated mineral parageneses observed under the petrograph-
ic microscope. ü: present in the main assemblage of the sample, +: present in the sample as low-grade very fine-grained re-
placements, ++: present in the sample as retrograde amphibole replacing clinopyroxene, /: may have been observed in the sam-
ple, blank: not present in the sample. 

L*= low-grade very fine-grained replacements of sericite, tremolite and/or talc 

Bt*= abbreviation for biotite stands also for phlogopite (Phl) 

R**= retrograde amphibole replacing clinopyroxene 
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pink to brown in colour (Fig. 29 a-d). 
 

4.5 Mineral chemistry 
Five out of the twelve samples described in the last 
chapter were examined in the scanning electron 
microscope to determine the exact type of each 
mineral, stoichiometry and respective chemical 
formulas. This chapter presents the SEM-EDS data of 
the dominant siliceous rock-forming minerals and the 
main accessory minerals of the assemblages. Mineral 
analytical data are given in tables in the appendix of 
this work (Tables 1-18). Plots for classification e.g. 
pyroxene and amphibole, are included in the main text 
body. 

 

4.5.1 Garnet-rich mafic granulite, sample CM16R
-03e2 
Fifteen phases in total, including different textural 
amphibole types and retrograde phases, have been 
recognized during the SEM study of sample CM16R-
03e2.  
 

Garnet 
Garnet is one of the major mineral components of this 
sample. Ten analyses have been performed to 
determine the composition of the main endmember 
species. Fig. 30 is a ternary diagram where the 
compositions of the endmembers have been plotted. 
The predominant constituents are almandine and 
grossular which add to, on average, 90%. The content 
of almandine is only slightly higher than that of 
grossular. Τhe difference is approximately 4% and the 
average values are 47% and 43%, respectively. The 
pyrope component is far less than almandine and gros-
sular, with an average value of 8% and a maximum of 
9%. Minor constituents of less than 5%, are spessar-
tine (2%) and andradite (0.5%). No zoning patterns 
have been observed; instead, the chemical composition 

of garnet grains appears homogeneous. 
 
Pyroxene 

Pyroxene is the most common mineral in this sample. 
Sixteen pyroxene analyses have been performed and 
plotted in a wollastonite-enstatite-ferrosilite (Wo-En-
Fs) ternary diagram, following Morimoto (1988; Fig. 

Figure 30. Garnet endmember ternary diagram with representative analyses of garnet in garnet-rich mafic granulite (sample 
CM16R-03e2) and garnet-rich mafic knob in contact zone marble amphibolite (sample CM19R-11k). In the sample CM19R-11k 
(red triangles), lower grossular composition is allocated in the garnet cores, while higher grossular composition is allocated to 
the rims. However, there are a few exceptions where in the garnet core the grossular composition is over 70%. In the other sam-
ple a chemical homogenization, is observed. 
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31a). The results plot entirely in the diopside field and 
thus, are classified as calcic clinopyroxenes (Mg / (Mg 
+ Fe2+) = 0.57-0.66). Any minor deficiency in Si in the 
tetrahedral position is filled by Al, which is present in 
lesser amounts, less than 2%. Slight contribution to the 
calcium (M2) site is provided by Fe2+, Mn3+ and 
occasionally Na. 
 
Amphibole 

Amphibole is also a part of the main mineral 
assemblage. Sixteen amphibole spectra have been 
analysed from this thin section. As for the 
nomenclature and the plotting, the criteria that have 
been followed and diagrams used, are from Leake et 
al. (1997). Every amphibole spectrum has shown that 
these minerals belong to the calcic group (Figs 32). 
Amphibole follows the same compositional pattern as 
garnet, indicating abundant calcium and iron, while 
magnesium is relatively low (Mg / (Mg + Fe2+) = 0.37-
0.52). The values of the latter parameter (0.50-0.52) 
are referring to amphibole spectra which have been 
classified as actinolite (Fig. 32b). Actinolite is more 
siliceous than ferro-pargasite, more magnesium-rich 
and they do not contain any amounts of single valency 
cations, for instance sodium and potassium. 
 
Feldspar 
The feldspar that has been identified in this sample is 
plagioclase that varies significantly in composition. 
Eighteen spectra have been obtained from various sites 
throughout the thin section. Antiperthitic structures 
have not been identified in the crystals. The spectra 
can be distinguished into two groups: main assemblage 
plagioclase with medium-to-high anorthite component 
and low-grade albite plagioclase. The albitic 
plagioclase is classified as pure albite An0, in contrast 
to its anorthitic counterpart which ranges from An57 to 
An95 (labradorite to anorthite). Minor Fe has been 
identified in some spectra (average of 0.5 wt% oxide). 
This iron component is assumed to be Fe3+, which can 
substitute for Al. 
 
Carbonates 

Eight carbonate mineral spectra have been obtained 
from 5 different sites. The analyses show that these 
grains are calcite with an average content of 98% 
CaCO3. The remaining proportion is Mg-, Mn-, and Fe
- carbonate. Calcite has precipitated in a major crack in 
this sample during late fluid influx, accompanied with 
the retrograde actinolite from Fig. 32b. 
 
Other phases 

The most common accessory mineral is titanite. Other 
accessory phases include zircon and apatite. Rare 
allanite, and retrograde vesuvianite and muscovite 
have also been identified. Titanite contains some Al 
and Fe. Aluminium substitutes for Ti and the average 
oxide wt% value is 3%. Zircon is dominated by Si and 
Zr with detectable, yet uncertain amounts of Hf. 
Apatite does not contain any unusual elements, but 
some fluorine is present in the anion position, with an 
average value of 3 wt%. Allanite contains rare earth 
elements (REE), such as La, Ce and Nd. Peak overlap 
in the allanite spectra between the REEs, provide 

uncertain values for their wt%. In a site next to an 
ilmenite crystal, one grain of vesuvianite has been 
spotted. The 50-site method normalization suggested 
from Groat et al. (1992) has been used to calculate the 
chemical formula of vesuvianite and provide cation 
allocation. Lastly, the opaque minerals are mainly Fe-
sulphide, Cu-Fe-sulphide, and ilmenite which can bear 
up to ~2 wt% Mn. 
 
4.5.2 Pink marble, sample CM16R-09c 
In total, nineteen phases have been identified in this 
sample, including various textural amphibole types, 
retrograde minerals and every accessory mineral 
observed. 
 

Pyroxene 

Pyroxene is one of the most common siliceous 
minerals in sample CM16R-09c. Eight pyroxene 
analyses have been obtained and plotted on a Wo-En-
Fs ternary diagram (Fig. 31b). The results are plotting 
mostly inside the diopside, but also in the hedenbergite 
field Mg / (Mg + Fe2+) = 0.46 – 0.72. 

In this sample, clinopyroxene formed during 
metamorphism, but also occurs in detrital crystals 
which were deposited in the limestone protolith. The 
tetrahedral position is filled by Si and slight amounts 
of Al or Fe3+ (<2 wt.% oxide). The presence of 
sodium suggests a minor jadeite component in 
pyroxenes. Other minor elements detected, are Cr and 
Ti. 
 
Amphibole 

Amphibole is common in this sample, like pyroxenes 
described above. Ten amphibole spectra have been 
acquired and categorized in their respective diagrams, 
based on their chemical composition and 
stoichiometry. This sample contains species of 
retrograde calcic amphibole (Fig. 32a-b), with various 
Mg#=0.30-0.66. Retrograde amphibole for instance, 
actinolite, is the most siliceous, while retrograde 
hornblende and ferro-pargasite amphibole are the least 
siliceous. The single valency cation position is filled 
by almost equal amounts of K and Na. Minor elements 
in the amphibole are Ti, Mn and Cl. 
 
Epidote group minerals 

Epidote group minerals are one of the most 
conspicuous phases in sample CM16R-09c. Eighteen 
spectra have been acquired for classification. For 
calculation of Fe3+ in these minerals, the method of 
Droop (1987) was used. The relative proportions of 
Fe3+ and Al, in the octahedral position, determines 
whether the mineral is classified as epidote or 
clinozoisite (boundary at 50%). The majority of the 
analyses are classified as epidote (11 spectra; Fig. 33). 
However, clinozoisite has been formed, where the iron 
component was not enough to form epidote. The 
classification between zoisite and clinozoisite was 
based on the proportion of Fe3+ in the octahedral 
position and crystal structure data acquired from 
polarized microscopy observations. The boundary is 
around 7% Fe3+ (zoisite contains less Fe3+ than 
clinozoisite; Brunsmann et al. 2000; Nesse 2011). In 
the case of a low FeO value (less than 2%), 
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Figure 31. Wo-En-Fs ternary diagram with analyses of pyroxene from every rock studied in SEM-EDS. Almost all analyses plot 
in the diopside field. In the pink marble (sample CM16R-09c), diopside and hedenbergite come from the detrital crystals. The Fs 
component in a), b) and e) varies from ca. 15-23%. 
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magnesium is the main replacing cation. Other minor 
elements identified are: Cr, Mn, Ti, V, and Sr. 
 
