
 
 
 
 
 
 
 
    FACULTEIT WETENSCHAPPEN  
                   Opleiding Master of Science in de geologie    
 

 

 

Academiejaar 2014–2015 

Scriptie voorgelegd tot het behalen van de graad  

Van Master of Science in de geologie 

 
 
 
 

 
 
 

Promotor: Prof. Dr. J. De Grave 

Co-promotor: Dr. I. Smet 

Leescommissie: Prof. Dr. E. Van Ranst, Dr. K. Fontijn 

 

Petrology and geochemistry of the Crommyonia 
volcanic rocks north of the Saronic Gulf, Greece 
 

 

 

 

Bastien Soens 



 

 

 



 
 

DANKWOORD 

Dat was het dan, na een jaar van hard labeur! Spontaan zou ik de sirtaki willen dansen, ware het niet dat 

de lezers van dit werk al vanaf het eerste moment ontmoedigd zouden worden hierdoor, om nog maar te 

zwijgen over de dikte van deze thesis… Het afgelopen jaar was op zijn minst boeiend, leerrijk en 

grensverleggend zowel op professioneel als persoonlijk vlak en heeft mijn interesse in petrografie en 

geochemie des te versterkt. Bijgevolg hoop ik dat mijn enthousiasme en kennis aan jullie op deze 

manier doorgegeven kunnen worden. Echter, voor deze epos van start kan gaan wil ik graag nog enkele 

mensen bedanken zonder wie dit project onmogelijk zou zijn geweest: 

Beste Ingrid, het lijkt haast onmogelijk om mijn dankbaarheid tegenover jou met deze woorden uit te 

drukken… Ik wil jou heel erg bedanken om op mij te babysitten dit voorbije jaar en kan warempel 

zeggen dat ik zelfs een stukje volwassener ben geworden dankzij jou! Jouw toewijding, hulp en 

enthousiasme hebben mij meermaals geholpen om dit project tot een succesvol einde te laten aflopen en 

heeft de geochemistry bug in mij ontketend. Sterker nog, dit project was er helemaal niet zonder jou! 

Daarom wil ik jou dan ook nogmaals hartelijk bedanken en wens je het beste toe samen met Tom in 

Athene! 

Mijn dank is verschuldigd aan Prof. Dr. Johan De Grave die mij de kans heeft gegeven om dit project 

uit te voeren en die een onuitputtelijke bron van geduld bleek te bezitten alvorens ik een nieuw 

hoofdstuk uit deze thesis kon doorsturen. Daarnaast kon ik ook steeds rekenen op constructieve 

feedback die ik ten zeerste kan appreciëren. 

Zonder de deskundige hulp van Mr. Jan Jurceka was ik momenteel ongetwijfeld nog steeds 

petrografische slijpplaatjes aan het maken, daarvoor wil ik hem dan ook graag bedanken. 

Ik wil graag de mensen uit het Deep Earth and Planetary Sciences-departement van de VU 

Amsterdam, en in het bijzonder Drs. Martijn Klaver, bedanken voor hun hulp en jovialiteit bij 

en tijdens het uitvoeren van de Hf-isolaties en –metingen. Veel succes met jouw komende 

doctoraatsverdediging, Martijn! 

Mijn dank is verder verschuldigd aan Prof. Dr. Frank Vanhaecke die mij toestemming gaf om de Sr-Nd-

Pb isolaties en -metingen uit te voeren met de instrumenten van de Onderzoeksgroep Atoom- en 

Massaspectrometrie van de Vakgroep Analytische Chemie. 

 

Prof. Dr. Eric Van Ranst dien ik ongetwijfeld te bedanken voor het gebruik van zijn ICP-OES 

instrument in tijden van mechanische defecten. 

  
Graag wil ik Dr. Tom Pfeiffer bedanken voor de assistentie bij het zoeken en succesvol vinden van de 

vulkanische ontsluitingen! Wie weet was ik anders uit teleurstelling met een koffer vol mergels 

teruggekeerd naar België. Way to go Tom, you’ve earned that lobster!  

Prof. Dr. Peter Van den haute, Ann-Eline Debeer en Elien De Pelsmaeker bedank ik voor hun 

hulp en ondersteuning tijdens het labowerk en de petrografische analyse. 

Cai-Hua Yao en Gerben Van Ranst wil ik bedanken voor hun hulp, luisterend oor en goed gezelschap, 

niet alleen tijdens het schrijven van deze thesis. 

Ten laatste wil ik de steun en het vertrouwen van mijn familie benadrukken die meermaals en tot 

vervelens toe mijn gezeur hebben moeten aanhoren. Don’t worry, it’s over now! 



 
 

Table of contents 

CHAPTER 1: INTRODUCTION .............................................................................................................. 1 

1.1. Subduction volcanism: characteristics and processes ................................................................ 1 

1.2. Differentiation of the primitive subduction-related magma ....................................................... 2 

1.3. Eighty years of scientific research: what is currently known about the Crommyonia volcanic 

rocks? ………………………………………………………………………………………………………………………………………………3 

1.4. Dissertation objectives ............................................................................................................... 4 

1.5. Dissertation overview ................................................................................................................. 5 

CHAPTER 2: GEOLOGICAL SETTING ................................................................................................. 6 

2.1.  Geodynamic evolution of the Aegean region ................................................................................. 6 

2.2.  The South Aegean Active Volcanic Arc (SAAVA) ....................................................................... 9 

2.2.1.  General characteristics of the SAAVA .................................................................................... 9 

2.2.2.  Petrogenesis, evolution and eruption dynamics of the SAAVA centres ................................... 9 

2.3.  Volcanism in the Saronic Gulf ..................................................................................................... 14 

2.3.1.  Tectonic setting ...................................................................................................................... 14 

2.3.2.  Petrography and geochemistry .............................................................................................. 14 

CHAPTER 3: METHODOLOGY ............................................................................................................ 19 

3.1.  Thin section preparation ............................................................................................................... 19 

3.2.  Sample preparation for geochemical analysis .............................................................................. 19 

3.3. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis ...................... 20 

3.3.1.  Sample preparation for ICP-OES: flux melting .................................................................... 20 

3.3.2.  ICP-OES measurement .......................................................................................................... 23 

3.4.  Single Collector Inductively Coupled Plasma – Quadrupole – Mass Spectrometry (ICP-Q-MS)

 .............................................................................................................................................................. 28 

3.4.1.  ICP-Q-MS sample preparation: low pressure acid digestion ............................................... 28 

3.4.2.  ICP-Q-MS measurement ....................................................................................................... 29 

3.4.3.  ICP-Q-MS sample preparation: high pressure acid digestion in Parr
TM

 bombs .................. 31 

3.5.  Multi Collector – Inductively Coupled Plasma – Mass Spectrometry (MC-ICP-MS) ................. 37 

3.5.1.  Sr & Pb isolation ................................................................................................................... 37 

3.5.2.  Nd isolation ........................................................................................................................... 38 

3.5.3.  Hf isolation ............................................................................................................................ 38 

3.5.4.  MC-ICP-MS measurement .................................................................................................... 39 

CHAPTER 4: FIELDWORK ................................................................................................................... 47 

4.1.  Fieldwork methodology ............................................................................................................... 47 

 



 
 

4.2.  Fieldwork observations ................................................................................................................ 47 

4.2.1.  General description of the volcanic deposits ........................................................................ 47 

4.2.2.  Macroscopic characteristics of the volcanic lithologies ....................................................... 52 

CHAPTER 5: PETROGRAPHY .............................................................................................................. 56 

5.1.  Petrography of host rocks and enclaves ....................................................................................... 56 

5.1.1.  Petrography of host rocks ..................................................................................................... 56 

5.1.2.  Petrography of enclaves ........................................................................................................ 67 

5.2.  Petrographical comparison of western and eastern Crommyonia ................................................ 68 

5.3.  Petrographical classification of the Crommyonia volcanic rocks and outcrops ........................... 68 

5.4.  Final remarks ................................................................................................................................ 73 

CHAPTER 6: GEOCHEMISTRY ........................................................................................................... 76 

6.1.  Major element geochemistry ........................................................................................................ 76 

6.2.  Trace element geochemistry ......................................................................................................... 79 

6.3.  Isotope geochemistry .................................................................................................................... 85 

6.4. Geochemical classification of the Crommyonia rhyodacites ........................................................ 90 

6.4.1. Western Crommyonia: Geochemical groups (GG) 1-3 .......................................................... 90 

6.4.2. Eastern Crommyonia: Geochemical groups (GG) 4-7........................................................... 90 

CHAPTER 7: PETROGENESIS OF THE CROMMYONIA RHYODACITES .................................... 95 

7.1.  Petrogenetic indications derived from fieldwork, petrographic and geochemical data ................ 95 

7.1.1.  Plagioclase ............................................................................................................................ 95 

7.1.2.  Hornblende ............................................................................................................................ 97 

7.1.3.  Garnet .................................................................................................................................... 97 

7.1.4.  K-Feldspar........................................................................................................................... 100 

7.1.5.  Quartz .................................................................................................................................. 101 

7.1.6.  Biotite .................................................................................................................................. 103 

7.1.7.  Muscovite............................................................................................................................. 106 

7.1.8.  Sillimanite ............................................................................................................................ 106 

7.1.9.  Fe-Ti-oxides ......................................................................................................................... 106 

7.1.10.  Accessory minerals ............................................................................................................ 106 

7.1.11.  Preliminary conclusions I.................................................................................................. 109 

7.2.  The role of enclaves within the petrogenesis of the Crommyonia rhyodacites .......................... 110 

7.2.1.  Origin of the mafic enclaves ................................................................................................ 110 

7.2.2.  Enclave formation ............................................................................................................... 111 

7.2.3.  Mixing/mingling processes .................................................................................................. 112 



 
 

7.2.4.  Preliminary conclusions II .................................................................................................. 113 

7.3.  Source rock characterization and identification ......................................................................... 113 

7.3.1.  Discrimination of the source rock lithology ........................................................................ 114 

7.3.2.  Identification of a suitable source rock ............................................................................... 117 

7.3.3.  Preliminary conclusions III ................................................................................................. 125 

7.4.  Geochemical modelling .............................................................................................................. 126 

7.4.1.  Introduction to geochemical modelling using IgPet............................................................ 126 

7.4.2.  The geochemical relationship between andesitic enclaves and the Crommyonia host rocks

 ........................................................................................................................................................ 127 

7.4.3.  Equilibrium melting ............................................................................................................. 131 

7.4.4.  Crustal assimilation of the Crommyonia magma ................................................................ 131 

7.4.5.  Preliminary conclusions IV ................................................................................................. 132 

7.5.  Dynamics and processes controlling crustal anatexis................................................................. 135 

7.6.  Petrogenesis of the Crommyonia rhyodacites ............................................................................ 136 

CHAPTER 8: PETROGRAPHIC AND GEOCHEMICAL COMPARISON BETWEEN 

CROMMYONIA AND THE SARONIC GULF VOLCANIC CENTRES ........................................... 138 

8.1.  Fieldwork and petrography ........................................................................................................ 138 

8.2.  Geochemistry ............................................................................................................................. 139 

8.2.1. Major element geochemistry ................................................................................................ 139 

8.2.2.  Trace element geochemistry ................................................................................................ 141 

8.2.3.  Chondrite and Primitive Mantle normalised trace element patterns .................................. 143 

8.3.  Isotope geochemistry .................................................................................................................. 144 

8.4.  Summary of the principal differences between the Crommyonia and Saronic Gulf regions ..... 146 

CHAPTER 9: CONCLUSIONS ............................................................................................................. 148 

NEDERLANDSTALIGE SAMENVATTING ...................................................................................... 153 

REFERENCES ....................................................................................................................................... 160 

Consulted writings .............................................................................................................................. 160 

Additional references ......................................................................................................................... 164 

APPENDIX A: Outcrop and hand specimen description ....................................................................... 170 

APPENDIX B: Microscopic sample description ................................................................................... 193 

 

 

 





1 
 

CHAPTER 1: INTRODUCTION 
 

This introductory chapter mainly contains a description of the general characteristics and processes 

related to subduction volcanism, followed by a brief overview of the scientific research carried out on 

the Crommyonia volcanic deposits in the last decades. Based on the results from previous studies, the 

main objectives of this Master project are defined and a short overview is given on how these issues are 

addressed within this dissertation. 

 

1.1. Subduction volcanism: characteristics and processes 

 

Subduction is the process in which mainly oceanic (and to a smaller degree also some continental) 

lithosphere is recycled into the underlying asthenosphere. It forms the direct counterpart of the 

formation of new oceanic crust at Mid Oceanic Ridges (MOR) where magma originates from adiabatic 

upwelling and subsequent decompression melting of the asthenosphere (Fig. 1.1). MOR Basalts are 

quickly hydrated when they come into contact with the surrounding ocean water (Fig. 1.1). Anhydrous 

mineral phases such as olivine, clinopyroxene and plagioclase are thereby converted into OH-bearing 

minerals like serpentine, talc, amphibole and chlorite (Gill, 2010). The complete process of hydration of 

new oceanic crust is known as serpentinization and usually also affects the upper layers of mantle 

peridotite within the oceanic lithosphere. Oceanic crust will furthermore progressively cool down and 

accumulate pelagic sediments (Fig. 1.1). This leads to an overall density increase with time which may 

eventually lead to the ´sinking´ of the rigid oceanic lithosphere into the underlying plastic 

asthenosphere. This process is often referred to as passive subduction. As inferred from its name, 

subduction may also occur in an active way. This takes place when relatively young oceanic or 

continental lithosphere is forced by plate tectonics to subduct beneath a continental or oceanic 

lithosphere which usually has a lower density . Such oceanic-continental plate convergence typically 

results in the development of a continental volcanic arc, such as the Andes in South America and the 

South Aegean Active Volcanic Arc (SAAVA) between Greece and Turkey. Oceanic-oceanic plate 

collisions are marked by the development of a volcanic island arc, illustrated by the Mariana Islands in 

the North Pacific Ocean, for example. Continental-continental plate convergence generally results in the 

development of a collision zone characterized by orogenic processes as the lower density of continental 

crust does not easily allow for it to sink into the denser asthenosphere.  

When an oceanic lithosphere subducts, the sediments on top of it are partially scraped off by the 

overriding plate and form an accretionary wedge complex (Fig. 1.1). The remaining part of the 

subducting lithosphere which sinks into the underlying asthenosphere is composed of sediments and 

metasomatized oceanic crust and mantle peridotite. As this ´subducted slab´ sinks deeper into the mantle 

it experiences a progressive increase in both temperature and lithostatic pressure. At low temperature-

pressure conditions (i.e. 50-300°C and 50 km depth), oceanic lithosphere will preferentially expel 

loosely bound water into the fore-arc environment (Schmidt & Poli, 2005; Spandler & Pirard, 2013). 

However, when temperatures start to exceed 650°C, the assemblage of OH-bearing minerals are 

gradually reconverted into anhydrous phases through a variety of mineralogical and chemical processes. 

The mineralogical-bound water released during this de-hydration will subsequently ascend into the  
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Figure 1.1: Schematic overview of the principal processes involved in subduction volcanism. This figure 

illustrates the convergence of two plates at an oceanic-continental plate boundary, which results in the formation 

of a continental volcanic arc. A summary of the principal processes involved are described in the text. Image 

reproduced from Van Keken (2003). 

overlying lithospheric strata where it interacts with the shallower portions of the subducted slab and 

incorporates a specific geochemical signature. Such hydrous fluids are typically enriched in water-

soluble elements such as the Large Ion Lithophile Elements (LILE) and Light Rare Earth Elements 

(LREE), whereas High Field Strength Elements (HFSE) are generally depleted (Elburg, 2010). These 

subduction fluids are eventually transferred from the subducted slab into the overlying asthenospheric 

mantle wedge where they lower the mantle’s solidus temperature and induce partial melting. Schmidt & 

Poli (2005) state that hydrous melts, derived from the subducting lithosphere itself, may also contribute 

an important geochemical component to the mantle wedge (Fig. 1.1). Consequently, the composition of 

primitive, subduction-related magma originates from a variety of geochemical sources (Spandler & 

Pirard, 2013; Kessel et al., 2005). Until today, it remains difficult to estimate the relative proportions of 

each source within the geochemical composition of subduction-related magmas (Kersting et al., 1996; 

Rogers & Hawkesworth, 1989; Spandler & Pirard, 2013; Kessel et al., 2005). At greater depths, oceanic 

lithosphere will experience high temperature-pressure conditions which will eventually result in the 

metamorphosis of the subducted slab into eclogite (Fig. 1.1). 

1.2. Differentiation of the primitive subduction-related magma 

 

The primitive subduction-related magma will subsequently ascend from the mantle wedge towards the 

crust-mantle boundary, where it temporarily resides as a result of the density contrast between the 
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magma and the lower crust. At this location, the magma will gradually cool down and start to crystallize 

mafic minerals such as olivine, Cr-spinel and clinopyroxene. Crystallization of plagioclase and 

orthopyroxene is thereby usually restricted due to the high water content of primitive subduction 

magmas (Elburg, 2010). The latter also stabilizes hydrous mineral phases such as biotite and amphibole. 

Additionally, the typical calc-alkaline trend observed within a suite of subduction-related volcanic rocks 

can be attributed to the early crystallization of magnetite, which is not influenced by the presence of 

water. Hence, the remaining melt becomes progressively more felsic due to the formation of relatively 

silica-poor and dense mafic minerals. 

Crystallizing minerals are typically segregated from the magma through gravitational settling and may 

accumulate on the bottom of the magma chamber where they form cumulates, or they may float and 

subsequently accrete onto wall rocks of the magma chamber (Vernon, 2004). This process of 

fractionated crystallisation (FC) may induce a density inversion between the melt that remains after 

differentiation of the primitive mafic magma through FC and the lower crustal rocks. Differentiated 

magmas thus subsequently continue their ascent in the continental crust where they may experience a 

variety of processes such as additional fractionated crystallization, assimilation of continental crust and 

mixing-mingling with (an)other magma(s). 

Fractionated crystallization processes are illustrated by ´normal´ zonation of minerals such as olivine, 

pyroxene and amphibole, which are characterized by a progressive Fe-enrichment and a consequential 

rise of the Fe/Mg ratio from the centre of the crystal towards the rim. Plagioclase displays a similar 

behaviour where its normal zonation involves a gradual change from a Ca-rich (anorthite) centre 

towards a Na-rich (albite) rim.  

Reverse zonation, on the other hand, may occur when the differentiated magma is replenished by a 

batch of hot, primitive magma (Vernon, 2004). Such mafic replenishments  may furthermore result in 

mixing-mingling of both magmas into a hybrid magma (see section 7.2). Assimilation involves the 

incorporation of extraneous minerals or crustal rocks, generally referred to as xenocrysts and xenoliths 

respectively, which are not associated with the magma itself. This occurs at crustal differentiation levels 

and/or during magma ascent through incorporation of surrounding wall rock. Gill (2010) argued that 

crustal contamination is typically associated with the exothermal process of fractionated crystallization 

due to the requirement of heat during the assimilation process. Magma may also be contaminated by 

cumulate rocks which were either derived from the same magma or originated from a previous phase of 

magmatic activity. These crystals are often referred to as antecrysts (Charlier et al., 2005; Jerram & 

Martin, 2008; Larrea et al., 2013). 

 

The magma may eventually either reach the surface and erupt, or get stalled within a crustal 

differentiation level in the lower or upper crust where it fully crystallizes into a pluton or subvolcanic 

body, respectively (Gill, 1981). They can be remobilized during a later phase, due to an intrusion of hot, 

mafic magma underneath which can subsequently induce partial melting of the subvolcanic and 

intrusive bodies and lead to a volcanic eruption. 

1.3. Eighty years of scientific research: what is currently known about the Crommyonia volcanic 

rocks? 

 

The Crommyonia or Sousaki volcanic region is located on the Greek mainland, SW of Athens (Fig. 1.2). 

Although traditionally regarded, along with the volcanic centres of Aegina, Methana and Poros (i.e. the 

Saronic Gulf), as the westernmost part of the SAAVA (e.g. Shimizu et al., 2005; Fytikas et al., 1976; 
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Pe, 1975; Fytikas et al., 1986; Francalanci et al., 2005; Pe-Piper & Piper, 2002; Pe-Piper & 

Hatzipanagiotou, 1997), it has been recently questioned whether the Crommyonia region and the 

SAAVA are indeed related to one another (Pe-Piper & Piper, 2005). A significant portion of the 

uncertainty on this issue is related to a surprising lack of geoscientific research results for Crommyonia. 

Petrographic (e.g. Papastamatiou, 1937; Fytikas et al., 1986), geochemical (e.g. Pe, 1972; Fytikas et al., 

1986), isotopic (e.g. Pe, 1975) and geochronological (e.g. Fytikas et al., 1976; Bellon et al., 1979) data 

were vastly lacking for a considerable amount of time and are currently still limited at best. Pe-Piper & 

Hatzipanagiotou (1997) published a first, more extensive dataset of major element compositions and 

first few trace element contents of the Crommyonia volcanic rocks, accompanied by a thorough 

petrographic description of the individual outcrops and addition of a few Sr and Nd isotopic 

compositions. Shimizu et al. (2005) analysed the He isotopic composition of geothermal wells within 

the Crommyonia region and suggested a strong contribution of crustal sources to the geochemical 

composition of volcanic-emitted gas. However, interpretation of the petrogenesis of these volcanic 

deposits remained limited and no subsequent attempts had been made to further expand nor interpret the 

available dataset. Pe-Piper & Piper (2005) only recently suggested that the Crommyonia volcanic rocks 

were the principal result of mid-crustal anatexis and could therefore be considered as a separate, 

volcanic entity, apart from the SAAVA. It is this new hypothesis that will be investigated and tested in 

the following chapters. 

 

Figure 1.2: Location of the Crommyonia volcanic region and indication of the remaining volcanic centres in 

the SAAVA. Image reproduced from Pe-Piper & Hatzipanagiotou (1997). 

1.4. Dissertation objectives 

 

The main goals of this Master thesis project include: 

1) Locating the volcanic outcrops in the Crommyonia region which are described by Pe-Piper & 

Hatzipanagiotou (1997) and consequently acquire a representative amount of fresh samples. 
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2) Obtaining a detailed petrographic description of the Crommyonia volcanic rocks. 

3) Expansion of the available major and trace element compositional dataset. 

4) Expansion of the available Sr-Nd and introduction of Pb-Hf isotopic compositions. 

5) Investigating the petrogenesis proposed by Pe-Piper & Piper (2005), which may be either 

supported or replaced by the proposal of alternative hypotheses. 

6) Compare the acquired dataset and subsequent petrogenesis for the Crommyonia volcanic rocks 

with that derived by Smet (2014) for the Saronic Gulf centres. This will confirm whether or not 

the Crommyonia volcanic region can be considered as a part of the SAAVA. 

In order to achieve these objectives, a collection of 43 representative rock samples was acquired during 

fieldwork from the 25
th
 to 31

st
 of July 2014. Thirty-five samples were subsequently selected for a 

detailed petrographic analysis. Whole rock major and trace element analyses were performed for a 

selection of 30 samples with Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) 

and Inductively Coupled Plasma – Quadrupole – Mass Spectrometry (ICP-Q-MS), respectively. Sr-Nd-

Pb-Hf isotopic compositions were obtained with Multi Collector – Inductively Coupled Plasma – Mass 

Spectrometry (MC-ICP-MS) for a set of 16 samples. Together with the already existing literature 

information, these new datasets were interpreted to produce a viable hypothesis for the petrogenesis of 

the Crommyonia volcanic rocks, which was subsequently tested through geochemical modelling. 

1.5. Dissertation overview 

 

This Master thesis is presented in 9 chapters. The first, introductory chapter describes the general 

characteristics of subduction volcanism, complemented by a definition of the main problems addressed 

throughout this dissertation. The second chapter will focus on the Cenozoic development and the 

present-day tectonic configuration of the SAAVA and the Aegean region as a whole. A summary of the 

available petrographic, geochemical and isotopic literature data is provided for the Crommyonia and 

Saronic Gulf volcanic centres and concludes this chapter. The third chapter will describe the 

methodological approaches that were used to produce thin sections, convert samples into rock powders, 

prepare the latter for geochemical analysis and perform the geochemical analyses themselves. The 

fourth chapter will mainly discuss the observations made during fieldwork. These include thorough 

descriptions of outcrop appearance, overall mineralogy and textures of the sampled rocks and other 

noteworthy features that were observed during fieldwork. The fifth chapter presents the results of the 

detailed petrographic analysis that was performed on the thin sections. This mainly involves a 

description of the examined microscopic mineralogy and the rock-mineralogical texture. These criteria 

are subsequently used to classify the different outcrops according to their petrography. The sixth chapter 

features a graphical representation of the major and trace element compositions on the one hand, and the 

Sr-Nd-Pb-Hf isotopic compositions on the other. Results obtained during this Master project are 

compared to the available literature data and it is tested whether the petrography-defined groups 

correspond with the classification based on the samples´ geochemistry. The seventh chapter combines 

the petrographic, geochemical and isotopic data of the Crommyonia volcanic rocks in order to derive a 

model of their petrogenesis. This is complemented and tested through geochemical modelling. The 

eighth chapter will compare the geochemical data of the Crommyonia region with that of the Saronic 

Gulf centres. This comparison is performed to illustrate and distinguish the different petrogenetic 

processes within both regions. The final chapter summarizes the most important conclusions inferred 

throughout this dissertation. 
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CHAPTER 2: GEOLOGICAL SETTING 

 

The volcanic deposits of Crommyonia are located at the westernmost edge of the South Aegean Active 

Volcanic Arc (SAAVA). This arc stretches from southern Greece to western Turkey and represents a 

part of the Aegean region which has experienced a complex geodynamic evolution over the past 200 

million years. This chapter will first briefly describe a summarized, geodynamic evolution of the 

Aegean region to illustrate the development of the SAAVA. Subsequently, some general constraints on 

the subduction geometry, lithospheric structure and evolution of the arc will be discussed. The chapter is 

concluded by providing basic information on the age of volcanism, spatial distribution, general 

geochemical-mineralogical compositions and relationship to the regional tectonic setting for all centres 

located within the Saronic Gulf. During this study, emphasis is placed on the Crommyonia volcanic 

field, whereas the volcanic centres of Methana, Aegina and Poros are used for comparison. 

 

2.1.  Geodynamic evolution of the Aegean region 

 

The Aegean region is located in the Eastern Mediterranean and mainly comprises Greece and the 

westernmost part of Turkey (Fig. 2.1). It forms a complex geodynamic setting in which subduction, 

mountain building processes, back-arc extension, exhumation of metamorphic core complexes and both 

high pressure and high temperature metamorphism have played a crucial role in its development (Jolivet 

& Brun, 2010). This is principally the result of subduction of the African plate beneath the Eurasian 

plate since Late Triassic times (Fig. 2.2; van Hinsbergen et al. 2005). Two minor continental plates, i.e. 

the Aegean and Anatolian microplates, are located amidst this convergence zone and form additional 

major constituents within the geodynamic collage of this area. 

The Mesozoic-Cenozoic geodynamic evolution of the Aegean region is to a large extent described by 

van Hinsbergen et al. (2005) and Jolivet & Brun (2010). Through this Mesozoic-Cenozoic evolution, it 

is thought that a single subduction zone developed and migrated during Late Cretaceous to Recent 

times. This was accommodated through delamination of upper-crustal segments from the underlying, 

subducting lithosphere which were subsequently stacked on the Eurasian margin (Fig. 2.2). Subduction 

was also accompanied by the development of a magmatic arc in the Balkan region which progressively 

migrated along (Von Quadt et al., 2005; Pe-Piper & Piper, 2006). This gradual southward motion of the 

subduction process can be attributed to slab rollback of the subducting, African lithosphere since Late 

Cretaceous times (Jolivet & Brun, 2010). The latter mechanism was accompanied by a major 

extensional phase and provided the means to exhume large metamorphic core complexes which were 

associated with the emplacement of I- and S-type granitoids in the Central Aegean region during the 

Miocene (see also section 7.3.2.; Altherr & Siebel, 2002; Stouraiti et al., 2010; Iglseder et al., 2009; Pe-

Piper, 2000; Jolivet & Brun, 2010, amongst others). Since Eocene times, this has resulted into a 600 km 

southward motion (± 2 cm/year) of volcanic activity from Northern Greece and Bulgaria to its current 

location in the South Aegean Sea during the Pliocene (i.e. the SAAVA) (Von Quadt et al., 2005; Pe-

Piper & Piper, 2006; Jolivet & Brun, 2010). A schematic cross-section of the current subduction zone is 

shown in Fig. 2.3. 
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Figure 2.1: Current geodynamic setting within the Eastern Mediterranean region. KF – Kefalonian Fault; NAFZ – North Anatolian Fault Zone. The study area is 

indicated by the red star. Image reproduced from Smet (2014).
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Figure 2.2: Simplified diagram of the African-Eurasian subduction process in the Aegean region since 

Late Triassic times. The progressive subduction of the African plate beneath the Eurasian plate has resulted in 

delamination of upper-crustal segments from the subducting, African lithosphere and were subsequently stacked 

on the Eurasian margin. Subduction and arc magmatism gradually migrated southward as a result of slab 

rollback to its current location in the South Aegean Sea. The reader is referred to van Hinsbergen et al. (2005) 

for more information concerning the Mesozoic geodynamic evolution of the Aegean region. Image reproduced 

from van Hinsbergen et al. (2005). 