Scapolite 

Scapolite is found in almost all sites of this sample and 
is a major constituent. Every spectrum analysed is 
categorized as meionite (Ca4Al6Si6O24CO3), the calcic 
endmember of scapolite’s solid solution. Pure meionite 
cannot be found in nature, but in this occasion, the 
calcic percentage in scapolite is much higher than the 
sodic (Mei% = 80-84%). The molecular fraction of 
CO2 (XCO2), has been calculated using the formula: 
XCO2 = CO3 / (Cl + CO3), where CO3 = 1 – Cl – SO3. 
The XCO2 values are very high, ranging from 0.89 – 
1.00. The percentage of “equivalent anorthite” (EqAn), 
is a parameter that can describe the composition of 
scapolite. This term was used by Orville (1975), in 
order to allocate the stability of lab-manufactured 
scapolite crystals to their plagioclase compositional 
counterparts. The mathematical formula to calculate 
EqAn is EqAn = 100 * (Al - 3) / 3, where Al, is the 
aluminium value of a.p.f.u. normalized to 16 cations 
(25 oxygens). Using the cation distribution to calculate 
the meionite component (Mei %), the mean value is 
82%. Fig. 34 provides the relationship between the 
EqAn and XCO2. As it is derived, scapolite is 
predominantly meionitic, slightly above the 
intermediate endmember, mizzonite (Mei50-80; Evans et 
al. 1969). The sum of the main cations (Ca + Na + K) 
from 30 spectra is ca. 3.93 a.p.f.u., with a minor 
contribution of Fe2+ (0.04 a.p.f.u.). This slight 
deficiency (ideal total a.p.f.u. = 4.00), is probably due 
to Na evaporation during the analytical procedures 
(López Sánchez-Vizcaíno & Soto 1999). Minor 
elements in scapolite are K, Fe, Ti, Mg, Sc and Mn. In 

some of the spectra sulphur has been detected, which 
may indicate minor percentage of the calcic-sulphate 
scapolite endmember, sylvalite (Ca,Na)4Al6Si6O24

(SO4,CO3). No zonation patterns have been detected in 
single scapolite crystals. 
 
Carbonates 

Carbonate is the predominant phase of this sample. 
Forty-two analyses have been performed on carbonate 
grains, and all of them are categorized as calcites. The 
average percentage in CaCO3 is 98%, while the rest is 
mostly Mg, Fe and rarely Mn. 
 
Mica 

Twenty-four analyses on white micas have been 
executed. The data show that mica is muscovite (Fig. 
35), but rarely margarite (i.e., calcic mica), is 
observed. Muscovite is characterized by high K 
content in the single valency cation position, which 
requires more than 0.7 a.p.f.u. (Rieder et al. 1998). 
Muscovite contains a mean of 0.86 K a.p.f.u., while 
the three margarite crystals analysed contain an 
average of 0.93 Ca a.p.f.u. Muscovite also contains 
various amounts of phengite mica. The sodic 
endmember, paragonite, has not been detected, but 
sodium is present (instead of potassium) in analysed 
muscovite grains (0 – 0.33 a.p.f.u.). Lesser minor 
elements < 1% are Mg, Fe2+, Fe3+, Mn, Ti and F. 
 
Feldspar 
Feldspar in sample CM16R-09c can be separated in 
two groups. The first group has high albite 
concentration, while the second is richer in potassium, 
forming K-feldspar. Pure albite crystals occur with 
An0-1. Pure K-feldspar grains have not been detected, 

Diagram parameters: CaB≥ 1.50; (Na + K)A≥ 0.50; Ti< 0.50 

a) 
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Diagram parameters: CaB≥ 1.50; (Na + K)A< 0.50; CaA< 0.50 

b) 

Figure 32. Summarized amphibole classification diagrams (criteria in Leake et al. 1997) from the studied rocks. a): Amphibole 
from the main mineral paragenesis. The group from Grt-rich mafic granulite (sample CM16R-03e2; red dots) plot in the ferro-
pargasite field. The second group is the white dolomite marble with silicate layers (sample CM19R-11b; light blue dots) and 
plots in the edenite and pargasite fields. The pink dots from the pink marble (sample CM16R-09c; red encircled area with red 
arrow) represent retrograde amphibole. b): Retrograde amphibole from pseudomorphs or fine-grained replacements. Inside the 
actinolite field is contained retrograde amphibole from the Grt-rich mafic granulite (sample CM16R-03e2; red dots) and the 
pink marble (sample CM16R-09c; pink dots). Inside the tremolite field is contained retrograde amphibole from the calc-silicate 
layer in white marble (sample CM19R-11b; light blue dots) and the white marble (sample CM16R-09f1; yellow dots). In both 

hornblende fields is contained retrograde amphibole from the pink marble.  

but their potassic component is generally over 90%. 
Perthitic and/or antiperthitic grains are absent. 
Textural positions could not be identified. 
 
Other phases 

The most important accessory minerals in this sample 
are apatite, titanite, rutile, zircon and opaques. Quartz 
is quite abundant in this sample. Apatite is generally 
rich in fluorine thus, categorized as fluorapatite. The 
average value of F is ~3 wt% calculated out of 5 
analyses in 2 mineral grains. Minor Cl has been 
observed in the fluorapatite. Titanite is plentiful in this 
marble and also contains consistently minor amounts 
of Al and Fe (considered as Fe3+). Other impurities 
observed are V and Mn. Rutile crystals have been 
observed in titanite. Rutile grains contain minor 
quantities of V and Fe3+. Metallic minerals are Fe-rich 
oxides which are categorized as magnetite. Common 
minor elements are V, Ti, Cr and Co. Rarely can be 
perceived Fe-sulphides. 
 
4.5.3 White marble, sample CM16R-09f1 
Ten phases in total have been detected in sample 
CM16R-09f1, including main assemblage, retrograde 
and accessory mineral phases.  

Pyroxene 

Pyroxene is a common siliceous phase in sample 
CM16R-09f1. Fourteen spectra have been acquired 
and plotted on a Wo-En-Fs ternary diagram to 
determine the chemical composition of this mineral. 
As it is derived from Fig. 31c, the pyroxenes are very 
close to an ideal diopside composition. Fe is almost 
absent (Mg / (Mg + Fe2+) = 0.98-1.00). In some 
spectra, occur low amounts of Al and Na (<1.00 wt%) 
suggesting a minor component of jadeite (~2 mole-%). 
No minor elements have been observed in the 
pyroxene of this sample. 
 
Amphibole 

Amphibole is highly calcic and magnesium-rich, 
similar to the pyroxene in the same sample. 
Amphibole totals are generally low (91-93%, table 3, 
appendix). However, an attempt for stoichiometry and 
classification has been conducted, which resulted in a 
classification as tremolite. Tremolite analyses show 
that the mineral is rich in Ca and Si, with Mg / (Mg + 
Fe2+) = 0.98-1.00. Minor elements are Na, K, Al, Ti, 
Mn and Fe. Nine tremolite spectra have been acquired 
and plotted on a calcic amphibole classification 
diagram (Fig. 32b), according to Leake et al. (1997). 
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Figure 33. Mn3+-Al-Fe3+ ternary plot with epidote group mineral analyses from the pink marble (sample CM16R-09c) and the 
garnet-rich mafic knob (sample CM19R-11k). In both samples there is significant spread in the proportion of Al and Fe3+. Pure 
zoisite is located near the Al peak of the diagram, assuming that clinozoisite is generally a bit more ferric. 

The single valency position in tremolites is either 
almost never filled (as it is suggested by its formula), 
or it sums up a maximum total of K + Na = 0.1 a.p.f.u. 
As has been described in the previous chapter, 
tremolite amphibole is very fine-grained retrograde 
mineral phase, replacing diopside. 
 
Mica 

Mica analyses from sample CM16R-09f1 show 
phlogopite composition (Fig. 35). Phlogopite is the Mg
-rich endmember of the biotite solid solution. EDS 
analyses from this mineral indicate minor elements of 
Na and Fe2+. The monovalent position receives K and 
Na and is never fully occupied (max sum: 0.98 
a.p.f.u.). The ideal phlogopite composition [KMg3

(AlSi3O10)(F,OH)2], suggests 3.00 Si a.p.f.u. and 1.00 
Al a.p.f.u. regarding the tetrahedral position. In this 
occasion a slight enrichment in Al, is observed (~1.1 
a.p.f.u.). 
 
 

Carbonates 

Both calcite and dolomite have been recognized in this 
sample. Calcite and dolomite locally contain iron 
impurities, but pure crystals also occur. Dolomite 
analyses contain approximately 51.50% CaCO3, and 
49.50% MgCO3. Calcite is mainly composed of 
CaCO3 (94%), while the remaining cation positions are 
held mainly by Mg (6%). 
 
Other phases 

Other minerals that have been detected in this sample 
and are less abundant are talc, apatite, zircon, titanite 
and opaques. Talc occurs mainly inside the cracks of 
diopside. Apatite does not contain any minor elements 
in the cation positions, but contains approximately 1% 
of F + Cl, maximum 0.50 a.p.f.u. Two spectra of 
zircon crystals provide unreliable analytical data with 
low totals. However, Zr and Si peaks combined with 
very bright colour in the EDS images, confirm that 
these minerals are zircon. Titanite contains small 
amount of V, Fe and Al. These elements substitute for 
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Figure 34. Diagram of chemical variation of scapolite expressed as the percentage of equal anorthite EqAn (%) vs. the molecu-
lar fraction of CO2 (XCO2). The analyses show highly meionitic (mizzonitic) scapolite and very high values of XCO2. 

Ti, which has a small deficiency (0.85 a.p.f.u.). 
Opaque minerals are Fe-sulphide. 
 
4.5.4 Calc-silicate layer in white marble, sample 
CM19R-11b 
This calc-silicate rock is composed of eleven phases. 
The main constituents are carbonate minerals, 
pyroxene, amphibole, and mica. F-bearing hydrous 
minerals are generally abundant in this sample.  
 
Pyroxene 

Thirty-two pyroxene spectra have been obtained, 
analysed and plotted on Wo-En-Fs ternary diagram 
(Fig. 31d). The clinopyroxene is Fe-poor and 
occasionally contain minor amounts of Na and Al (<1 
wt%). Clinopyroxene of sample CM19R-11b has the 
closest composition to pure diopside together with the 
white marble (sample CM16R-09f1). The data show a 
concentration of approximately 50% Wo (CaSiO3) and 
50% En (MgSiO3), which make up pure diopside 
(CaMgSi2O6; Fig. 31d). The Fs component (FeSiO3), 
is very low (0-1,60%), Mg / (Mg + Fe2+) = 0.97-1.00, 
and FeO concentrations is on average 0.61wt%. 
Occasionally, minor substitutions of Na (for Ca) and 
Al (for Mg), suggest a small jadeite constituent in 
these pyroxene crystals (3 mole-%). 
 
Amphibole 

Three different kinds of amphibole have been detected 
in sample CM19R-11b. The amphibole belongs to the 
calcic group and has high Mg / (Mg + Fe2+) = 0.94-
1.00. Forty-five amphibole spectra have been included 
in the classification diagrams (Fig. 32). The studied 

amphiboles are edenite to pargasite (hornblende) and 
tremolite (Fig. 32). Pargasite, in comparison to edenite 
and tremolite contains the highest amounts in 
aluminium. Pargasite and edenite show variation in Si 
a.p.f.u. A small number of spectra, mainly of pargasite 
and edenite (rarely of tremolite) contain trace amounts 
of fluorine (~0.30 wt% F). As their chemical formula 
suggest, both pargasite [NaCa2(Mg4Al)(Si6Al2)O22

(OH)2] and edenite [NaCa2Mg5(Si7Al)O22(OH)2] 
include Na in the single valency position. In fact, the 
latter in every spectrum obtained has a deficiency in 
cations. Na is the most abundant element in the 
monovalent cation position with ca. 0.70 a.p.f.u. 
Common minor elements in amphibole are K, Fe, Ti 
and Mn. 
 
Mica 

Twenty-five spectra of mica have been acquired and 
classified as phlogopite (Fig. 35). Phlogopite is high in 
magnesium and poor in iron while rich in Al, K and 
Na. The analysed phlogopite is also F-bearing with an 
average amount of 0.50 wt%. The single valency 
cation position is occupied mainly by K. Typical 
impurities in phlogopite include Ti and Fe.  
 
Carbonates 

Sample CM19R-11b contains calcite and dolomite. 
Both minerals contain low amounts of other elements, 
but also pure crystals have been spotted. Thirty-six of 
fifty-one spectra show that calcite crystals are 
composed of CaCO3 (~ 95%), while the remaining 
component is MgCO3. The rest fifteen spectra show 
that dolomite crystals in this rock are composed of 
MgCO3 (~ 48%) and CaCO3 (~ 51.5%) while the rest 
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Figure 35. Al-Si-Mg + Fe ternary plot with mica composition from the pink marble (sample CM16R-09c), white marble (sample 
CM16R-09f1), calc-silicate layer in white marble (sample CM19R-11b) and garnet-rich mafic knob (sample CM19R-11k). The 
ideal composition of phlogopite, muscovite, phengite and celadonite are indicated with the blue dots. These values have been 
calculated based on the ideal chemical formulae of the minerals. The formulae have been acquired from mindat.org. The main 
paragenesis white mica in the dolomite marbles has composition very close to phlogopite, while in the dolomite-free pink mar-
ble has composition that varies from muscovite to phengite. Low-grade origin mica from the pink marble and the garnet-rich 
mafic knob has composition very close to muscovite (sericite). 

0.50% is Fe impurities. 
 
Other phases 

Sample CM19R-11b is the only thin section without 
titanite. The most abundant accessory mineral is 
apatite. Apatite contains on average 2 wt% fluorine. 
Chlorine is also present but in lesser quantities (< 1 
wt%). Opaque minerals are present in some sites and 
are mainly Fe-sulphides. One grain of a Platinum 
Group Mineral (PGM) has been detected, but its origin 
is uncertain (detrital crystal or dust crystal from 
coating material of fossils). The latter is composed of 
ca. 80 wt% Pt and 24 wt% Pd with traces of Fe and O. 
Rarely, talc and feldspar have been identified in some 
sites. The analyses show that it is plagioclase with a 
composition of An20.  
 
4.5.5 Garnet-rich mafic knob, sample CM19R-
11k 
This sample is one of the two amphibole-free rocks 
that are included in this study. The metamorphic 

texture with thin garnet rims around other minerals 
offers a possibility to infer the reaction history as well 
as to calculate P-T conditions.  
 
Garnet 
Garnet is present in every site explored in this sample. 
Forty spectra from both garnet porphyroblasts, 
poikiloblasts and reaction rim grains have been 
acquired. Chemical analyses and stoichiometric data 
from the garnet grains follow a pattern, showing a 
moderate deviation (Fig. 30). The predominant 
composition in garnet is a grossular-content of ca. 
66%, with a maximum value observed of 77%. 
Almandine-content ranges from 28 to 41%. As it is 
observed, garnet rims are richer in grossular-content 
(65-77%) than the cores (53-59%). A small percentage 
of Fe3+ has been calculated with the Droop method, 
yielding an andradite content  of ~ 2%. Garnet is low 
in Mg and Mn: pyrope is ca. 3%, and spessartine 
almost absent (0.3 %). In one spectrum, trace amounts 
of Cr have been observed (uvarovite ~1.5%). 
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Pyroxene 

Twenty-five pyroxene spectra have been analysed and 
plotted in a Wo-En-Fs diagram. All analyses plot in 
the diopside field (Fig. 31e). This pyroxene is richer in 
Fe than those in samples CM19R11b and CM16R-
09f1 and has Mg / (Mg + Fe2+) = 0.58-0.66. Al is also 
present in these pyroxenes, with a mean value of ~1% 
Al2O3. Wo (CaSiO3) component is ca. 50%, while 
enstatite (MgSiO3) reaches 33%. Minor elements are 
Cr, Na, Fe3+, V and Ti. 
 
Epidote group minerals 

Epidote group minerals in this thin section are mainly 
zoisite. The total calculated ions were slightly higher 
than 8 normalized to 12.5 oxygens, thus the Droop 
(1987) Fe3+ calculation was used for the determination 
of Fe2O3. The results show that 19 out of 23 spectra 
are zoisite, and the remaining 4 are clinozoisite (Fig 
33). Zoisite contains low amounts in Fe2O3 (~2%), 
while clinozoisite is richer (~7%). Generally, none of 
the spectra is iron-rich enough to be categorized as 
epidote. Allanite crystals have not been detected in this 
sample. Zoisite crystals do not contain other minor 
elements. 
 