 

 

 

 

N                      S 

Figure 2.3: Cross-section of the current Hellenic subduction zone. The Mediterranean Ridge Accretionary 

Complex comprises the area with maximum compressional stress, associated with the subduction process. It is 

mainly comprised of deformed sediments and is located south of the current Hellenic Trench (see also Fig. 2.1). The 

back-arc region (i.e. the Aegean Sea) represents the area which is associated with the highest degree of extension as a 

result of slab rollback, in turn leading to thinning of the crust and exhumation of metamorphic core complexes. 

Volcanism is widespread as demonstrated by the presence of the SAAVA. The North Anatolian Fault System is an 

important component within the recent geodynamic evolution of the Aegean region. Collision of the Aegean and 

Anatolian microplates has resulted in major rotational movements and fault development during recent geological 

times. (Jolivet & Brun, 2010). 
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2.2.  The South Aegean Active Volcanic Arc (SAAVA) 

2.2.1.  General characteristics of the SAAVA 

 

The SAAVA is a magmatic arc which originated during early Pliocene times as a result of subduction 

and related processes mentioned in section 2.1. (Pe & Piper, 1972). The NW-SE orientated arc features 

a series of volcanic edifices which range from Crommyonia, Aegina, Methana and Poros (i.e. the 

Saronic Gulf ) to Milos, Santorini and the Columbos Bank in the central part and the Kos, Yali and 

Nisyros islands in the east (Fig. 2.4). The depth of the Wadati-Benioff zone is generally thought to lie 

between 130 – 150 km (Pe-Piper & Piper, 2002; Papazachos et al., 2000) although Bailey et al. (2009) 

suggested a larger range of depths which is the lowest in the Saronic Gulf (110-130 km) and gradually 

increases up to 160 km at Kos and its neighbouring islands (Fig. 2.4-2.5). The average dip of the 

African slab is believed to be  ± 30° in the upper part of the mantle, although an abrupt increase to 40-

45° is observed at a depth of 80-100 km based on tomographic images (van Hinsbergen et al., 2005; 

Jolivet & Brun, 2010; Papazachos et al., 2000; Papazachos & Nolet, 1997). According to Papazachos 

et al. (2000), this flexural behaviour can largely be attributed to decoupling of the subducting African 

slab from the overriding Aegean microplate at the transitional depth. The Moho lies at a variable depth 

along the SAAVA (Fig. 2.4-2.5). Based on gravimetric and seismic data, it is believed to be rather flat 

and located at a depth of ~26 km in most parts of the Aegean Sea (Jolivet & Brun, 2010). This is most 

likely the result of an important extensional phase during the Pliocene, which significantly thinned and 

weakened the lower continental crust and presumably allowed the upwelling of asthenospheric 

material, as suggested by the geochemistry of the most recent erupted lavas on Santorini (e.g. 

Mitropoulos et al., 1987; Mitropoulos & Tarney, 1992; Pe-Piper & Piper, 2002, 2005, amongst 

others). Due to its proximity to the Hellenic Chain and limited amount of extension, the Saronic Gulf 

is thought to possess a continental crust with thicknesses ranging between 30-34 km (Fig. 2.4; Jolivet 

& Brun, 2010).Values for the crustal thickness in the eastern part of the volcanic arc are generally 

scarce, although Papazachos et al. (2000) suggested values of 30 km or more. Heatfluxes are 

obviously higher in the central part of the arc, where extension reaches maximal values (Fig. 2.4). A 

schematic representation of the depth of the Wadati-Benioff zone and Moho along the SAAVA 

according to Shimizu et al. (2005) is shown in Fig. 2.5. 

2.2.2.  Petrogenesis, evolution and eruption dynamics of the SAAVA centres 

 

The arc-related nature of the volcanic rocks of the SAAVA is apparent through the observation of 

abundant hydrous minerals such as biotite and amphibole (Pe, 1972; Elburg, 2010; Pe-Piper & Piper, 

2005). Additionally, high LILE (Cs, Rb, Sr, Ba) to HFSE (Zr, Nb, Ta, Hf) ratios and B/Be ratios 

suggest an important contribution of hygrophile elements from the subducting slab to the mantle 

wedge (Pe-Piper & Piper, 2002; Elburg, 2010; Plank & Langmuir, 1998; Shimizu et al., 2005). Hence, 

magmatism in the SAAVA is generally associated to partial melting of a MORB-like source which 

experienced enrichment in the mantle wedge through addition of hydrous fluids derived from the 

subducted plate (Elburg, 2010; Pe-Piper & Piper, 2005). This arc magmatism led to the eruption of a 

large range of volcanic products including basalts to rhyolites which display a typical medium-K to 

high-K calc-alkaline affinity. This affinity is, however, not uniform and is translated by a large 

variability along the SAAVA. 
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Figure 2.4: Schematic overview of subduction parameters in the SAAVA. (1) Depth to Moho (km); (2) 

Depth of the Wadati-Benioff zone (km); (3) Relative Heat Flow Unit (HFU) expressed to average continental 

heatfluxes; (4) Hellenic Trench; (5) Aegean continent and islands; (6) Principal Pliocene-Quaternary fault zones 

in centre of the SAAVA; (7) Volcanic centres belonging to the SAAVA. Image reproduced from Bailey et al., 

2009. 

Pe-Piper & Piper (2005) combined all volcanic centres of the SAAVA into three distinct groups which 

were defined based on their geochemical composition, sizes and shapes, age, petrogenesis and 

relationship to their geodynamic setting. The volcanic centres of Milos and Santorini display a 

transitional behaviour and can be grouped within the ‘old western’ and ‘young eastern’ groups (Fig. 

2.6; see discussion below).  

A first group was defined as the ‘Old Western Group’ (OWG) which featured calc-alkaline 

andesitic-dacitic volcanism on Aegina, Methana, Milos and the early Quaternary lavas of Kos. These 

volcanic rocks dominantly range in age from the Pliocene to early Quaternary and possess typical arc-

related compositions. All centres, with the exception of Santorini, generally display small 

monogenetic edifices which erupted relatively small amounts of lava (Fytikas et al., 1986; Fytikas & 

Kavouridis, 1985). 

Silica (56 – 66 wt%) and total alkali (4.5 – 6 wt%) contents generally tend to display a modest range. 

The HFSE display minor variability and initial Sr isotopic ratios (i.e. 
87

Sr/
86

Sr) generally appear to be 

higher (0.705-0.708) than the Bulk Silicate Earth (BSE : ± 0.703). Nd isotopic ratios (i.e. 
143

Nd/
144

Nd) 

slightly deviate (εNd : +2 to -5) from the latter composition. Pe-Piper & Piper (2002, 2005) argued that 

the contribution of subducted pelagic carbonates could explain the relative high initial Sr isotopic 

ratios. These geochemical parameters suggest an important contribution of hydrous asthenosphere 

melting within the mantle wedge during magma generation of the OWG. Additionally, the Sr and Nd 

isotopic signatures are also in agreement with partial melting, magma migration and assimilation-

fractional crystallisation (AFC) processes within the sub-continental lithosphere (Pe-Piper & Piper, 

2001). Differentiation and amphibole fractionation within base-of-crust 
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Figure 2.5: Schematic representation of the Hellenic subduction zone.  The depth to the Wadati-Benioff zone 

is believed to increase from the western part (110 km) of the SAAVA to the eastern part (160 km). Crustal 

thicknesses are lowest in the central part of the SAAVA as a result of progressive extension. Hence, the Moho is 

located at a more shallow depth in this area. The reverse pattern is observed at the edges of the volcanic arc. 

Crustal assimilation processes are believed to be more extensive in the western and central sections of the arc. 

This can be explained by the lack of efficiency with which faults transfer magma towards the surface (see also 

section 2.2.2.). Hence, magma chambers are generally long-lived which increases the opportunity to assimilate 

surrounding wall rocks. He isotopic ratios indicate the relative importance of mantle- (
3
He) versus crustal-

derived (
4
He) helium. These values generally display a strong crustal component in the western section of the arc 

and progressively become more mantle-related towards the east. Strontium isotopic ratios confirm the more 

dominant crustal component in western and central sections of the arc. Image reproduced from Shimizu et al. 

(2005). 

magma chambers is implied based on mineralogical and petrological characteristics (Dietrich et al., 

1988; Pe-Piper & Piper, 2005).  

All aforementioned centres were positioned in Pliocene extensional basins which featured abundant E-

W orientated listric faults and N-S orientated wrench faults (Collier & Dart, 1991; Jackson, 1994). The 

exact relationship between volcanism and faulting, however, currently remains uncertain within this 

region. It is believed that fault generation did not suffice to allow migration of these viscous magmas 

towards the surface, explaining their low volumes of volcanic rocks. Consequently, these magmas 

would be able to stagnate in crustal magma chambers which would allow differentiation through AFC 

and mixing and mingling processes (Pe-Piper & Piper, 2002). This is most likely illustrated by their 

higher Sr and lower Nd isotopic ratios (Pe-Piper & Piper, 2002, 2005; Shimizu et al., 2005). Analysis 

of the isotopic compositions of noble gases by Shimizu et al. (2005) seems to confirm this assumption 

(Fig. 2.5). Pe-Piper & Piper (2002) argued that eruptions could have been triggered through 

replenishment of the magma chamber by newly formed hot, mafic magma. This is confirmed by Smet 

(2014) who retrieved numerous mafic enclaves in the volcanic rocks of the Saronic Gulf.  
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Figure 2.6: Chronology of volcanic activity in the SAAVA. The volcanic centres of the SAAVA were 

categorised in three groups based on similar ages in volcanism, eruption dynamics, spatial distribution and 

relationship to their tectonic setting. Due to the great amount of similarities between Crommyonia and the ‘Old 

Western Group’ in terms of the above-mentioned parameters, it was opted to include this centre within this 

group. For similar reasons mentioned with Crommyonia, the Kos volcanic centre was decided to be placed 

within the YEG. The ‘Transitional Group’ features the volcanic centres of Milos and Santorini which display 

intermediate behaviour between the two aforementioned groups. Image adapted from Smet (2014) and Pe-Piper 

& Piper (2002). 

The second group is defined as the ‘Young Eastern Group’ (YEG) and includes the mid-late 

Quaternary volcanic rocks of Santorini, Yali, Nisyros, Kos and to a smaller extent Milos. 

Compositions reflect a large range from tholeiitic basalts (Santorini) and basaltic andesites (Nisyros) 

to predominant dacites-rhyolites. This is accompanied by rapid increases in total alkali content (e.g. up 

to 7.5 wt% at 66 wt% SiO2). In contrast to the first group, the YEG features large composite volcanoes 

of which their caldera structures and numerous dacitic-rhyolitic pyroclastics are a representation of 

their generally explosive behaviour (Pe-Piper & Piper, 2005; Fytikas et al., 1986).  

The HFSE display a larger variability in comparison with the first group and is thought to reflect a 

variable degree of partial melting within a mantle source region (Tarney et al., 1998). The initial 

isotopic compositions of Sr (0.7035 – 0.705) and Nd (εNd: +1 to +5)  seem to indicate minor 

contributions of crustal lithologies as both tend to approximate the BSE (Pe-Piper & Piper, 2002 and 

references therein, 2005). Instead, these geochemical parameters seem to point towards an important 

asthenospheric mantle component during magma generation of the YEG (Pe-Piper & Piper, 2002; 
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Mitropoulos et al., 1998). This is also in agreement with the generally thin crust beneath Santorini 

(Jolivet & Brun, 2010) and the observation of a substantial S-wave attenuation zone beneath the Milos 

and Santorini centres, which is thought to reflect partial melting conditions of asthenospheric mantle 

material (Mitropoulos & Tarney, 1992; Papazachos & Nolet, 1997). Despite the circumstantial 

evidence of partial melting within the asthenospheric mantle region, it is still thought that the sub-

continental lithospheric mantle played an important role in magma differentiation processes as well 

(Pe-Piper & Piper, 2002).  

During early Quaternary times, the continuing convergence of the African and Aegean-Anatolian 

(micro)plates (Piper & Perissoratis, 2003; Bornhoff et al., 2001) resulted in the development of 

numerous NE-SW orientated strike-slip and normal faults in the eastern and central section of the 

SAAVA, respectively (ten Veen & Meijer, 1998; Mountrakis et al., 1998). Faulting was rejuvenated 

during the mid-late Quaternary, although the dominant trend changed from NE-SW to ENE-WSW 

(see Fig. 7 of Pe-Piper & Piper, 2005; Piper & Perissoratis, 2003; Hatzfeld, 1999). This is currently 

still associated with a major phase of basin subsidence at average rates of 2 mm/year. Trends observed 

in the Saronic Gulf region were rather linked to normal faulting with a dominant N to NNW 

orientation (Piper & Perissoratis, 2003; Hatzfeld, 1999; Armijo et al., 1992). The second stage of 

faulting was not only limited to the development of the aforementioned structures, but also included 

extension of those formed during the early Quaternary. Consequently, these faults accommodated the 

migration of magma towards the surface and subsequently explains their large distribution. The 

infiltration of water may also have provided the means to initiate phreatomagmatic eruptions (Tarney 

et al., 1998).  

A third, minor group was defined as the ‘Marginal Rhyolites’ (MR) which mainly erupted during 

Pliocene to mid Quaternary times and comprises the volcanic centres of Crommyonia and the Kefalos 

peninsula on Kos. Both centres are related to limited dacitic-rhyolitic volcanism in which a small 

number of andesitic enclaves are encountered (Pe-Piper & Piper, 2005; Pe-Piper & Hatzipanagiotou, 

1997, Pe, 1972).  