Mica 

Grains of sericite are present in this thin section, as 
alteration of plagioclase. Sericite and prehnite form 
very fine-grained aggregates and are interpreted as 
very low-grade alterations. Twenty-six spectra have 
been obtained from these fine-grained masses and all 
are classified as muscovite (K-rich mica; Fig. 35). The 
single valency position where K resides is never filled 
completely (max sum 0.99 a.p.f.u.) but K varies from 
0.70 to 0.97. The minimum value of K a.p.f.u. in order 
to characterize a mica as muscovite is 0.70 (Rieder et 
al. 1998). K2O presents an average value of 10%. The 
mica includes minor amounts of Ca, Na, Mg and Fe. 
 
Prehnite 

Prehnite has been observed in this thin section in the 
same sites as sericite. Prehnite’s chemical formula is 
Ca2Al2Si3O10(OH)2, thus is mostly occurring in Ca-Al-
rich rocks, for instance plagioclase-rich marbles, or 
mafic rocks such as metabasalts and gabbros, with Ca-
rich plagioclase. Ten prehnite spectra have been 
obtained from six different sites. Some spectra have Al 
excess, due to analytical errors. Prehnite forms very-
fine-grained intergrowths with sericite and probably 
the Al excess occurs from spectra when the electron 
beam hits both prehnite and sericite. This situation is 
accompanied with a deficiency in Ca or in Si, where 
more Al than the regular amount is residing in the 
tetrahedral position. Prehnite contains variable minor 
amounts of Mg, Fe, K and Na. However, there are 
‘clean’ analyses that fit well into prehnite 
stoichiometry without great excess in the cation 
allocation. 
 
Carbonates 

Eighteen spectra of carbonate minerals have been 
acquired. The results show that they are almost pure 
calcite with an average CaCO3 proportion of 99%, the 
remaining being MgCO3 and FeCO3. Calcite forms 

both euhedral crystals and fine-grained aggregates that 
are mixed with sericite and prehnite. 
 
Feldspar 
The examination of feldspar showed that three types of 
plagioclase exist in sample CM19R-11k. Twenty-one 
of twenty-seven spectra have high anorthite 
component with an average of An97. Calcic plagioclase 
with a lesser amount of anorthite (~An82) has been 
detected. Another group of plagioclase analyses 
comprise three spectra obtained from a single albite 
crystal (~An7). Plagioclase crystals are generally free 
of minor elements.  
 
Other phases 

The main accessory minerals in sample CM19R-11k 
are titanite, zircon, and apatite. Titanite crystals are 
peculiar, because their totals are not close to 100, but 
mostly closer to 98%. Titanite contains minor amounts 
of fluorine (~ 0.70 wt%). Aluminium also occurs (~ 
3% Al2O3) substituting for Ti, in all titanite crystals. 
Common minor elements in titanite are Fe3+, V and Cr. 
Eight zircon analyses have been acquired from this 
sample. Some are pure (ZrSiO4), however Hf 
(uncertain element due to peak overlap) has been 
detected (substituting for Zr). In some cases, Fe3+ has 
been detected which can replace Si, as well. Four 
spectra from two apatite crystals were obtained, 
indicating that apatite is enriched in F (~ 3 wt% F), 
thus categorized as fluorapatite. 
 

4.6 Geothermobarometry Calculations 
(winTWQ) 
Five phase equilibrium diagrams have been created 
using the winTWQ program which indicate the 
mineral phase equilibrium in the garnet-rich mafic 
knob, sample CM19R-11k.  The diagrams have been 
created based on the observed mineral assemblage 
under the petrographic microscope, i.e., garnet, 
clinopyroxene, zoisite, plagioclase, quartz, and 
carbonate, and their mineral chemical composition 
from EDS-analyses. The main aim of these diagrams 
was to investigate which reactions led to formation of 
the garnet rims. Therefore, respective EDS analyses 
have been selected from the garnet rim and adjacent 
main paragenesis mineral phases: diopside, 
plagioclase, calcite and zoisite. A second aim was to 
obtain, if possible, a P–T estimate for the equilibrium 
between garnet core, zoisite, clinopyroxene, calcite 
and quartz. 

The unknown factor in P–T determination is the 
proportions between H2O and CO2 in the fluid phase. 
Therefore, four different calculations have been made 
assuming various proportions (20–80%) of these two 
fluid species. The calculations were based on a system 
containing the major chemical components, i.e., SiO2, 
Al2O3, CaO, FeO, H2O and CO2. Also, only one type 
of Qtz has been selected (a-Qtz) and one type of 
zoisite (clinozoisite has been excluded). The TWQ 
calculation yielded 23 chemical reactions which are 
given in the appendix. Six out of the twenty-three 
reactions have been selected for the mineral phase 
equilibria determination. The selected reactions 
describe grossular-rich garnet formation by zoisite, 
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calcite, plagioclase and/or clinopyroxene consumption. 
These reactions were included in the calculation 
because they correspond to the observed garnet 
composition (Ca–Al rich garnet). The calculations that 
involved Mg endmembers of garnet and clinopyroxene 
were disregarded because of low contents in all 
constituent minerals other than Cpx. Also, any 

reaction(s) that could not provide an intersection point 
to explain grossular formation, was excluded. The 
results from geothermobarometry calculations are 
given below (Fig. 36 a-d). 

Quartz is absent in sample CM19R-11k. If quartz is 
excluded from the mineral phases used in winTWQ, 
the available chemical reactions are dramatically 

Fluid phase proportion (H2O % - CO2 %) Pressure (kbar) Temperature (°C) 

75% - 25% 8.2 715 

50% - 50% 10.8 800 

25% - 75% 13.8 875 

20% - 80% 16.5 910 

Table 3. Pressure and temperature values for any given fluid phase composition from the intersection of the reactions 2, 14 and 
15 in figure 36. 

Fluid phase proportion 

75% H2O – 25% CO2 

Involved reactions 
2) 4 Zo + Qtz = 5 An + Grs + 2 H2O 
6) 12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 
14) Qtz + 2 Cal + An = Grs + 2 CO2 

15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 
19) Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 
20) 4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 CO2 

20 

19 

19 

14 

15 

a) 

Fluid phase proportion 

50% H2O – 50% CO2 

Involved reactions 
2) 4 Zo + Qtz = 5 An + Grs + 2 H2O 
6) 12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 
14) Qtz + 2 Cal + An = Grs + 2 CO2 

15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 
19) Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 
20) 4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 CO2 

15 

b) 
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reduced to lower than 10, and an intersection point of 
the reactions does not occur. Therefore, it has been 
assumed that quartz was part of the main mineral 
assemblage until consumed by the reactions.  

An intersection between the reactions 2, 14 and 15 
has been observed in every diagram, suggesting a 
possible mineral phase equilibrium in sample CM19R-
11k. Every reaction produces grossular-rich garnet and 
volatiles (H2O and/or CO2), while zoisite, quartz, 
calcite and/or anorthite are consumed. The intersection 
point between these three reactions changes in 
response to the fluid phase composition. The diagrams 
show that a fluid phase containing 75% CO2 results in 
a well-defined intersection of reactions (Fig. 36c). 
Lower proportions of CO2  (20 and 50%, respectively) 

result in poorly defined intersections (Fig. 36a, 36b), 
which are away from each other and very high CO2 
proportion (80%) in the fluid phase yield very high P–
T values (Fig. 36d). The P–T values from every 
diagram are given in the table 3 below. 

Reactions 4.1, 4.2 and 4.3 (below) have been 
calculated by the winTWQ software. Reaction 4.1 
explains that grossular-rich garnet can be formed by 
consumption of zoisite, quartz and calcite. Assuming 
that the sample CM19R-11k had quartz in the main 
assemblage, then reaction 4.1 is one of the 
predominant grossular formation processes. 

 
2 Ca2Al3Si3O12(OH) + 3 SiO2 + 5 CaCO3 → 3 
Ca3Al2Si3O12 + 5 CO2 + H2O    (4.1) 

c) 
Involved reactions 

2) 4 Zo + Qtz = 5 An + Grs + 2 H2O 
6) 12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 
14) Qtz + 2 Cal + An = Grs + 2 CO2 

15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 
19) Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 
20) 4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 CO2 

Fluid phase proportion 

25% H2O – 75% CO2 

Involved reactions 
2) 4 Zo + Qtz = 5 An + Grs + 2 H2O 
6) 12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 
14) Qtz + 2 Cal + An = Grs + 2 CO2 

15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 
19) Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 
20) 4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 CO2 

Fluid phase proportion 

20% H2O – 80% CO2 

d) 

Figure 36. Temperature and pressure equilibrium diagram calculated using TWQ (Berman, 1991), with stable and metastable 
reactions of minerals in garnet-rich mafic knob in marble-amphibolite contact (sample CM19R-11k). The diagrams have been 
calculated assuming various CO2 proportions of the fluid phase. The intersection of the chemical reactions implies that the met-
amorphic conditions during the formation of garnet rims reached amphibolite to high pressure granulite facies, at conditions 
indicated in diagram (c). 
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2 zoisite + 3 quartz + 5 calcite → 3 grossular + 5 
carbon dioxide + water 

 
Grossular-rich garnet is favoured by the 

consumption of calcic plagioclase, too. Reaction 4.2 
describes another possible reaction, where grossular is 
formed at the expense of quartz, calcite and anorthite: 

 
SiO2 + 2 CaCO3 + CaAl2Si2O8 → Ca3Al2Si3O12 + 2 
CO2   (4.2) 
 
quartz + 2 calcite + anorthite → grossular + 2 carbon 
dioxide 
 

The third reaction (4.3) that intersects reactions 4.1 
and 4.2 in figure 36 is a quartz and zoisite consuming 
reaction which produces anorthite, grossular and 
water.  

 
4 Ca2Al3Si3O12(OH) + SiO2 → 5 CaAl2Si2O8 + 
Ca3Al2Si3O12 + 2 H2O    (4.3) 
 
4 zoisite + quartz → 5 anorthite + grossular + 2 water  

 
The P-T mineral equilibrium diagrams above (Fig. 

36 a-d), involve rich-in-grossular garnet rims.  The 
diagram in Figure 36c yields the best intersection of 
reactions using these grossular-rich compositions and 
is suggested to indicate the P–T conditions for this 
reaction. 

To achieve a better understanding of the 
metamorphic conditions prior to this reaction, a 
calculation was made involving data from the garnet 
core which has lower grossular content. Figure 37 
contains the same intersection point as in the diagrams 
in Figure 36. The intersection point using the garnet 
core composition is around 800°C and 12.5 kbar, 
slightly lower than the intersection point of the rims. 

5 Petrological interpretation 
5.1 Marbles 
The marbles in the study area are dominated by 
carbonate minerals, but also contain siliceous 
minerals. The variation in parageneses observed is a 
function of the bulk compositions: dolomite-free 
protoliths form calcite marbles mainly associated with 
quartz and silicate minerals of detrital origin, while 
marbles originating from dolomite-rich protoliths 
interlayered with siliceous layers contain both 
dolomite and calcite but also siliceous minerals that 
are indicative of the metamorphic grade.  

The white marbles from Allmenningen that have 
been examined in this study are typically dominated 
by diopside. Other important silicate minerals in the 
marbles are scapolite, amphibole, mica (mainly 
phengite and phlogopite), epidote/zoisite and titanite. 
Diopside in marble suggest that the rocks have been 
metamorphosed at high P–T conditions (Fig. 38; 
Bucher & Grapes 2011). Forsterite or wollastonite 
have not been found in these rocks, thus the 
metamorphic conditions did not reach ultrahigh 
temperature (UHT) conditions. 

The textures suggest that the rocks equilibrated at 
the peak metamorphic conditions. However, during the 
retrograde path these rocks have followed, there were 
local replacements, e.g., of clinopyroxenes by 
tremolite, actinolite, ferro-pargasite or hornblende. 
Late fluid phase influx has formed talc inside the 
crevices of diopside crystals and the tremolite 
pseudomorphs. The fact that diopside, tremolite, and 
talc are present at the same time in the white marble 
(sample CM16R-09f1), can be explained by the rapid 
uplift that occurred in the general area of Roan during 
the retrogressive metamorphic path (Möller 1988), and 
also set the post-orogenic metamorphic conditions at 
low P and T. Another factor could be water influx 
during retrogression. More water in the metamorphic 

Involved reactions 
2) 4 Zo + Qtz = 5 An + Grs + 2 H2O 
6) 12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 
14) Qtz + 2 Cal + An = Grs + 2 CO2 

15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 
19) Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 
20) 4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 CO2 

Fluid phase proportion 

25% H2O – 75% CO2 

Figure 37. Temperature and pressure equilibrium diagram calculated using TWQ (Berman, 1991), with stable and metastable 
reactions of minerals in garnet-rich mafic knob in marble-amphibolite contact (sample CM19R-11k). Grossular analyses for 
this diagram have been selected from porphyroblast cores. 
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Figure 38. Mineral isograds from calc-silicate rocks projected on a P–T plot by Bucher & Grapes 2011. The stippled lines rep-
resent the metamorphic gradient for the respective type of metamorphism. 

system could drive in the increase of the stability field 
of hydrous minerals like tremolite and talc resulting in 
the coexistence of these minerals in a wide P–T field. 
Of the three minerals only diopside is in equilibrium 
during peak metamorphism. 

 

5.2 Calc-Silicates 
The calc-silicate rocks from Allmenningen are the 
most peculiar in terms of mineralogy. Generally, the 
main paragenesis contain carbonates, diopside, garnet, 
phlogopite, amphibole, scapolite and titanite. As 
described above, the bulk composition plays a major 
role in the final assemblage. These rocks are 
interlayered with marbles, while mafic pods are found 
in their layers. Thus, Ca-rich minerals are formed, and 
Ca-rich endmembers of the siliceous minerals are 
observed. For instance, in most of the calc-silicates 
scapolite crystals occur, while in the most Mg-Fe-rich 
varieties garnet can also form.  

Diopside is the mineral that occurs in all calc-
silicate rocks examined. In most of the samples, 
diopside can coexist with amphibole. Amphibole can 
also form pseudomorphs after diopside, but single 
crystals have also been observed in the thin sections. 
Moreover, some calc-silicate rocks have granoblastic 
texture with polygonal crystals and distinctive mineral 
grain boundaries characteristic for granulite facies 
metamorphism.  

The above observations with the equilibrium in the 
peak P-T metamorphic conditions suggest that this set 
of rocks have been metamorphosed in high-pressure 
granulite facies. The observed assemblages include 
garnet porphyroblasts (only in sample CM16R-03b1; 
Fig. 15), diopside (sometimes porphyroblastic, too), 
amphibole (only in sample CM19R-11b; Fig. 19) and 
scapolite. Mineral assemblages’ observation from the 
photomicrographs suggest equilibrium of these 
mineral phases. Zoisite drop-shaped inclusions in 
garnet porphyroblasts suggest prograde garnet 
formation with zoisite consumption. The fact that 
dehydration reactions occur along with low amounts of 
amphibole and high amounts of diopside in the 
mineral paragenesis, suggest a transformation of 
amphibole to diopside. However, the signs of tremolite 
pseudomorphs strengthen the theory of retrogression 
of these rocks in a rapid tempo. That is because 
diopside and tremolite both occur in some samples in 
the form of partial and/or complete pseudomorphs. 
The pseudomorphs suggest disequilibrium; in the calc-
silicate rocks, diopside equilibrated in peak 
metamorphism while tremolite formed later. The 
composition of scapolite and associated plagioclase 
crystals support equilibrium at high P-T conditions 
because of their calcic compositions (cp. Teertstra & 
Sherriff 1997). Post-metamorphic hydrothermal fluid 
influx partially altered the calcic plagioclase into 



 

46 

prehnite and sericite. 
 

5.3 Mafic Rocks 
The investigated samples of mafic rocks from 
Allmenningen are from mafic pods inside the marbles 
and calc-silicates. Both their microscopical and 
macroscopical characteristics (Fig. 22-29) are very 
close to those of mafic granulites. The mineral 
assemblages contain garnet, diopside, amphibole (only 
in sample CM16R-03e2), plagioclase and zoisite. In 
these mafic rocks, diopside appears almost in every 
site, while amphibole either is absent from some 
samples, or its proportion is very low compared to 
diopside appearance. Zoisite is stable in granulite 
facies temperatures in the mafic rocks due to bulk 
composition of the rocks. Usually, in mafic granulites, 
a small amount of water is incorporated in biotite. 
However, in the studied granulites, Mg and Fe form 
diopside and garnet, while Ca and Al are still in excess 
from grossular formation. The depletion in Mg and Fe 
means that phlogopite cannot be formed, while the 
excess in Ca and Al favour zoisite as the main water-
bearing mineral phase. Scapolite is absent while 
carbonate minerals may occur in some rocks. The 
proportion of these minerals is low due to bulk 
composition. 