Crommyonia is frequently linked to the OWG as both share similar eruption dynamics, sizes and 

shapes and fault distribution, although they appear to be characterized by marked geochemical 

differences (Pe-Piper & Piper, 2005; Pe-Piper & Piper, 2002; Fytikas et al., 1986). For instance, their 

K/Na ratio is substantially higher, which reflects the abundant presence of biotite (Pe-Piper & Piper, 

2005; Pe, 1972). Both initial Sr (± 0.713) and Nd (εNd: -8 to -9) isotopic ratios clearly indicate an 

important crustal component in the petrogenesis of the Crommyonia volcanic rocks (Pe-Piper & 

Hatzipanagiotou, 1997; Pe-Piper & Piper, 2005; Pe, 1975). This also seems to be confirmed by the 

analysis of noble gas isotopic compositions at Crommyonia (Fig. 2.5). These appeared to be the lowest 

found along the complete SAAVA (
3
He/

4
He = 0.17RA; RA being the 

3
He/

4
He ratio of the atmosphere; 

Shimizu et al., 2005). Based on these observations, it was suggested that the Crommyonia lavas 

originated as a result of mid- to upper crustal anatexis. Additionally, the presence of a limited amount 

of andesitic enclaves was used as an argument to confirm the presence of arc-related magmas at depth 

beneath Crommyonia. 

Initial Sr isotopic compositions of Kos are much lower (0.7042; Mitropoulos et al., 1998), implying a 

different petrogenesis and/or magma evolution. The geodynamic setting of Kos appears to show a 

strong affinity with that described for the YEG. The petrogenesis and evolution of the Kefalos 

volcanic rocks is more ambiguous and was suggested to originate from decompression melting of 

enriched asthenosphere with Ocean Island Basalt (OIB) affinities (Aldanmaz et al., 2000). 
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Based on the classification provided by Pe-Piper & Piper (2005), it may be concluded that volcanism 

along the SAAVA originated during two periods of fault development and subsequent basin 

subsidence, separated by a short interval of volcanic quiescence (Fig. 2.6). Volcanism in the SAAVA 

was thus mainly dependent on the development of a substantial fault network in order for the viscous 

magma to erupt at the surface. Consequently, this explains the eastward migration of volcanic activity 

along the SAAVA, as fault development was more pronounced in the western and central sections 

during Pliocene to early Quaternary times, whereas the subsequent phase during the mid-late 

Quaternary heavily affected the central and eastern sections of the arc (see Fig. 7 of Pe-Piper & Piper, 

2005; Piper & Perissoratis, 2003; Hatzfeld, 1999). The petrogenesis and evolution of the volcanic 

rocks from the SAAVA clearly display distinct differences which are illustrated by the geochemistry 

of the three defined groups (see above). 

2.3.  Volcanism in the Saronic Gulf 

2.3.1.  Tectonic setting 

 

The Saronic Gulf is a tectonic depression which features a large number of extensional E-W and NW-

SE bounding faults that originated during the Pliocene (see section 2.2.2; Fytikas et al., 1986; Piper & 

Perissoratis, 2003; Hatzfeld, 1999). This has resulted into the development of numerous, small 

elongated basins and provided the means to initiate volcanism in the westernmost part of the SAAVA 

during Pliocene to Recent times (Fytikas et al., 1986; Pe-Piper & Piper, 2005). Four principal volcanic 

fields, i.e. Crommyonia, Methana, Aegina and Poros, are recognized and will be described according 

to their age of volcanism, spatial distribution, general geochemical and mineralogical composition and 

relationship towards their tectonic setting. The reader is referred to section 2.2. for further information 

concerning the subduction characteristics of the Saronic Gulf.  

Due to the proximity of the Crommyonia region to the other volcanic centres of the Saronic Gulf, it is 

assumed that the geodynamic evolution is closely related to that described for the OWG defined by 

Pe-Piper & Piper (2005). A petrographic and geochemical comparison between the Crommyonia 

volcanic rocks and the remaining volcanic centres in the Saronic Gulf will be presented in chapter 8. 

The reader is referred to Smet (2014) for a thorough description and interpretation of the petrographic, 

geochemical and isotopic data of the Aegina, Methana and Poros volcanic deposits. 

2.3.2.  Petrography and geochemistry 

 

The Crommyonia volcanic field is located at the north-western coast of the Saronic Gulf and consists 

of two groups which are separated both spatially and temporally (Fig. 2.7; a more detailed geological 

map is shown in Fig. 4.1): the older western group (not to be confused with the OWG from section 

2.2.2.) is located north of Kalamaki and has ages ranging between 4.05-3.60 Ma (Collier & Dart, 

1991; Bellon et al., 1979), while the younger eastern group (also not to be confused with the YEG 

from section 2.2.2.) is located between Sousaki and Agioi Theodoroi and is dated to be 2.7 - 2.3 Ma 

(Fig. 2.6) (Schröder, 1976; Fytikas et al., 1976). Age determinations were performed by K-Ar dating 

on biotite, hornblende and sanidine crystals. Estimates of the total volume of volcanic rocks within the 

Crommyonia volcanic field are scarce, but are thought to be smaller than 1 km³ (Fytikas et al., 1986).  

Both groups seem to be orientated and shaped according to several major and minor regional faults. 

The former group is generally located along E-W trending faults, while the latter are positioned near 

NW-SE trending faults (Mettos et al., 1988; Pavlides, 1993; Stiros, 1995; Fytikas et al., 1986). This is 
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in agreement with the observations of Pe-Piper & Piper (2005) in section 2.2.2. Outcrops consist of 

thick, autobrecciated dacitic to rhyolitic lava flows (boreholes have confirmed a thickness of more 

than 70 m; Freyberg, 1973) containing perlithic textures and do not display any sign of eruptive vents 

(Fytikas et al., 1986; Pe, 1972; Fytikas & Kavouridis, 1985). Eruption style was mainly effusive, 

although the presence of several tuffites in surrounding Pliocene to Quaternary sedimentary deposits 

accounts for minor explosive activity (Fytikas & Kavouridis, 1985; Mettos et al., 1988).  

Geothermal activity is low compared to the central part of the SAAVA, but is associated with minor 

fumarolic emissions of CO2 and H2S (Georgalas, 1962; Fytikas & Kavouridis, 1985). The interaction 

of these hot gasses (30-40°C) and hydrothermal fluids with the surrounding deposits may lead to 

significant argilization and silicification (Fytikas & Kavouridis, 1985).  

The Crommyonia volcanic rocks generally comprise high-K rhyodacites to rhyolites which are 

characterized by rather high Sr isotopic ratios (0.713) and low Nd isotopic compositions (0.51209 – 

0.51221) (Fytikas et al., 1986; Pe-Piper & Hatzipanagiotou, 1997). The mineralogy is mainly 

composed of plagioclase, K-feldspar, biotite, hornblende and quartz phenocrysts (Pe-Piper & 

Hatzipanagiotou, 1997), although Pe (1972) mentioned the presence of garnet as well. A more detailed 

petrographic and geochemical study of the Crommyonia volcanic rocks is thoroughly described in 

chapters 5 and 6. A comparison of the geochemical composition available in literature and the data 

obtained during this study will be shown in chapter 6. 

The volcanic field of Methana (± 35 km² according to Fytikas et al., 1986) is located on a peninsula at 

the southern coast of the Saronic Gulf (Fig. 2.8) and is bounded by the Trizina Graben in the south. It 

features the longest record of volcanic activity in the SAAVA, with the oldest products being late 

Pliocene in age and the youngest being erupted during historic times (Fig. 2.6). The latter refers to the 

andesitic products which erupted as a result of a flank collapse at the Kammeno Vouno centre at 

230BC (Stothers & Rampino, 1983). Age determinations were mainly obtained by K-Ar dating of 

whole rocks and biotite crystals (Fytikas et al., 1976). The volcanic rocks of Methana generally 

comprise andesitic to dacitic lava flows, block-and-ash flows and debris flows which extend from the 

centre of the peninsula towards the coast (Pe-Piper & Piper, 2002; Fytikas et al., 1986). Pe-Piper & 

Piper (2002) also mentioned the presence of multiple dacitic fissure eruptions in north-western parts of 

the peninsula. Volcanic activity is mainly thought to have been effusive, although minor amounts of 

pyroclastic material indicate modest explosive activity (Fytikas et al. 1986). A complete overview of 

the volcanic stratigraphy of Methana is given in Pe-Piper & Piper (2013), but falls out of scope for this 

study.  

Methana is still considered to be an active volcanic field owing to the occurrence of solfataras and hot 

springs located in southern parts of the peninsula (Georgalas, 1962). Several authors (e.g. Pe-Piper & 

Piper, 2002; Fytikas et al., 1986) have recognized the importance of faulting during the emplacement 

of the Methana volcanic rocks. Volcanic edifices are generally shaped along E-W and NW-SE 

orientated fault lineaments, which is in agreement with the dominant trends described for the OWG in 

section 2.2.2. (see Fig. 2.9 in Smet (2014); Pe-Piper & Piper, 2005; Fytikas et al., 1986).Volcanic 

activity was not restricted to the peninsula itself, but was also observed within an E-W trending 

neotectonic graben, 2 km NW of Methana. Age determinations of 1 Ma were estimated based on 

sedimentation rates by Pe-Piper & Piper (2002), although Smet (2014 and references therein) 

suggested a Holocene age which was based on the superposition of sedimentary and volcanic strata 

from seismic reflection data.  
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Figure 2.7: Schematic geological map for the different volcanic centres in the Saronic Gulf. (A) Google Earth map of the Saronic Gulf designating the Crommyonia 

volcanic field (denoted by B) and the Methana, Aegina and Poros volcanic fields (denoted by C). (B) Simplified geological map of the Crommyonia volcanic field. The field 

is located at the north-western coast of the Saronic Gulf and features two groups of volcanic deposits which are both spatially and temporally separated. The older western 

group (reddish-brown) is located near Koudounistra and Kalamaki and has a mid Pliocene age. The eastern group (orange) features a larger distribution which is mainly 

concentrated around Kokkini Spilia. Across the Crommyonia volcanic field, minor fumarolic activity can be observed. (C) Distribution of volcanic deposits on the Methana, 

Aegina and Poros volcanic fields. Methana and Poros are located at the southern coast of the Saronic Gulf, while Aegina lies at the centre of it. See text for further discussion. 

Image reproduced from Smet (2014).
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Geochemical analyses indicated that most volcanic rocks are calc-alkaline, medium-K andesites to 

dacites, and to a lesser extent basaltic-andesites, which possess Sr isotopic ratios of 0.7057-0.7066 and 

Mg-numbers up to 65 (Pe-Piper & Piper, 2002; Mitropoulos et al., 1987; Pe, 1975; Smet, 2014 and 

references therein). Andesites are mainly comprised of plagioclase, orthopyroxene, clinopyroxene and 

magnetite phenocrysts, whereas the dacites feature abundant plagioclase, magnetite, hornblende and 

biotite crystals. 

The island of Aegina is located in the central part of the Saronic Gulf , about 10 km north-east of 

Methana (Fig. 2.7). Aegina features the oldest volcanic rocks from the SAAVA and started erupting 

around the early Pliocene (4.7 - 4.3 Ma) until the end of the first major volcanic phase during the late 

Pliocene (Fig. 2.6; Pe-Piper et al., 1983; Fytikas et al., 1986). The first products mainly included 

rhyodacitic tuffites and pumice flows to andesitic pillow lavas and associated hyaloclastites. This 

accounts for the occurrence of both phreatomagmatic and effusive eruptions as Aegina was still 

predominantly located in a shallow marine environment. Volcanic activity peaked around 3.9 - 3.0 Ma 

and largely developed andesitic-dacitic lava domes, which included a number of lava flows, volcanic 

breccias, plugs and fissure eruptions in the southern and central parts of the island, which evolved into 

a subaerial environment (Dietrich et al., 1991; Fytikas et al., 1986). The first eruptive phase 

terminated with the emplacement of dacitic pyroclastic and epiclastic flows, after which volcanic 

activity generally diminished as reflected by the lack of lavas encountered between 3.0 - 2.1 Ma. The 

final phase occurred during early Quaternary times (2.1 - 2.0 Ma) and was related to an intensive 

episode of faulting and uplift, which resulted in the construction of (basaltic-)andesitic lava domes 

(with accompanied lava flows) of which Oros and Lazarides are the most familiar centres (Pe-Piper & 

Piper, 2005; Fytikas et al., 1986; Pe-Piper et al., 1983; Dietrich et al., 1991). However, Pe-Piper & 

Piper (2002) suggested that the latter phase was presumably associated with two fissure eruptions at 

the abovementioned centres. Age determinations were obtained through K-Ar dating of whole rocks 

(Pe-Piper et al., 1983; Fytikas et al., 1976) and biotite-hornblende crystals (Dietrich et al., 1991). 

Analogous to the other volcanic centres in the Saronic Gulf, volcanism clearly seems to be linked to 

the regional tectonic regime (Pe-Piper & Piper, 2005; Fytikas et al., 1986; Smet, 2014). At Aegina, 

faults with predominant E-W, ENE-WSW and NW-SE directions developed and created a number of 

minor depressions which were filled with Plio-Pleistocene sediments (Fytikas et al., 1986). Volcanic 

products and edifices were subsequently shaped and orientated along these faults. These trends also 

seem to correspond with the dominant tectonic lineaments described for the OWG in section 2.2.2. 

(Pe-Piper & Piper, 2005). Geothermal activity is not as pronounced as at the Methana volcanic field, 

but often comprises multiple hot springs along NNE-SSW faults at the north coast of the island (Pe-

Piper & Piper, 2002).The Aegina volcanic deposits currently occupy an area of  ± 55 km², which 

represents 2/3 of the current island’s surface (Fytikas et al., 1986).  

Geochemical analyses summarized by Pe-Piper & Piper (2002) and Smet (2014) indicate the presence 

of calc-alkaline medium-K to high-K basaltic-andesites to dacites with Mg-numbers up to 70%. 

Basaltic andesites display a large variability in K2O (1.2 – 3 wt%) and TiO2 (0.6 – 0.9 wt%) 

concentrations. Additionally, Sr isotopic ratios seem to vary according to silica contents, with values 

between 0.7040 - 0.7067 for lavas with silica contents smaller than 56 wt% and 0.706 for those above 

(Pe, 1975; Fytikas et al., 1986; Mitropoulos et al., 1987; Smet, 2014). The Aegina volcanic rocks 

generally display a porphyritic texture with varying mineralogy abundance according to their 

composition. The basaltic-andesitic to andesitic lavas mainly contain plagioclase, augite, hornblende, 

magnetite and modest amounts of olivine and hypersthene phenocrysts. The dacites on the other hand, 

dominantly possess plagioclase, hornblende, magnetite and minor clinopyroxene phenocrysts. 



18 
 

The island of Poros is located at the southern coast of the Saronic Gulf, about 10 km southeast of 

Methana (Fig. 2.7). It features a single dacitic dome and accompanying andesitic-dacitic lava flows 

which span a total area of 1 km² at the southern edge of the island (Pe-Piper & Piper, 2002; Fytikas et 

al., 1986). Smet (2014) mentions that lava flows were emplaced as a result of WNW-ESE orientated 

fissure eruptions. Whole rock K-Ar age determinations generally yielded ages between 3.1 - 2.6 Ma, 

which roughly coincides with the onset of the second volcanic phase in the SAAVA (Fytikas et al., 

1986; Matsuda et al., 1999; Smet, 2014).  