The mineral pair that occur in every mafic rock 
sample is garnet and diopside. Plagioclase can be 
observed as well in three of four samples examined. 
These three minerals are characteristic of mafic high-
pressure granulites regarding bulk composition and 
metamorphic P–T conditions. The texture of these 
rocks presents polygonal crystals and triple points, 
also typical of granulite facies metamorphism. 
Actinolite and/or tremolite occurs as pseudomorphs 
after diopside. 

High anorthite component in plagioclase of the 
mafic rocks, suggest high temperature during peak 
metamorphism. During the retrograde path, actinolite 
pseudomorphs after diopside support partial 
disequilibrium in the mafic rocks. Specifically, in the 
Grt-rich mafic knob (sample CM19R-11k), fine-
grained prehnite and muscovite (sericite) are indicative 
minerals of very low-grade, probably post-orogenic, 
alteration. 

Four generations of minerals, in the three different 
rock types, have been distinguished and correspond to 
stages of the metamorphic P–T path. (1) During 
prograde metamorphism and equilibrium at peak 
metamorphic conditions, garnet, diopside, and 
scapolite formed. To this generation belong also calcic 
plagioclase, zoisite, phlogopite (in certain samples), 
titanite and recrystallized carbonate and/or quartz 
crystals. (2) Early amphibolitization, with partial 
replacement (pseudomorphs) of clinopyroxene by 
hornblende. (3) During late stages of the retrograde 
path, at greenschist-facies conditions, partial 
amphibolitization in the mafic rocks and the impure 
siliceous diopsidic marbles, caused the complete or 
partial replacement of high-pressure anhydrous 
minerals (diopside, garnet). The produced 
metamorphic minerals are amphibole (tremolite and/or 
actinolite) and chlorite, respectively. (4) Lastly, late 
influx of hydrothermal fluids led to low-grade mineral 

formation such as talc after Mg-rich minerals. 
Sericitization took place on plagioclase while prehnite 
also formed during that time. 

 

6 Discussion 
6.1 Petrography and chemical reactions 
6.1.1 Marbles 
Marble varieties in the study area are rich in diopside. 
Generally, during prograde metamorphism of 
carbonate rocks, diopside forms by tremolite 
consumption when the metamorphic conditions reach 
high enough temperature to enter the so-called 
“diopside zone” (Winter 2014). In a continental 
collision metamorphic gradient, the diopside zone 
starts at ca. 650°C, at pressure of 7 kbar (Bucher & 
Grapes 2011; Fig. 38).  

Following a continental collision gradient, the 
diopside zone in marbles follows after the talc (first) 
and tremolite (second) zones, which correspond to low
-grade (< 450°C, 4-5 kbar) and medium-grade 
metamorphism (< 600°C, ~7 kbar), respectively 
(Bucher & Grapes 2011; Fig. 38). It is suggested that 
the temperature during prograde-to-peak 
metamorphism of the calc-silicate rocks in 
Allmenningen reached at least 620°C and pressure 
more than 10 kbar. The “diopside-in” reaction in 
impure and siliceous dolostones has been described by 
Bowen (1940): 

 
Ca2Mg5Si8O22(OH)2 + 2 SiO2 + 3 CaCO3 → 5 
CaMgSi2O6 + 3 CO2 + H2O   (6.1) 
 
tremolite + 2 quartz + 3 calcite → 5 diopside + 3 
carbon dioxide + water 

 
This is likely the case also for the studied rocks 

because the phases that have been recorded are 
diopside and calcite and/or dolomite, not quartz. 
Hence it is suggested that the protoliths of the 
respective rocks were originally rich in quartz 
dolostones and the order of the minerals formed may 
have been talc → tremolite → diopside. 

Following the metamorphic gradient in Fig 38 the 
next diopside-forming reaction by quartz consumption 
is the reaction 6.2: 

 
CaMg(CO3)2 + 2 SiO2 → CaMgSi2O6 + 2 CO2      (6.2) 
 
dolomite + 2 quartz → diopside + 2 carbon dioxide 

 
However, this scenario is very rare to happen 

because quartz was depleted by the reaction 6.1. 
Continued quartz consumption by reaction 6.1 during 
regional (orogenic) metamorphism leads to a new 
diopside formation reaction that has been described by 
Bucher and Grapes (2011): 

 
3 CaCO3 + Ca2Mg5Si8O22(OH)2 → CaMg(CO3)2 + 4 
CaMgSi2O6 + H2O + CO2    (6.3) 
 
3 calcite + tremolite → dolomite + 4 diopside + water 
+ carbon dioxide 

 
Reaction 6.3 can explain diopside formation after 
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depletion of quartz right next to reaction 6.1 (Bucher 
& Grapes 2011; Fig. 38). Reactions 6.1 and 6.3 formed 
main-paragenesis diopside in prograde to peak 
metamorphic conditions. In the studied rocks, the 
diopside zone is probably between the isograds of 
reactions 6.1 and 6.3. 

 
6.1.2 Calc-Silicates 
Calc-silicate metamorphic rock systems are difficult to 
handle due to bulk compositional complexity (many 
chemical components) which strongly affects the 
equilibrated metamorphic mineral paragenesis. Calc-
silicate rocks from Allmenningen are rich in diopside, 
amphibole, scapolite, titanite and calcite and/or 
dolomite. Some of the samples also contain amounts 
of phlogopite. Compared to the marbles, the calc-
silicate rocks originally contained larger quantities of 
silicate minerals. The protoliths of these rocks 
represent calcite and/or dolomite marbles with various 
silicate-rich intercalations of clays, sands or mafic 
rocks. The studied calc-silicate rocks contain 
centimetre-long silicate layers. The dolomitic material 
reacted with the silica during metamorphism, hence 
the observed Ca-Mg minerals (diopside, amphibole) 
were created. In the calc-silicate rocks, diopside 
formed most likely from the reaction 6.1 or 6.3. 

Since these rocks are not entirely characterized as 
marbles, the terms describing the index zone minerals 
(talc, tremolite, diopside, forsterite, periclase), are not 
completely applicable when it comes to metamorphic 
grade description. However, the calc-silicates were 
metamorphosed at P–T conditions similar to the 
marbles.  

The calc-silicate rocks are also rich in scapolite. 
According to Goldsmith and Newton (1977) and 
Aitken (1983), the reaction which explains the 
equilibrium between plagioclase and meionitic (Ca-
rich) scapolite is: 

 
3 CaAl2Si2O8 + CaCO3 → Ca4Al6Si6O24CO3         (6.4) 
 
3 plagioclase (anorthite) + calcite → scapolite 
(meionite) 

 
Reaction 6.4 describes scapolite formation in 

response to temperature increase, especially in upper 
granulite and upper amphibolite facies metamorphism 
(Aitken 1983). Aitken also stated that this reaction is 
pressure independent, whilst it is controlled 
exclusively by temperature and the PCO2 in the system. 
Reaction 6.4 is also called the scapolitization reaction, 
where the plagioclase minerals in a rock, are 
progressively turning into scapolite. The minimum 
temperature for reaction 6.4 to equilibrate is 525°C, 
and the concentration of CO2 in the system must be 
higher than 13 moles %. Goldsmith and Newton 
(1977) proved that the mineral paragenesis of 
plagioclase and calcite is replaced by scapolite with 
increasing temperature. Pure meionite can be stable in 
a system with calcite only at temperatures > 875°C. 
Reaction 6.4 can explain plagioclase deficiency in the 
calc-silicate rocks of Allmenningen. Meionitic 
scapolite temperature stability field coincides with the 
peak metamorphic conditions  (~ 860°C, 14.2 kbar) of 
the  ESU, as calculated by Möller (1990).  

During the retrograde metamorphic path, the calc-
silicate rocks were also affected by local low-grade 
alterations. Amphibole formed as pseudomorphs after 
pyroxene and chlorite is locally replacing garnet. 
These two minerals and their associated appearance 
prove partial disequilibrium in these rocks and provide 
evidence of retrograde metamorphism. 

Fine-grained amphibole intergrowths after diopside 
in calc-silicate rocks consist of tremolite. Hence, 
reaction (6.5) is suggested for this partial replacement: 

  
CaMgSi2O6 + H2O → Ca2Mg5Si8O22(OH)2      (6.5) 
 
diopside + water → tremolite 

 
6.1.3 Mafic Rocks 
Mafic rocks on the island of Allmenningen contain 
mainly Ca-Fe-rich garnet, diopside, plagioclase, 
zoisite, amphibole and titanite, and can be 
characterized as mafic granulites. The grains are 
occasionally porphyroblasts, but the texture is mainly 
granoblastic. In this type of rocks, garnet is formed 
through a series of reactions during prograde 
metamorphism and temperature increase. As 
temperature rises, dehydration reactions take place 
(Winter 2014). For instance, when a rock is subject to 
changing conditions from the amphibolite-facies to the 
eclogite- or granulite-facies, a common reaction is the 
dehydration of amphibole and formation of 
clinopyroxene. It is suggested that diopside in mafic 
rocks has been created by reactions that consumed 
amphibole. 

 The major difference between the calc-silicate and 
the mafic rocks of the study area is the absence of 
scapolite in the latter. Scapolite is a common mineral 
in mafic granulites and can be formed only under 
specific circumstances, which are related to the 
protolith’s bulk composition and/or the composition of 
the fluid phase.  

The textural relations suggest that the occurrence 
of actinolite and/or tremolite amphibole in the mafic 
rocks is connected to retrogression. In the garnet-
bearing knob in calc-silicate (sample CM19R-11i2), 
amphibole is not part of the main mineral paragenesis 
and also replaces diopside inclusions in garnet. In the 
garnet-rich mafic granulite (sample CM16R-03e2), 
actinolite occurs in pseudomorphs after clinopyroxene. 
On the other hand, in the same sample there is textural 
evidence that ferro-pargasite amphibole coexisted and 
equilibrated with clinopyroxene in the main mineral 
assemblage during peak metamorphism. 
Rhombohedral, euhedral amphibole crystals support 
this speculation (Fig. 23a, 23c). Ferro-pargasite is 
more abundant than actinolite in this sample. 

Zoisite in these rocks is part of the main mineral 
assemblage. A rock can have mixed fluid components 
(e.g. H2O and CO2), hence both hydrous and carbonate 
minerals can equilibrate together and stabilize even at 
high-grade metamorphism. If we assume that the 
system was closed, the fluid composition was 
internally buffered by the mineral assemblage and the 
hydrous and carbonate mineral phases can coexist with 
anhydrous minerals. Before the peak metamorphism, 
dehydration and/or decarbonation reactions occur but, 
since the system is closed, thereafter the fluid 
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composition remains the same.  
Tremolite and/or actinolite and chlorite locally 

replace diopside and garnet, respectively. This could 
suggest partial reequilibration of the rocks during 
retrograde greenschist-facies metamorphism and 
hydrous fluid influx. These minerals have retrograde 
origin, meaning that they are not in equilibrium with 
the peak-metamorphic assemblage of garnet, diopside 
etc. 

 

6.2 The garnet rim of sample CM19R-
11k 
The sample CM19R-11k is unique with respect to that 
garnet forms rims around the other minerals (Cpx, Zoi, 
Cal, and Plag). The main mineral assemblage in this 
rock is grossular, clinopyroxene, anorthitic 
plagioclase, zoisite and calcite (+ titanite). In this 
study, garnet analyses have been obtained both from 
the garnet rims and the larger grains, showing that 
garnet cores are richer in almandine component and 
poorer in grossular component than the garnet rims. 
The garnet rims are everywhere grossular-dominated 
and not chemically affected by the adjacent mineral 
species that they surround. This observation suggests 
that the garnet cores were initially formed during 
prograde to peak metamorphism, consuming calcite, 
zoisite and plagioclase. As shown by the TWQ 
calculations (Fig. 36, 37), the garnet rims were 
probably formed later by zoisite, calcite and 
plagioclase consumption. Therefore, it is suggested 
that the garnet rim was created by heating and 
devolatilization. 

In calc-silicate systems, calcite can provide Ca for 
garnet formation during temperature increase, thus 
leading to gradual decarbonation of the rock (Groppo 
et al. 2013). Grossular formation is favoured by 
temperature increase; thus, in these reactions grossular 
is located towards the high temperature part of the 
equilibrium (op cit.). In the case of Allmenningen, 
zoisite and calcite are the main mineral phases which 
contribute to grossular formation by devolatilization 
(reactions 4.1, 4.2, 4.3). Another calcic mineral which 
could contribute in grossular formation in calc-silicate 
metamorphic systems is diopside (Groppo et al. 2013). 
However, in the case of sample CM19R-11k, diopside 
is a reactant which provides iron (almandine) to the 
garnet rather than calcium (grossular). 

Reaction 4.1, that consumes zoisite, quartz and 
calcite, is suggested as the most plausible reaction for 
the formation of grossular-rich rims in the Grt-rich 
mafic knob (sample CM19R-11k). In calc-silicate 
systems, quartz is necessary for the formation of many 
silicate minerals i.e., clinopyroxene, garnet, 
amphibole, scapolite and micas. Quartz is absent in 
sample CM19R-11k. Hence, it is suggested that quartz 
was once part of the main mineral assemblage but was 
consumed by a final grossular-producing reaction.  

Anorthitic plagioclase is a main mineral phase in 
sample CM19R-11k, stable at high temperature during 
metamorphism. Prehnite and sericite alteration sites 
are abundant in the plagioclase crystals. Sericite and 
prehnite were formed at the expense of anorthite due 
to low-grade alteration in response to influx of 
hydrous fluid.  

Figures 36 and 37 summarize the main chemical 
equilibria in sample CM19R-11k. These diagrams 
show intersections of univariant reactions at generally 
high temperature and pressure (> 700°C, > 8 kbar); 
some reactions are pressure-dependent (e.g., straight 
lines 2 and 6). It is assumed that the common 
intersection point represents the mineral equilibria in 
sample CM19R-11k including reactions 4.1, 4.2 and 
4.3 (lines 2, 14, 15). In these reactions, grossular is a 
product on the high-temperature (HT) side of lines. 
Therefore, it is suggested that the grossular-rich garnet 
rim in sample CM19R-11k, has been formed during 
near-isobaric heating. Therefore, the system moved to 
the right sector of these curves passing by the common 
equilibrium point. The curve of reaction 4.2 (line 14) 
excludes the scenario of isothermal decompression, 
because in that case grossular decomposition takes 
place. This is derived from figure 36c, because in that 
occasion the system would move from the high-
temperature domain of reaction 4.2 towards the low-
pressure domain. In the Grt-rich mafic knob, garnet 
decomposition has not been observed, hence the garnet 
rims do not contain symplectites, which indicate 
retrogressive origin.  

An estimation on the pressure and temperature 
conditions can be derived from the plot (Fig. 36). The 
accepted equilibrium is the intersection of reactions 
4.1, 4.2 and 4.3 (lines 2, 14, 15). The initial estimation 
of peak metamorphism in Roan has been calculated at 
approximately 870°C and 14.5 kbar (Johansson & 
Möller 1986; Möller 1988, 1990). These values agree 
very well with the calculated values on the table 3 
above (870°C – 13.8 kbar), assuming a fluid phase 
composition of 25% H2O and 75% CO2 (Fig. 36c). 
The other calculations are considered less valid 
because 1) they are not concordant with granulite 
facies pressure and temperature and 2) they present a 
larger spread between the intersection points, 
compared to Fig 36c and 37. Further confirmation on 
the fluid phase composition comes from the scapolite 
analytical data from adjacent rock formations that 
present high values of XCO2. Based on new 
observations, pressure in Roan may have reached 
slightly higher values than 14.5 kbar.  However, the 
general absence of coesite indicates that the peak 
pressure did not reach UHP conditions (Charlotte 
Möller, personal communication, June 2020). 

 
 

6.3 The fluorine presence in ESU and 
fluid phase characterization 
During SEM study of the samples, several spectra 
suggest the presence of fluorine in several minerals. 
Generally, the seeking of fluorine-bearing minerals in 
marbles is encouraged when these rocks are studied 
under SEM-EDS or electron microprobe (Bucher & 
Grapes 2011). Fluorine is a halogen element which can 
be dissolved in a CO2 and H2O mixed fluid phase. 
Elements like fluorine (Cl, Br, etc.) and alkali-metals 
(Na, K, etc.) are mobile when dissolved and can be 
transported easily in the metamorphic system by the 
fluid’s phase activity (Winter 2014). 

Apatite is the predominant phosphate accessory 
mineral and is very common in the studied rocks, as it 
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binds most of the P2O5 during metamorphism (Hughes 
& Rakovan 2015). Apatite usually contains some 
fluorine. The highest amounts of fluorine in apatite 
were found in the pink marble (sample CM16R-09c) 
and the Grt-rich mafic knob (sample CM19R-11k). 
The presence of fluorine in apatite and other minerals 
(e.g. phlogopite, amphibole) suggests an enrichment of 
this element in the fluid phase. Some of the apatite 
crystals contain lesser amount of chlorine, too. 