Geochemical analyses summarized by Smet (2014) and Pe-Piper & Piper (2002) indicate silica 

contents between 60.7-63.5 wt% for host rocks (Mg number ~ 55%) and a general basaltic-andesitic 

composition for enclaves, which possess Mg numbers up to 67%. Strontium isotopic ratios appear to 

be rather high and vary between 0.7058-0.7074 (Pe, 1975; Fytikas et al., 1986; Mitropoulos et al., 

1987; Smet, 2014). The host rocks display a porphyritic texture and contain abundant plagioclase, 

clinopyroxene and biotite phenocrysts (Smet, 2014). 
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CHAPTER 3: METHODOLOGY 

 

This chapter features a description of the laboratory procedures applied during the preparation 

and analysis of rock samples. A selection of these samples was chosen for subsequent thin section 

(petrography), ICP-OES (major elements and a minor set of trace elements), ICP-Q-MS (trace 

elements) and MC-ICP-MS (Sr-Nd-Pb-Hf isotopes) analysis. Criteria upon which the selection was 

made are described in the accompanying sections. Results of these analyses are presented and tested 

for their accuracy and precision. The methodology in the following sections below is to a large extent 

similar to that described by Smet (2014). 

 

3.1.  Thin section preparation 

 

Preparation of the thin sections was carried out at the Laboratory of Mineralogy and Petrology 

(Department Geology and Soil Science, Ghent University). The samples were cut using a water-cooled 

diamond saw to produce a slab of rock of approximately 8 cm³ (L: 4 cm x W: 2 cm x D: 1 cm) which 

represents the overall lithology. New features such as enclaves were occasionally discovered during 

thin section preparation and were separated from the original sample to produce additional thin 

sections (e.g. the enclave found in sample CR35, which became sample CR35-2). Weathered rock 

patches and feldspar megacrysts (see Table 5.1) were removed in function of further geochemical 

analysis. Brittle material (e.g. garnet macrophenocrysts and presumed enclaves) were embedded in 

epoxy resin (TRA) in order to minimize fragmentation and simplify further processing. Rock samples 

containing both host rocks and enclaves produce thin sections that display the host rock-enclave 

boundary. The rock slices were subsequently polished along one surface on a sanding plate which 

removed the largest surface irregularities. Smaller irregularities were consecutively removed by 

polishing the rock slices on a glass plate using corundum polishing powder with grain sizes decreasing 

from 37 µm to 15 µm to finally 12 µm. The rock slices were mounted to a microscopic slide with 

epoxy resin. The thickness of the rock slab was ground down to approximately 30 µm. This was 

verified by examination of the birefringence of the minerals in thin section according to the Michel-

Lévy colour chart. The thin section is completed by covering and mounting with a cover slide using 

epoxy resin.  

3.2.  Sample preparation for geochemical analysis 

 

The majority of the rock sample that was left after the extraction of a rock slab for thin section was 

retained for further geochemical analysis. They were cleaned with distilled (Milli-Q) water and dried 

at a temperature of 110° C for 24 hours. These samples were crushed in a stainless steel jaw crusher 

until the resulting pieces were approximately ≤ 6mm. The jaw crusher was thoroughly cleaned in 

between samples to remove remaining dust particles and prevent or minimize contamination. The 

crushed samples were split to obtain a representative part of the sample. A minor fraction was 

pulverized to a size generally smaller than 2 µm in a Retsch PM100 planetary ball mill or Fritsch 

planetary mono mill Pulverisette 6. The fraction that was not pulverized can be used for additional 

work if required. 
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3.3. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) analysis  

 

The ICP-OES analysis was performed on thirty rock samples (see Table 3.1) in order to obtain major 

element compositions of the Crommyonia volcanic rocks. Multiple trace elements including Ba, Be, 

Ce, Co, Cr, Cu, Hf, La, Nb, Ni, Sc, Sr, V, Y, Yb, Zn and Zr were determined as well. Rock samples 

for ICP-OES analysis were selected based on similar criteria as those chosen for thin section analysis. 

Sample preparation is required in order to introduce the rock powder to the ICP-OES instrument. This 

is achieved through the process of flux melting, which is described in the section below. This process 

also assures the retention of silica and the complete dissolution of zircon, thus enabling the 

measurement of reliable Zr concentrations. The analysis was performed in the Laboratory of Soil 

Science (Department of Geology and Soil Science, Ghent University). 

3.3.1.  Sample preparation for ICP-OES: flux melting 

 

Rock powders need to be devolatilized to measure the volatile-free major element composition. This 

can only be achieved through expulsion of the ‘loss on ignition’ (LOI) component of the sample. Four 

to five grams of rock powder are weighed into a ceramic crucible and dried in a laboratory drying 

oven at a temperature of 110° C for 2 hours minimally. Afterwards, the rock powder is placed into a 

desiccator where it cools down to room temperature. The weight difference measured is attributed to 

the loss of adhered water, but does not represent the LOI component. The latter can be determined 

through heating of the rock powder in a laboratory furnace to a temperature of 950° C for 8 hours. 

During this process, structural volatile components such as H2O, N2, SO2, CO2, amongst others, are 

expelled. The process is further accompanied by the oxidation of iron, resulting in a typical red colour 

of the heated rock powder. The sample is then cooled down to room temperature in a desiccator and 

weighed a second time to determine the LOI component. A small fraction of this residual powder 

(0.15 g) is homogenised with ± 0.6 g of mixed meta-/tetraborate flux (65:35, Breitländer Specflux 

A1222). The mixture is transferred into a graphite crucible and molten at a temperature of 1050° C 

during 18 to 20 minutes. This melt is quenched into a 90 mL 2% HNO3 solution (including 2 ppm Pt  

to correct for instrumental drift; see section 3.3.2.) where it dissolves after usually half an hour. The 

acquired dilution now contains major element concentrations (600 times diluted) which fall within the 

ideal analysis range of the ICP-OES instrument. Thirty mL of the final solution is pipetted into pre-

cleaned 50 mL centrifuge tubes. This is done in order to minimize the introduction of carbon particles 

into the instrument. The ICP-OES analysis should be performed within five days of the flux melting 

process in order to prevent silica loss due to precipitation. 

Apart from the digestion and dilution of the sample powders, a series of rock reference materials or 

internal standards are included into the sample preparation procedure in order to build up a calibration 

curve. The following reference materials were used as a mean for calibration during this Master thesis: 

United States Geological Survey (USGS) standards DTS-2b (dunite), BHVO-2 (basalt), AGV-2 

(andesite), GSP-2 (granodiorite) and QLO-1 (quartz latite) and the Geological Survey of Japan (GSJ) 

standards which include JG-2 (granite) and JSy-1 (syenite). A blank sample which only contains 0.6 g 

of meta-/tetraborate flux was added to the sample preparation procedure in order to detect the possible 

presence of contamination. Consequently, this sample forms the origin of the calibration curve. 

Sample CR21BIS was used to determine the reproducibility of the sample preparation procedure and 

the analytical uncertainty of the ICP-OES analysis. Secondary or external standards such as BCR-2 

(USGS, basalt) and JB-2 (JGS, basalt) were measured as unknown to assess the general accuracy of 

the ICP-OES analyses. 
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Table 3.1: Overview of all analyses performed on the rock samples acquired during the fieldwork in Crommyonia. The ‘✓’ symbol indicates that a certain analysis 

was performed on the considered rock sample. 

 

 

 

 Analyses 

Sample Thin section 

analysis 

Major elements Trace elements                                 

(Low pressure acid digestion) 

Trace elements                                    

(High pressure acid digestion) 

Sr-Nd-Pb-Hf 

isotopes 

CR01 ✓     

CR02      

CR03 ✓ ✓ ✓   

CR04 ✓ ✓ ✓ ✓ ✓ 

CR05A      

CR05B ✓     

CR06 ✓ ✓ ✓ ✓ ✓ 

CR07 ✓ ✓ ✓   

CR08 ✓ ✓ ✓   

CR09 ✓ ✓ ✓ ✓ ✓ 

CR10      

CR11 ✓ ✓ ✓   

CR12      

CR13 ✓ ✓ ✓   

CR14 ✓ ✓ ✓ ✓ ✓ 

CR15      

CR16      

CR17 ✓ ✓ ✓ ✓ ✓ 

CR18 ✓ ✓ ✓   

CR19 ✓ ✓ ✓   

CR20 ✓ ✓ ✓ ✓ ✓ 

CR21 ✓ ✓ ✓ ✓ ✓ 
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Table 3.1 

(continued) 

 Analyses 

Sample Thin section 

analysis 

Major elements Trace elements 

(Low pressure acid digestion) 

Trace elements  

(High pressure acid digestion) 

Sr-Nd-Pb-Hf 

isotopes 

CR22      

CR23 ✓ ✓ ✓   

CR24 ✓ ✓ ✓   

CR25 ✓ ✓ ✓ ✓ ✓ 

CR26 ✓ ✓ ✓ ✓ ✓ 

CR27 ✓ ✓ ✓ ✓ ✓ 

CR28      

CR29 ✓ ✓ ✓ ✓ ✓ 

CR30 ✓     

CR31 ✓     

CR32 ✓ ✓ ✓ ✓ ✓ 

CR33 ✓ ✓ ✓   

CR34 ✓     

CR35 ✓ ✓ ✓ ✓ ✓ 

CR35-2 ✓     

CR36 ✓ ✓ ✓   

CR37 ✓ ✓ ✓   

CR38      

CR39 ✓ ✓ ✓ ✓ ✓ 

CR40 ✓ ✓ ✓ ✓ ✓ 

CR41 ✓ ✓ ✓   

CR42 ✓ ✓ ✓   

CR43 ✓ ✓ ✓ ✓ ✓ 
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3.3.2.  ICP-OES measurement 

 

The ICP-OES technique involves the nebulization and injection of an aqueous sample solution into an 

inductively coupled argon plasma. The latter is heated to temperatures of 7000-8000 K, in which 

atoms are ionised and/or take up energy. Atoms are lifted into an excited state and return to their 

ground state by expelling electromagnetic radiation (including visible light). Each element in the 

solution expels a series of characteristic wavelengths which allows both identification and 

quantification. Elemental wavelengths on which identification is based, should be chosen with care in 

order to minimize spectral interference. This may occur when two or more elements expel 

electromagnetic radiation within a narrow range. A list of the selected elemental wavelengths used in 

this study is presented in Table 3.2. Element concentrations are determined by interpolation of the 

signal intensity on the standard calibration curves (see below).  

At the start of a new analysis, the ICP-OES instrument should be fine-tuned in order to ensure optimal 

measuring conditions. This can be achieved through customization of the instrument’s settings which 

include, amongst others, gas flow, RF power, position of the plasma torch relative to the radial 

observation point. When both the settings are optimized and the plasma is stabilized, calibration 

standards and the procedural blank can be measured. These measurements yield signal intensity peaks 

for each specific wavelength and are used to ensure the optimal settings for on-peak measurement and 

thorough identification of the background signal, which is subtracted from the intensity peak. The 

calibration curves are constructed by combining the element-specific signal intensities with the 

accepted element concentrations of the calibration standards within the final dilutions. The latter are 

obtained from the GeoRem database (http://georem.mpch-mainz.gwdg.de/) and consequently allow 

the unknown element concentrations to be determined. 

Measurements of unknown samples, calibration standards and procedural blank are repeated five times 

during a single analysis to confirm the reproducibility. Subsequent analyses are interspersed by rinsing 

with a 2% HNO3 solution during 2-3 minutes. Two types of instrument fluctuations are frequently 

encountered during an ICP-OES analysis. The first is known as instrument drift and involves plasma 

temperature instabilities which influence the detection of the radiation intensity for a certain 

concentration. The internal Pt standard, which was administered in equal amounts to all samples and 

calibration standards after flux melting, allows for a sample-specific correction of the instrument’s 

sensitivity fluctuations. A second common, element-specific, drift correction was performed by 

sample-standard bracketing. During this process, two internal standards (BHVO-2 and QLO-1) were 

analysed at the start and ending of every measurement set of six samples (including unknown samples 

and/or external standards). From this data, the instrumental drift in between the measurement of two 

bracketing standards could be interpolated. 

The raw data of element concentrations were transferred to an in-house MS Excel sheet and enhanced 

by Dr. Ingrid Smet. Whole rock compositions were determined based on the precise dilution factor of 

unknown samples and standards and were expressed in oxide percentages for major elements and parts 

per million (ppm) for trace elements. To verify the consistency of the ICP-OES analyses, the sum of 

all major element oxide concentrations was checked to lie between 98.5% and 101.5%. The precision 

was estimated by calculating the relative standard deviation of different analyses of the same sample 

or standard solution. 

 

 

http://georem.mpch-mainz.gwdg.de/
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Table 3.2: List of electromagnetic wavelengths utilized to identify and quantify major and trace elements 

for ICP-OES analysis. 

    

Major element Wavelength (nm) Trace element Wavelength (nm) 

Al1 236.705 Ba1 455.403 

Al2 308.215 Ba2 493.408 

Ca1 183.944 Ba3 585.367 

Ca2 219.779 Be1 313.042 

Ca3 317.933 Be2 313.107 

Fe1 234.350 Ce1 408.322 

Fe2 259.940 Ce2 418.659 

Fe3 261.187 Ce3 446.021 

K1 766.491 Co 231.160 

K2 769.897 Cr1 267.716 

Mg1 202.582 Cr2 276.653 

Mg2 277.983 Cu1 324.754 

Mn1 257.610 Cu2 327.395 

Mn2 293.305 Hf 264.141 

Mn3 293.931 La1 379.082 

Na 589.592 La2 408.671 

P1 177.434 Nb 295.088 

P2 185.878 Ni 222.486 

P3 213.618 Sc1 357.634 

Si1 185.005 Sc2 361.383 

Si2 212.412 Sr1 407.771 

Si3 288.158 Sr2 421.552 

Ti1 334.188 V1 292.401 

Ti2 368.520 V2 292.464 

  Y1 361.104 

  Y2 371.029 

  Yb 369.419 

  Zn1 202.548 

  Zn2 206.200 

  Zn3 213.857 

  Zr1 339.198 

  Zr2 349.619 

 

The accuracy within one ICP-OES analysis was estimated by calculating the concentrations of 

secondary standards that were treated as unknown samples. An overview of the general accuracy and 

precision of the ICP-OES is given in Table 3.3. Differences between measured and reference values 

are generally smaller than 2% relative for Al2O3, CaO, MgO, MnO, SiO2, TiO2, Cr, Sr and V, smaller 

than 5% relative for Fe2O3, Na2O, K2O, Ba, Be, Yb and Zn, smaller than 10% relative for P2O5, Sc and 

Zr and more than 10% relative for Ce, Co, Cu, Hf, La, Nb and Ni. A complete overview on the results 

of the ICP-OES analysis on the Crommyonia volcanic rocks is given in Table 3.4. 
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Table 3.3: Comparison of the average composition of major and trace elements with reference values for 

secondary standards BCR-2 and JB-2 as a measure of the accuracy of the ICP-OES analysis. Major 

elements in oxide weight percentages, trace elements ppm. The average represents the mean value of a major 

element oxide or trace element obtained after repeated analysis (n = 8) of secondary standards BCR-2 and JB-2. 

1SD is the standard deviation calculated based on the average of 8 measurements. The relative standard 

deviation is a measure for the precision and is expressed in percentages. Literature reference values were 

obtained from the GeoRem website (http://georem.mpch-mainz.gwdg.de/) on the 30
th

 of March 2015. 

 BCR-2 JB-2 

wt% 

 

Average  

(n = 8) 

1SD  

(1σ) 

(n = 8) 

RSD  

(%) 

Literature Average  

(n = 8) 

1SD 

(1σ) 

(n = 8) 

RSD 

(%) 

Literature 

SiO2 53.77 0.14 0.26 54.10 53.02 0.29 0.55 53.20 

TiO2 2.27 0.00 0.00 2.26 1.16 0.01 0.86 1.19 

Al2O3 13.34 0.06 0.45 13.50 14.65 0.08 0.55 14.64 

Fe2O3
 (1) 13.44 0.09 0.67 13.80 13.88 0.13 0.94 14.25 

MnO 0.20 0.00 0.00 0.20 0.22 0.00 0.00 0.20 

MgO 3.57 0.02 0.56 3.59 4.61 0.04 0.87 4.62 

CaO 7.11 0.06 0.84 7.12 9.83 0.14 1.42 9.82 

Na2O 3.15 0.01 0.32 3.16 2.04 0.01 0.49 2.03 

K2O 2.00 0.03 1.5 1.79 0.40 0.01 2.5 0.42 

P2O5 0.35 0.00 0.00 0.35 0.09 0.00 0.00 0.10 

ppm 

 

        

Ba 655.85 7.26 1.11 677.0 212.17 2.62 1.23 191.0 

Be 2.31 0.03 1.30 1.64-3.19 0.25 0.03 12 0.26 

Ce 51.92 0.82 1.58 52.9 4.08* 1.61 39.46 6.76 

Co 30.22 0.45 1.49 37.0 29.66 0.26 0.88 34.0 

Cr 17.95 2.08 11.59 15.0 27.86 3.36 12.06 25.4 

Cu 15.86 0.43 2.71 19.0 243.19 1.23 0.51 190.0 

Hf 4.18 0.21 5.02 4.8 0.62** 0.19 30.65 1.42 

La 24.39 0.09 0.37 24.9 4.02 0.06 1.49 2.35 

Nb 12.51 0.24 1.92 12.6 0.78 0.22 28.21 0.8 

Ni 13.61 1.09 8.00 6.9-91.0 14.93 0.94 6.30 9.0 

Sc 34.30 0.07 0.20 33.0 57.20 0.35 0.61 53.5 

Sr 336.83 0.77 0.23 340.0 176.12 1.66 0.94 150.0 

V 423.25 2.23 0.53 416.0 586.51 6.28 1.07 520.0 

Y 36.29 0.08 0.22 37.0 23.52 0.12 0.51 24.9 

Yb 3.34 0.04 1.20 3.38 2.70 0.02 0.74 2.51 

Zn 132.92 1.25 0.94 127.0 112.51 3.45 3.07 108.0 

Zr 187.99 0.06 0.03 184.0 55.34 0.39 0.70 51.2 

*/** Based on the average of 5/4 measurements;  (1) All iron is expressed as Fe2O3.

http://georem.mpch-mainz.gwdg.de/
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Sample H2O 

(wt%) 

LOI 

(wt%) 

Al2O3 

(wt%) 

CaO 

(wt%) 

Fe2O3 

(wt%) 

K2O 

(wt%) 

MgO 

(wt%) 

MnO 

(wt%) 

Na2O 

(wt%) 

P2O5 

(wt%) 

SiO2 

(wt%) 

TiO2 

(wt%) 

Total 

(wt%) 

CR19 0.31 1.03 15.81 2.72 2.41 3.86 1.35 0.04 3.23 0.11 69.63 0.32 99.49 

CR20 0.55 1.37 16.08 2.60 2.47 3.85 1.37 0.04 3.05 0.11 69.47 0.32 99.35 

CR21 0.59 1.58 16.47 2.88 2.51 3.74 1.58 0.04 3.34 0.10 67.60 0.33 98.59 

CR21BIS 0.64 1.52 16.48 2.89 2.51 3.75 1.58 0.04 3.34 0.10 67.51 0.33 98.52 

CR23b 0.90 1.84 16.25 2.42 2.41 3.78 1.26 0.03 2.73 0.11 69.20 0.32 98.51 

CR24 0.67 1.57 16.05 2.56 2.38 3.80 1.29 0.04 2.83 0.12 69.31 0.32 98.70 

CR24 (2)   16.00 2.56 2.50 3.81 1.29 0.04 2.82 0.12 69.56 0.32 99.01 

CR25 0.37 1.40 15.84 3.17 2.49 3.51 1.28 0.04 3.12 0.12 68.73 0.32 98.62 

CR26 0.53 1.19 15.70 3.24 2.36 3.26 1.33 0.03 3.29 0.13 69.00 0.34 98.68 

CR27 0.65 1.45 16.06 2.76 1.63 3.56 1.03 0.02 3.19 0.11 70.30 0.32 98.99 

CR29 0.51 1.07 15.70 3.12 1.99 3.46 1.10 0.02 3.34 0.12 69.64 0.32 98.81 

CR03 0.19 2.00 15.32 2.71 2.21 4.05 0.86 0.04 2.96 0.12 70.21 0.35 98.83 

CR04 0.14 2.06 15.39 2.87 2.39 3.81 0.90 0.05 2.92 0.13 70.17 0.37 99.00 

CR41 0.27 2.33 15.58 2.73 2.43 3.97 0.91 0.04 2.86 0.13 69.75 0.36 98.78 

CR42 0.21 2.55 15.68 2.90 2.42 4.00 0.91 0.05 2.90 0.13 69.28 0.37 98.63 

CR43 0.22 2.44 15.51 2.98 2.40 3.88 1.03 0.04 2.99 0.13 69.66 0.36 98.98 

CR06 0.50 1.08 15.68 3.37 3.03 3.65 1.39 0.04 2.99 0.12 68.43 0.40 99.10 

CR07 0.32 1.10 15.64 3.28 2.45 3.57 1.08 0.03 3.00 0.11 69.38 0.40 98.92 

CR07b   15.66 3.26 2.45 3.60 1.08 0.03 3.00 0.11 69.11 0.40 98.68 

CR08 0.89 1.61 16.00 3.29 2.77 3.77 0.74 0.02 2.93 0.12 69.69 0.41 99.74 

CR09 1.45 2.14 15.55 2.53 2.22 3.76 0.81 0.01 2.67 0.05 71.20 0.39 99.18 

CR11 1.36 1.81 15.52 2.74 2.42 3.76 0.89 0.01 2.73 0.12 70.74 0.39 99.31 

CR13 1.35 1.92 15.82 2.61 2.14 3.70 0.75 0.01 2.73 0.05 71.55 0.40 99.76 

CR13b   15.63 2.60 2.12 3.72 0.74 0.01 2.73 0.05 70.67 0.40 98.68 

CR14 1.00 1.86 15.73 2.69 2.00 3.83 0.60 0.01 2.78 0.11 70.99 0.39 99.13 

CR39 0.35 2.57 15.74 2.80 2.32 3.97 1.01 0.04 2.92 0.12 69.75 0.37 99.02 

CR40 0.16 1.64 15.58 2.81 2.35 3.82 0.88 0.04 3.04 0.10 69.88 0.37 98.87 

CR17 1.14 1.33 16.10 3.18 1.95 3.69 0.82 0.02 2.94 0.12 69.86 0.41 99.09 

CR18 0.45 0.75 15.90 3.43 2.06 3.69 0.83 0.03 3.11 0.11 69.86 0.39 99.40 

CR18b   15.68 3.41 2.05 3.59 0.84 0.03 3.07 0.11 69.49 0.39 98.66 

CR36 0.31 1.72 16.33 4.19 2.97 3.48 1.70 0.05 3.08 0.13 66.57 0.42 98.92 

CR33 0.25 1.72 15.73 3.60 2.57 3.80 1.20 0.05 3.01 0.12 68.25 0.39 98.72 

CR35 0.77 2.24 16.62 4.38 3.11 3.16 1.83 0.04 3.01 0.13 66.01 0.43 98.72 

CR32 0.27 1.78 15.85 3.48 2.58 3.75 1.19 0.05 3.01 0.12 68.44 0.40 98.87 

CR37 0.70 2.46 16.62 4.19 2.91 3.48 1.79 0.05 2.92 0.10 66.40 0.43 98.89 

Table 3.4: Results of the ICP-OES analysis performed on the Crommyonia volcanic rocks. Sample codes containing ‘BIS’ were added to determine the reproducibility 

of the sample preparation procedure and the analytical uncertainty of the ICP-OES analysis, while sample codes containing (b) are samples which were individually 

measured multiple times. 
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Table 3.4 

(continued) 

 

Ba 

(ppm) 

Be 

(ppm) 

Ce 

(ppm) 

Co 

(ppm) 

Cr 

(ppm) 

Cu 

(ppm) 

Hf 

(ppm) 

La 

(ppm) 

Nb 

(ppm) 

Ni 

(ppm) 

Sc 

(ppm) 

Sr 

(ppm) 

V 

(ppm) 

Y 

(ppm) 

Yb 

(ppm) 

Zn 

(ppm) 

Zr 

(ppm) 

CR19 416.33 7.32 50.13 8.15 7.41 7.25 3.33 21.19 7.55 8.53 6.16 330.05 43.41 12.65 0.90 49.65 132.10 

CR20 488.66 7.59 52.47 8.78 12.27 6.80 3.68 21.83 7.45 11.82 6.24 317.35 42.92 12.54 0.91 50.89 132.83 

CR21 399.46 8.28 51.82 7.95 16.73 9.75 3.63 21.44 7.86 8.93 6.45 336.66 42.58 12.65 0.94 52.00 133.83 

CR21 BIS 399.55 8.30 54.27 8.00 17.21 9.80 3.67 21.83 7.83 8.94 6.45 337.04 42.86 12.71 0.95 51.89 135.54 

CR23b 545.89 6.87 50.87 7.51 21.49 6.75 4.08 21.52 7.42 70.99 6.42 314.09 43.24 12.80 0.92 52.55 135.35 

CR24 696.07 7.70 54.01 7.60 11.91 5.38 4.33 21.84 7.42 5.57 6.03 362.93 40.83 12.99 0.93 53.86 130.80 

CR24 (2) 678.28 8.68 57.44 7.96 10.78 5.31 4.28 21.95 7.31 7.21 6.01 362.20 40.81 12.93 0.97 51.73 128.83 

CR25 446.32 6.80 49.85 7.56 9.25 8.18 3.51 20.66 7.19 8.30 6.15 440.23 42.10 12.01 0.92 52.50 133.84 

CR26 379.13 6.30 44.18 7.73 22.35 4.50 3.27 19.45 6.74 18.90 7.28 527.37 46.75 11.64 0.89 30.58 129.46 

CR27 393.44 6.86 52.62 7.05 20.12 2.30 3.38 20.97 6.82 14.69 7.04 440.87 40.94 35.23 2.07 25.05 130.48 

CR29 384.26 6.28 48.20 8.09 20.48 2.74 3.23 20.48 7.22 17.17 6.92 511.14 43.76 13.42 0.87 25.17 126.25 

CR03 468.82 6.10 77.34 6.01 5.27 2.89 5.36 33.23 10.49 1.51 5.76 253.77 28.02 16.46 1.16 48.21 190.07 

CR04 477.28 5.76 86.05 6.16 4.52 3.24 5.37 37.64 11.75 1.39 6.65 249.35 27.62 19.73 1.36 49.19 200.59 

CR41 446.58 5.98 78.08 6.23 4.79 3.04 5.46 33.39 12.18 2.15 6.24 248.23 26.32 18.27 1.31 50.07 205.36 

CR42 466.59 6.14 85.51 6.27 5.21 2.74 5.36 35.70 11.65 6.06 6.30 259.65 27.20 18.40 1.31 52.52 198.81 

CR43 477.04 6.60 90.85 6.60 5.59 5.07 5.23 35.32 11.08 10.24 5.92 268.23 27.30 16.83 1.24 51.45 193.13 

CR06 418.36 5.83 68.54 8.20 9.92 2.57 4.57 29.34 10.11 57.32 7.69 237.33 47.54 17.06 1.34 58.26 185.28 

CR07 395.44 5.49 73.78 8.15 11.06 7.51 4.79 30.82 10.34 114.54 7.64 249.38 34.74 18.31 1.34 39.25 189.23 

CR07b 393.32 5.45 73.53 8.01 10.81 7.94 4.64 30.39 10.20 114.42 7.61 248.17 34.79 18.16 1.32 34.28 191.38 

CR08 428.40 5.31 71.66 6.76 13.23 2.95 4.90 31.19 10.51 14.36 8.04 253.18 43.38 20.63 1.50 51.19 194.62 

CR09 414.13 6.99 73.93 9.24 7.43 1.01 5.04 30.71 10.85 129.36 6.95 205.14 35.48 23.43 1.36 35.39 195.80 

CR11 450.32 7.22 73.40 6.61 5.16 2.64 5.20 29.95 10.82 63.71 6.69 212.03 35.98 15.07 1.15 34.40 198.25 

CR13 401.51 8.30 72.18 7.44 6.49 3.87 5.21 30.48 10.45 38.21 7.47 220.27 40.91 18.50 1.46 49.79 197.87 

CR13b 399.77 8.24 77.86 7.42 6.09 4.28 5.01 32.00 10.69 37.87 7.36 218.16 39.70 18.49 1.46 46.47 193.50 