The above observations suggest that the fluid phase 
in marbles and calc-silicates was a mixture of H2O and 
CO2 with changing proportions depending on the 
metamorphic reactions (e.g., Bucher & Grapes 2011), 
however their proportion in unknown. The reactions 
during the initial metamorphic stage produce hydrous 
minerals, consuming the intergranular water between 
the mineral grains and porous of the protolith (Bucher 
& Grapes 2011; Winter 2014). Thus, water is depleted 
from the free fluid phase and the latter is slightly 
enriched in CO2. At the middle stages of 
metamorphism, the reactions in calc-silicate systems 
are getting more complicated. The majority of the 
reactions cause devolatilization and produce either 
CO2, or H2O, or both types of fluids. As a result, the 
contribution of these molecules to the fluid phase is 
difficult to calculate due to the complexity of the 
reactions and bulk composition of these rocks. 

Figure 36c above proves that the proportion of the 
fluid phase in sample CM19R-11k at the time of peak 
metamorphism was 3:1 CO2:H2O. The predominant 
mechanism that adjusts the concentration of CO2 in the 
fluid phase is calcite decomposition during heating. 
Furthermore, because ESU was a closed metamorphic 
system, the decomposition of calcite constantly buffers 
internally the XCO2. The fluid phase in the studied 
rocks is CO2 dominant, but not that high as has been 
calculated from scapolite analyses (cp. Fig. 34). 

 

6.4 The effect of metamorphism of 
calcareous rocks on the CO2 budget in 
the atmosphere 
The metamorphic reactions in calc-silicate rocks 
release CO2 gas that can contribute to the total amount 
of CO2 in the atmosphere (Bucher & Grapes 2011; 
Groppo et al. 2013 and references therein). The 
geological environment that can produce the most CO2 
are large metamorphic provinces composed of calc-
silicate rocks and impure marbles (Groppo et al. 
2013). The metamorphic conditions for degassing 
include continental collisional zones with relatively 
high temperatures (op. cit.). The major minerals that 
produce CO2 are calcite, dolomite and meionitic 
scapolite. Decarbonation occurs in granulite-facies 
terrains where marbles and calc-silicate rocks consist 
of wollastonite, grossular-rich garnet and scapolite 
(Groppo et al. 2013 and references therein).  

In the calc-silicate rocks from Allmenningen there 
is no record of wollastonite-bearing rocks. 
Wollastonite is more common in contact 
metamorphism environments, including skarns and 
contact aureoles between igneous bodies and calc-
silicate or impure marble layers (Bucher & Grapes 
2011).  

Taking into consideration the TWQ calculations 

(Fig. 36) and the work of Groppo et al (2013), it is 
assumed that the garnet corona-forming reactions were 
associated with CO2 and/or H2O production, during 
simultaneous breakdown of calcite and/or zoisite. The 
main diopside-forming reactions in marbles and calc-
silicate rocks are 6.1 and 6.3, which also produce CO2 
and H2O. 

Finally, one can conclude that, in every calcareous 
rock at Allmenningen, reactions took place which 
produced a significant amount of CO2. These rocks 
though, cannot hold all this fluid phase, so the release 
was probably happening continuously during prograde 
metamorphism. However, there is no evidence that the 
produced CO2 from orogenic metamorphism of 
calcareous rocks can cause global warming, but 
definitely can be considered as a main factor that 
potentially could lead to climate change along with 
volcanic eruptions, ice cap melting etc. 

 

7 Conclusions 
•  The main mineral assemblage in the marbles is Cal 
+ Dol + Di + Scp + Phl + Am + Ttn ± Ep ± Qtz. 
 

•  The main mineral assemblage in the calc-silicate 
rocks is Cal + Dol + Di + Scp + Phl + Am + Grt + Ttn 
± Qtz. 
 

•  The main mineral assemblage in the mafic rocks is 
Grt + Cpx + Pl + Zo + Am + Cal + Ttn. 
 

•  Retrograde minerals which are not in equilibrium 
with the main assemblage are tremolite, actinolite, 
chlorite, prehnite and sericite. 
 

•  P–T calculation using mineral equilibria from 
sample CM19R-11k yield ca. 875°C and 13.8 kbar. 
 

•  At these conditions, the fluid phase was composed 
of 75% CO2 and 25% H2O. 
 

•  The grossular-rich garnet rim in sample CM19R-
11k was formed during heating and devolatilization. 
The main reactants are calcite, zoisite and plagioclase. 
 

•  The fluid phase contained dissolved elements, 
mainly halogens F and Cl. 
 

•  The main CO2-producing processes are grossular 
and diopside formation reactions. 
 

•  The emitted CO2 from the decarbonation during 
metamorphism can contribute to global warming along 
with other natural phenomena. 
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Appendix 1 – Common abbreviations of petrogenetic minerals 

List of the minerals’ abbreviations used in the text, figures and appendices of this work. 

Abbreviations Mineral Name 

Actinolite Act 

Albite Ab 

Allanite Aln 

Almandine Alm 

Amphibole Am 

Andradite Adr 

Anorthite An 

Apatite Ap 

Biotite Bt 

Calcite Cal 

Carbonate mineral Cb 

Chlorite Chl 

Clinopyroxene Cpx 

Clinozoisite Czo 

Diopside Di 

Dolomite Dol 

Enstatite En 

Epidote Ep 

Ferrosilite Fs 

Garnet Grt 

Grossular Grs 

Hedenbergite Hd 

Abbreviations Mineral Name Abbreviations Mineral Name 

K-feldspar Kfs Wollastonite Wo 

Margarite Mrg Zoisite Zo 

Marialite Mar Zircon Zrn 

Meionite Mei     

Mizzonite Mizz     

Muscovite Ms     

Opaque  
minerals 

Op     

Phlogopite Phl     

Plagioclase Pl     

Prehnite Prh     

Pyrope Prp     

Pyroxene Px     

Quartz Qtz     

Rutile Rt     

Scapolite Scp     

Sericite Ser     

Spessartine Sps     

Talc Tlc     

Titanite Ttn     

Tremolite Tr     

White Mica Wmca     
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Appendix 2 – Chemical reactions of phase equilibria 

List of chemical reactions calculated in winTWQ. 

The number in front of the reactions coincide with the respective numbered reaction curve on the diagram. 

The reactions in bold font have been selected for the P-T diagram formation. 

Alm + 5 Qtz + 8 Zo = 3 Hd + 13 An + 4 H2O 
13) 12 Qtz + 5 Prp + 13 Grs + 6 H2O = 15 Di + 12       
Zo 

2)  4 Zo + Qtz = 5 An + Grs + 2 H2O 14)  Qtz + 2 Cal + An = Grs + 2 CO2 

Prp + 5 Qtz + 8 Zo = 3 Di + 13 An + 4 H2O 15) 2 Zo + 3 Qtz + 5 Cal = 3 Grs + 5 CO2 + H2O 

2 Zo + CO2 = Cal + 3 An + H2O 16)  4 Cal + Prp + 5 Qtz = 3 Di + An + 4 CO2 

3 Qtz + 2 Grs + Alm = 3 An + 3 Hd 
17)  15 Qtz + 3 Prp + 13 Cal + H2O = 9 Di + 2 Zo + 13 
CO2 

12 Zo + 3 Hd = Alm + 12 An + 5 Grs + 6 H2O 18)  Alm + 5 Grs + 6 CO2 = 3 Hd + 6 Cal + 6 An 

12 Qtz + 13 Grs + 5 Alm + 6 H2O = 15 Hd + 12 Zo 19)  Alm + 6 Cal + 6 Qtz = 3 Hd + Grs + 6 CO2 

Alm + 3 Di = Prp + 3 Hd 
20)  4 Cal + 3 Hd + 4 Zo = 5 Grs + Alm + 2 H2O + 4 
CO2 

5 Qtz + 4 Cal + Alm = An + 3 Hd + 4 CO2 21)  Prp + 5 Grs + 6 CO2 = 6 An + 6 Cal + 3 Di 

15 Qtz + 13 Cal + 3 Alm + H2O = 9 Hd + 2 Zo + 13 
CO2 

22)  6 Cal + Prp + 6 Qtz = Grs + 3 Di + 6 CO2 

3 Qtz + Prp + 2 Grs = 3 An + 3 Di 
23)  4 Cal + 3 Di + 4 Zo = Prp + 5 Grs + 2 H2O + 4 
CO2 

 3 Di + 12 Zo = Prp + 5 Grs + 12 An + 6 H2O   
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Appendix 3 – Representative EDS analyses of petrogenetic minerals 

The tables 1-18 below list wt% oxides and atoms per formula unit of minerals analysed from the five samples 
which were used for SEM-EDS analyses.  
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