CR14 424.80 5.66 72.74 5.75 4.95 1.95 5.12 30.64 10.73 20.91 6.64 216.86 30.05 17.75 1.29 34.62 195.26 

CR39 466.50 6.50 78.23 6.57 6.30 4.42 5.38 33.12 11.07 10.87 6.18 259.65 28.48 15.65 1.15 52.93 194.84 

CR40 480.96 5.91 81.62 6.39 7.07 3.40 5.41 34.30 11.63 4.82 6.37 276.47 27.02 17.71 1.30 54.10 197.15 

CR17 445.95 4.98 77.47 6.54 5.47 4.22 5.04 31.71 11.04 14.13 7.60 291.82 37.81 27.63 2.03 43.73 192.48 

CR18 412.84 4.85 72.40 6.18 4.40 2.64 5.08 30.65 10.78 10.77 7.12 255.63 37.84 17.61 1.26 44.02 194.07 

CR18b 412.03 5.47 75.08 6.34 4.32 2.18 5.04 29.36 10.53 13.01 7.06 254.55 36.49 17.43 1.30 43.80 193.10 

CR36 422.65 5.64 67.47 8.33 11.18 7.73 4.22 29.53 9.73 7.83 9.28 279.60 56.66 17.84 1.49 54.02 181.71 

CR33 423.57 6.09 71.63 7.05 5.39 3.12 4.84 30.47 11.26 3.57 7.25 257.70 39.65 18.37 1.44 51.91 194.65 

CR35 412.34 6.26 76.59 8.38 11.24 4.60 4.03 30.21 10.04 60.07 9.45 288.91 52.25 16.67 1.40 51.27 181.01 

CR32 433.56 6.34 72.80 6.70 6.52 1.72 4.71 31.93 10.94 11.50 7.49 259.89 41.28 17.99 1.41 50.05 193.49 

CR37 419.51 5.87 66.86 9.23 10.72 5.50 4.18 29.81 10.11 43.25 9.39 281.54 56.08 17.50 1.46 53.82 183.48 
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3.4.  Single Collector Inductively Coupled Plasma – Quadrupole – Mass Spectrometry (ICP-Q-

MS) 

 

Considering the generally large uncertainty of most trace element concentrations determined by the 

ICP-OES analysis, it is recommended to measure these and additional elements with an ICP-Q-MS 

system. This provides a higher sensitivity and is thus able to measure at lower detection limits. Sample 

preparation was performed by acid digestion (see section below) of the rock samples (the same 

samples that were selected for major element analysis; see Table 3.1) at atmospheric pressure. The 

ICP-Q-MS analysis was performed at the Department of Analytical Chemistry at Ghent University. 

Sixteen samples that were selected for Sr, Nd and Pb isotope analysis were also analysed for their Hf 

isotopic composition. Preparation for Hf isotope analysis was carried out by Drs. Martijn Klaver at the 

Department of Deep Earth and Planetary Sciences at the Vrije Universiteit (VU) Amsterdam and 

requires acid digestion under high pressure in Parr bombs in order to digest accessory minerals such as 

zircon. A split of these high pressure acid digestions was also analysed with ICP-Q-MS at the VU 

Amsterdam to allow for comparison with the trace element concentrations obtained after low pressure 

acid digestion at Ghent University (see section 3.5.3.). 

3.4.1.  ICP-Q-MS sample preparation: low pressure acid digestion 

 

About 100 mg of rock powder, which was not subjected to the LOI process, is weighed and transferred 

into a flat bottom Teflon screw cap vial. One mL of 16M HNO3 and 2 mL of 22M HF are added to the 

rock powder. The closed Teflon vials are subsequently  placed on a hotplate for 24 hours at a 

temperature of 110-120°C. The addition of HF is a prerequisite in order to disassemble the silicates 

and convert them to fluorides (Walsh et al., 1997). About 1 mL of 16M HNO3 and 3 mL of 11M HCl 

(aqua regia) are added to the residue and the closed vials are placed on the hotplate for 24 hours at a 

temperature no higher than 100°C in order to prevent overpressure in the vial. The aqua regia solution 

was added to dissolve the generated fluorides from the first step. Afterwards, about 1 mL of 16M 

HNO3 is added to the dried residue and carefully stirred. The open vial, containing the mixture, is 

placed on a hotplate and dried at a temperature of 110-130°C. The latter step is repeated once more. 

Prior to ICP-Q-MS analysis, the dried residue is re-dissolved in 12 mL of 2% HNO3 (including 5 ppb 

In and 10 ppb B & Tl as internal standards – a similar measure as the Pt addition during the flux 

melting procedure to resolve instrumental drift). The latter solution is used to generate the final 

dilutions (± 5000 times) in pre-cleaned 45 mL centrifuge tubes. 

The concept of a procedural blank is similar to that of the ICP-OES analysis and involves an empty 

Teflon vial which undergoes the same procedure as listed above. Several amounts of two well-defined 

calibration standards BHVO-2 (0.05 g, 0.1 g and 0.15 g) and AGV-2 (0.1 g and 0.15 g) are weighed 

and also follow the digestion and dilution steps described above. The external standards BCR-2 and 

JB-2 and two sample duplicates (CR21 BIS; CR19b) were also prepared for the ICP-Q-MS analysis. 

The standard bracketing procedure is applied with a ± 5000 times diluted solution of BHVO-2 to 

correct for element-specific instrumental drift. An additional ± 5000 times diluted sample is spiked 

with two multi-element standards to determine the degree of interference caused by the Light/Middle 

Rare Earth Element (LREE/MREE) oxides on the Middle/Heavy Rare Earth Elements 

(MREE/HREE). The first multi-element standard (here defined as ‘spike 1’) includes Ho, Tb, La and 

Ba of which the isotopes 
165

Ho, 
159

Tb, 
139

La, 
135

Ba and 
137

Ba may form bonds with 
16

O which interfere 

with the isotopes 
181

Ta, 
175

Lu, 
155

Gd, 
151

Eu and 
153

Eu during measurement. Additionally, ions of 
138

Ba
2+

 

or the La-hydroxide 
139

La
16

O
1
H may be created in the inductively coupled plasma and cause 
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interference with 
69

Ga
+
 and 

156
Gd respectively. A second multi-element standard (here defined as 

‘spike 2’) including Pr and Eu is added in order to assess the degree of interference caused by the 
141

Pr, 
151

Eu and 
153

Eu oxides on the isotopes 
157

Gd, 
167

Er and 
169

Tm. Five splits of the additional 

representative sample are taken for several reasons. Firstly, one split is taken which was not spiked. 

The purpose of this split is to form the origin of two calibration curves which are build up of two splits 

which contain different concentrations of either ‘spike 1’ or ‘spike 2’ respectively. It is advised to 

combine the knowledge of these calibration curves for interference with the measurement of the ThO 

concentration during ICP-Q-MS analysis. This will allow for a sample-specific correction of oxide 

interference after data acquisition and during off-line data reduction. 

3.4.2.  ICP-Q-MS measurement 

 

The principle of the ICP-Q-MS procedure involves the introduction of a weakly acidic solution 

(containing the sample or standard or procedural blank) which is nebulized and transferred into a 

plasma. This plasma ionizes most elements into a positive monovalent ion. The ions are subsequently 

extracted by sampling cones and transferred into a mass spectrometer by a set of lenses. The mass 

spectrometer segregates and selects a series of ions based on their mass-to-charge (m/q) ratio. These 

are passed through to the detector where their signal intensity is a measure for their concentration.Ions 

with specific mass-to-charge ratios are selected by a quadrupole filter which consists of four parallel 

cylindrical rods that are electronically connected and create two individual perpendicular oscillating 

electrical fields. Through modification of the applied voltage on the cylindrical rods, it is possible to 

transfer ions with different mass-to-charge ratios to the detector and measure them. The ICP-Q-MS 

analysis was performed on a Thermo Scientific
TM 

 XSeries2 instrument which included a Cetac ASX-

520 Autosampler. The detection unit consists of an electron multiplier which contains discrete 

dynodes (Van Heghe, 2013, and references therein).  

Whereas ICP-OES analyses are affected by spectral interference, ICP-Q-MS measurements are 

hampered by isobaric interference of, for example, the 
58

Fe and 
58

Ni isotopes. Hence, other isotopes of 

Ni (e.g. the 
60

Ni isotope) need to be determined in order to measure its concentration. Atoms are not 

only ionized into positive monovalent ions. This is illustrated by the 
138

Ba
2+

 ion which typically causes 

interference with 
69

Ga
+
. Interference may also be the result of the interaction of sample material with 

the acidic solution and Ar plasma gas itself. Polyatomic bonds such as 
141

Pr
16

O and 
159

Tb
16

O are 

created and cause interference with 
157

Gd and 
175

Lu respectively. Oxide interference corrections were 

performed by carefully supervising the 
248

Th
16

O ion which is an indication of the ThO
+
/Th

+
 ratio of 

samples. The obtained raw data was further modified in a MS Excel sheet by Dr. Ingrid Smet. 

The ICP-Q-MS analysis procedure was performed in a similar way as the ICP-OES analysis. This 

generally means that a sample is measured four to five times during a single analysis to improve the 

reproducibility. In between the measurement of two samples, the instrument is cleaned with a 2% 

HNO3 solution for 5 seconds after which the instrument measures a blank sample containing 3-4% 

HNO3. Standard bracketing is performed by measuring the BHVO-2 standard at the start and end of 

the analysis of every set of four samples. It is recommended to measure the calibration standards and 

REE-bearing spikes at the beginning and end of a complete ICP-Q-MS session. Apart from the 

measurement of the ThO
+
/Th

+
 ratio, two additional ratios of CeO

+
/Ce

+
 and Ba

2+
/Ba

+
 are determined in 

order to improve the oxide interference correction. These are typically obtained after tuning and 

stabilisation of the ICP-Q-MS instrument. 
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Modification of the raw data set is initiated by subtracting the sample-specific instrumental blank (3-

4% HNO3 which was analysed before the measurement of an unknown sample or standard) from the 

data obtained during measurement of the sample. The subsequent step takes into account the 

LREE/MREE oxide interference on the signal intensities obtained for the MREE/HREE. A correction 

can then be performed by putting the CeO
+
/Ce

+
 ratio (measured at the beginning of each trace element 

sequence) and ThO
+
/Th

+
 ratio (which was analysed in all samples) together with the oxide interference 

calibration lines which were determined through analysis of the spiked solutions. 

Instrumental drift, which is due to matrix effects and results in sensitivity fluctuations, are resolved  by 

analysing the intensities of the B, In and Tl internal standards. The choice of three elemental standards 

compared to only one has important implications for the accuracy of the ICP-Q-MS analysis. This can 

be explained by the observation that the matrix effects fluctuate according to the mass range of the 

trace elements analysed. One internal standard (e.g. In) would not suffice to accurately reflect the 

sensitivity fluctuations of all elements. In case of a single In internal standard, trace elements with 

generally lower and higher masses would be approximated less accurately, hence a B and Tl internal 

standard are added to cover the entire mass range. Additional drift corrections are performed by the 

standard bracketing procedure as mentioned earlier. Subsequently, the trace element intensities of all 

samples are interpolated on the calibration curves that were constructed from the procedural blank and 

BHVO-2 and AGV-2 calibration standards in order to obtain elemental concentrations. The final 

dilutions are then utilized to calculate the whole rock trace element composition of the unknown 

samples and secondary standards (which were treated as unknowns). Relative standard deviations of 

duplicate samples CR19b and CR21 BIS (which were separately weighed, digested, diluted and 

measured apart from their original) reflect the precision of the analysis. A measure of the accuracy 

obtained during ICP-Q-MS analysis is represented by the average trace element compositions of the 

secondary standards BCR-2 and JB-2 compared to the available reference values of these materials on 

the GEOREM website (http://georem.mpch-mainz.gdwg.de) (Table 3.5). All REE, Sc, V, Co, Cu, Rb, 

Y, Zr, Cs, Ba, Hf and Cr (if a sample contains more than 20 ppm) generally have an accuracy ≤ 5% 

relative, while Li, Be, Mo (if more than 1 ppm), Zn, Ga, Sr, Nb (if more than 2 ppm), Ta (if more than 

0.2 ppm), U and Pb are mainly ≤ 10% relative. An overview of these parameters is given in Table 3.5. 

The results of the low pressure acid digestion ICP-Q-MS analysis are shown in Table 3.6. 

A major disadvantage of low pressure acid digestion involves loss of silica content (mainly in the form 

of volatile SiF4) and B, and the incomplete dissolution of highly resistant minerals such as zircon. 

Consequently, Zr concentrations determined by ICP-Q-MS are expected to be lower than those of the 

ICP-OES analysis which were obtained by flux melting the sample powders. This is confirmed in Fig. 

3.3A, where the Zr concentrations of the ICP-Q-MS analysis are generally lower than 0.5 times the Zr 

concentration obtained by ICP-OES analysis (Fig. 3.3B). The major difference implies a high 

abundance of Zr-bearing minerals (most likely zircon, but a minor fraction may be stored in 

baddeylite) in the Crommyonia volcanic rocks next to the presence of Zr in the groundmass. 

Additionally, Fig. 3.3B indicates that the Zr (ICP-Q-MS)/Zr (ICP-OES) ratio rapidly declines with 

increasing silica content (values as low as 0.1 are observed for the most evolved rocks), suggesting a 

higher abundance of Zr-bearing minerals in increasingly evolved rocks. However, these results do not 

appear to be straightforward when observing the values of western Crommyonia alone. These 

generally display higher Zr (ICP-Q-MS)/Zr (ICP-OES) ratios, implying a lower abundance of Zr-

bearing minerals, which vary between ± 0.45 - 0.25 for a small range of silica contents (68 - 71 wt% 

SiO2). Zr is a HFSE along with Ta, Hf, U, Th and Nb and is frequently substituted by Hf and less 

commonly by the other HFSE in the zircon crystalline structure. This suggests that the Hf (ICP-Q-MS) 

concentrations are biased as well. This is confirmed by Fig. 3.3C, which shows the Hf (ICP-Q-MS)  

http://georem.mpch-mainz.gdwg.de/
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Figure 3.3: Zr concentrations measured by ICP-OES and ICP-Q-MS analysis. (A) Comparison of the ZrICP-

OES and ZrICP-Q-MS concentrations. Concentrations determined by both analyses clearly do not match. This is the 

result of zircon non-dissolution, which retains Zr. Zr concentrations for eastern Crommyonia are generally 

higher than the western sections. Hence, the decrease in ZrICP-Q-MS concentration does not reflect an overall lower 

Zr concentration within the rock, but a higher degree of Zr retention within non-dissolved Zr-bearing minerals. 

(B) Zr retention in function of silica content. The figure indicates that Zr tends to be retained more strongly in 

more evolved magmas, especially for the volcanic rocks from the eastern Crommyonia sections. The western 

sections, however, display a more variable behaviour. (C) Comparison of the HfICP-Q-MS and ZrICP-Q-MS 

concentrations. The figure indicates a clear positive correlation between both elements, suggesting a similar 

behaviour of Hf with Zr. (D) Comparison of the ThICP-Q-MS and ZrICP-Q-MS concentrations. Despite being a HFSE, 

Th does not display any correlation with Zr. Hence, the Th contents of the Crommyonia rocks is not (much) 

influenced by the presence of Zr-bearing minerals. 

concentration in function of the Zr (ICP-Q-MS) concentration. The other HFSE (e.g. Th) do not 

display this behaviour (Fig. 3.3D). Based on these observations, it is advised to handle Zr and Hf 

concentrations with care and to utilize the Zr (ICP-OES) concentrations during further interpretation. 

The accuracy and precision of the Hf measurement during ICP-OES analysis proved to be 

unsatisfactory, hence it is recommended to utilize the Hf concentrations which were determined by 

ICP-Q-MS analysis during high pressure acid digestion preparation (see Table 3.1). 

3.4.3.  ICP-Q-MS sample preparation: high pressure acid digestion in Parr
TM

 bombs 

 

The high pressure acid digestion procedure was performed by Drs. Martijn Klaver at the VU 

Amsterdam and is similar to the procedure described in Klaver et al. (2015): about 80 mg of rock 

powder was digested in a mixture of HF-HNO3 within PTFE Parr-bombs for four days at a 

temperature of 200°C. The sample solution is subsequently transferred in PFA vials and quantitatively 
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Table 3.5: Comparison of the average composition of trace elements with reference values for secondary 

standards BCR-2 and JB-2 as a measure of the accuracy of the ICP-Q-MS analysis. The average represents 

the mean value of a trace element obtained after repeated analysis (n = 4 or 5) of secondary standards BCR-2 and 

JB-2. 1SD is the standard deviation calculated based on the average of 4-5 measurements. The relative standard 

deviation is a measure for the precision and is expressed in percentages. Literature reference values were 

obtained from the GeoRem website (http://georem.mpch-mainz.gwdg.de/) on the 31
th

 of March 2015. The 

generally large deviation from reference values for the JB-2 secondary standard is thought to be the result of 

sample loss during sample preparation. Hence, this secondary standard is not used and statistical analyses are 

based on the BCR-2 standard. 

 

 

            BCR-2 JB-2 

ppm Average 

(n = 5) 

(ppm) 

1SD 

(1σ) 

(ppm) 

RSD 

(%) 

Literature 

(ppm) 

Deviation 

from 

reference 

value     

(% rel.) 

Average  

(n = 4) 

(ppm) 

1SD 

(1σ) 

(ppm) 

RSD 

 (%) 

Literature 

(ppm) 

Deviation 

from 

reference 

value  

(% rel.) 
7Li 9.86 0.08 0.81 9.00 8.75 6.68 0.26 3.79 8.00 16.44 
9Be 2.30 0.07 3.04 2.35 2.23 0.11 0.01 9.09 0.23 50.98 
45Sc 33.55 0.20 0.60 33.0 1.63 52.72 0.26 0.49 54.0 2.38 
51V 407.98 9.48 2.32 416.0 1.97 543.99 1.51 0.28 575.0 5.39 
53Cr 14.72 0.12 0.82 18.0 1.92 22.15 0.07 0.18 25.40 12.78 
59Co 37.58 0.24 0.64 37.0 1.55 34.62 0.13 0.38 38.0 8.89 
60Ni 12.97 0.06 0.46 18.0 11.82 13.58 0.05 0.37 14.0 2.96 
65Cu 18.30 0.25 1.37 21.0 3.85 206.60 1.49 0.72 225.0 8.18 
66Zn 131.45 0.71 0.54 127.0 3.39 100.05 0.76 0.76 110.0 9.04 
69Ga 24.15 0.67 2.77 23.0 4.76 17.08 0.22 1.29 18.0 5.12 
85Rb 45.83 0.33 0.72 46.9 2.34 5.84 0.03 0.51 6.30 7.27 
88Sr 319.48 3.38 1.06 340.0 6.42 160.39 4.82 3.00 178.0 9.90 
89Y 35.52 0.21 0.59 37.0 4.17 21.96 0.05 0.23 23.75 7.52 
90Zr 185.71 1.07 0.58 184.0 0.92 44.61 0.08 0.18 51.0 12.52 
93Nb 12.44 0.44 3.54 12.6 1.29 0.69 0.00 0.00 0.55 26.06 
95Mo 246.20 10.09 4.10 250.0 1.54 1.03 0.07 6.80 1.19 13.47 
133Cs 1.18 0.01 0.85 1.1 2.32 0.77 0.00 0.00 0.82 5.96 
137Ba 679.68 2.75 0.40 677.0 0.39 206.23 0.72 0.35 222.0 7.10 
139La 25.00 0.10 0.40 24.9 0.41 2.10 0.00 0.00 2.25 6.45 
140Ce 52.76 0.22 0.42 52.9 0.27 6.21 0.02 0.32 6.70 7.28 
141Pr 6.67 0.02 0.30 6.7 0.43 1.14 0.00 0.00 1.15 0.62 
146Nd 28.87 0.20 0.69 28.7 2.87 5.94 0.01 0.17 6.30 5.77 
147Sm 6.51 0.01 0.15 6.58 1.01 2.11 0.02 0.95 2.25 6.12 
151Eu 1.96 0.01 0.51 1.96 0.07 0.78 0.00 0.00 0.84 7.29 
157Gd 6.67 0.04 0.60 6.75 1.19 2.85 0.00 0.00 3.10 7.93 
159Tb 1.04 0.01 0.96 1.07 2.94 0.53 0.00 0.00 0.58 8.30 
163Dy 6.42 0.03 0.47 6.41 0.21 3.68 0.02 0.54 3.90 5.66 
165Ho 1.29 0.01 0.78 1.28 0.67 0.80 0.00 0.00 0.88 8.80 
167Er 3.69 0.01 0.27 3.66 0.70 2.41 0.00 0.00 2.55 5.44 
169Tm 0.52 0.00 0.00 0.54 3.03 0.36 0.00 0.00 0.37 3.64 
173Yb 3.39 0.02 0.59 3.38 0.43 2.39 0.02 0.84 2.50 4.56 
175Lu 0.51 0.00 0.00 0.503 1.70 0.36 0.00 0.00 0.39 7.35 
178Hf 4.79 0.01 0.21 4.9 2.22 1.38 0.01 0.72 1.45 4.71 
181Ta 0.71 0.06 8.45 0.74 4.36 0.02 0.00 0.00 0.04 54.85 
208Pb 10.35 0.14 1.35 11.0 6.25 4.81 0.03 0.62 5.10 5.70 
232Th 5.86 0.02 0.34 5.7 2.72 0.24 0.00 0.00 0.27 10.19 
238U 1.67 0.00 0.00 1.69 5.65 0.13 0.00 0.00 0.16 17.20 

http://georem.mpch-mainz.gwdg.de/
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Sample Li 

(ppm) 

Be 

(ppm) 

Sc 

(ppm) 

V 

(ppm) 

Cr 

(ppm) 

Co 

(ppm) 

Ni 

(ppm) 

Cu 

(ppm) 

Zn 

(ppm) 

Ga 

(ppm) 

Rb 

(ppm) 

Sr 

(ppm) 

Y 

(ppm) 

Zr 

(ppm) 

Nb 

(ppm) 

Mo 

(ppm) 

Cs 

(ppm) 

Ba 

(ppm) 

CR19 91.43 5.56 5.54 43.47 8.50 6.28 55.12 8.06 47.41 24.84 162.91 292.12 10.56 48.45 6.90 0.29 11.35 416.09 

CR19b 98.07 6.25 5.73 44.47 8.81 5.96 12.42 8.08 49.31 24.48 169.09 313.84 10.63 49.15 7.13 0.30 11.63 429.68 

CR20 106.04 6.44 6.01 43.90 13.27 6.23 14.47 7.97 50.63 23.96 168.78 297.79 11.01 48.64 7.18 0.31 11.32 493.93 

CR20 

(2) 

97.96 5.80 5.76 43.44 13.37 6.15 14.08 8.00 50.64 25.07 166.23 285.22 10.96 48.14 7.18 0.31 11.31 490.64 

CR21 95.90 6.18 6.46 43.90 17.43 5.88 11.85 11.53 50.09 25.97 186.38 313.72 11.52 69.50 7.30 0.32 15.12 392.06 

CR21 

BIS 

93.29 6.03 6.46 44.45 17.89 5.97 12.07 12.45 49.71 26.22 188.44 320.55 11.59 70.13 7.40 0.30 15.33 394.94 

CR23 110.56 5.78 5.85 43.86 22.21 5.39 71.17 8.01 49.27 23.26 162.16 292.50 9.92 31.78 7.26 0.25 11.98 535.87 

CR24 98.50 6.50 5.61 42.16 12.74 5.30 8.23 7.18 51.02 24.67 162.74 340.04 10.56 37.83 7.20 0.27 10.64 684.04 

CR25 93.78 5.80 6.08 43.29 9.62 5.17 11.05 9.33 50.61 24.59 142.88 444.54 10.53 54.62 6.95 0.27 8.98 441.75 

CR26 76.87 5.31 6.91 48.63 23.46 5.35 21.42 6.12 29.71 23.86 129.63 538.11 10.17 58.22 6.70 0.41 15.51 377.57 

CR27 90.01 5.45 6.64 41.71 22.10 4.14 18.51 4.60 25.24 24.28 151.50 441.51 30.99 51.48 6.85 0.34 18.02 388.42 

CR29 81.81 5.14 6.84 45.55 22.65 5.71 20.50 4.95 24.71 24.90 139.68 521.00 11.82 57.00 6.83 0.39 13.08 381.80 

CR03 32.85 3.40 6.48 28.35 5.30 3.13 6.38 4.38 55.60 24.48 167.79 237.20 16.84 26.66 11.44 0.45 13.07 484.34 

CR04 28.93 3.30 5.55 29.00 6.68 3.12 5.19 4.40 49.22 24.59 180.38 241.10 14.11 25.27 10.59 0.38 14.42 475.55 

CR04 

(2) 

25.97 2.95 5.57 29.14 6.64 3.13 5.07 4.47 49.23 25.29 179.75 230.35 14.16 25.42 10.53 0.39 14.42 471.18 

CR41 35.23 3.33 6.08 27.52 6.18 3.30 6.52 6.35 50.79 24.88 170.47 233.97 15.73 25.65 11.32 0.38 19.27 450.74 

CR42 32.31 3.57 5.99 28.82 6.41 3.40 8.97 3.90 48.89 24.64 174.71 244.81 15.41 28.54 11.11 0.42 18.15 460.49 

CR43 39.37 3.63 5.59 28.80 7.05 3.68 11.53 6.07 48.96 24.28 171.75 251.81 14.27 23.49 10.63 0.39 18.60 481.35 

CR06 60.81 4.30 7.52 48.99 10.86 6.15 59.49 3.82 48.73 24.70 164.98 225.80 14.75 54.39 9.80 0.47 12.45 425.86 

CR07 84.35 4.92 7.55 35.63 11.37 5.90 115.36 8.55 33.84 23.93 165.31 235.78 15.60 40.88 10.26 0.33 31.19 403.63 

CR08 72.75 4.34 7.84 43.55 13.37 3.81 17.60 4.93 48.89 24.11 166.03 232.63 17.52 38.09 9.82 0.58 24.40 428.78 

CR09 75.66 5.81 6.52 35.97 8.06 6.84 124.72 2.89 33.21 23.75 167.08 186.93 20.06 31.12 10.05 0.36 25.45 410.10 

CR11 74.38 5.51 6.48 36.05 5.04 3.03 64.18 4.48 33.91 24.12 169.50 193.97 12.50 33.59 10.24 0.36 33.38 447.82 

CR13 74.38 6.13 7.22 40.25 7.43 4.41 40.83 5.32 45.57 24.62 166.78 198.08 15.49 34.16 10.12 0.37 25.66 399.68 

CR13 

(2) 

72.06 5.98 7.16 40.38 7.31 4.42 40.93 5.30 45.83 24.62 166.00 198.10 15.52 33.91 10.18 0.37 25.22 397.66 

CR14 77.71 4.68 6.22 30.99 5.64 2.52 24.55 3.33 32.52 24.50 167.20 197.23 13.83 23.02 10.34 0.34 15.83 427.00 

CR39 29.45 3.32 5.93 29.41 6.86 3.47 14.30 5.09 50.74 25.48 170.27 233.93 13.31 26.92 10.62 0.57 14.16 466.61 

CR40 34.73 3.35 6.17 28.24 5.80 3.23 7.70 4.08 51.08 25.10 168.78 252.80 15.40 25.73 11.28 0.56 12.10 483.40 

CR17 44.29 3.30 7.44 38.06 6.20 3.33 18.29 5.20 39.75 25.10 153.99 263.13 24.56 33.50 10.45 0.58 4.63 445.51 

CR18 49.61 3.24 6.82 37.92 5.68 3.56 14.84 4.00 44.12 25.02 151.35 234.32 15.41 32.69 10.45 0.40 3.89 423.12 

CR36 18.26 3.19 9.08 57.27 12.36 6.40 11.29 8.26 53.93 25.31 166.00 256.94 16.32 77.01 9.33 0.61 15.88 430.01 

CR33 23.09 3.24 6.98 40.19 7.14 4.39 7.75 4.16 51.65 24.70 172.65 236.54 16.08 48.81 10.43 0.72 12.96 434.93 

CR35 22.35 3.20 9.06 52.69 13.53 6.87 60.83 6.31 49.02 24.68 149.10 260.65 15.06 79.86 9.50 0.61 13.68 418.67 

CR32 25.22 3.46 7.45 42.57 7.71 4.43 14.74 3.29 50.84 25.43 172.04 237.34 15.89 52.78 10.52 0.63 14.02 444.16 

CR32 

(2) 

24.74 3.43 7.43 42.51 7.72 4.34 14.62 3.23 51.05 25.18 170.81 234.42 15.84 52.74 10.47 0.60 13.70 441.34 

CR37 22.00 3.57 9.22 56.92 11.75 7.39 45.68 6.40 53.34 25.31 157.90 255.52 15.68 77.09 9.44 0.61 13.25 424.75 

CR37 

BIS 
19.82 3.14 9.19 56.28 11.55 7.32 45.15 6.18 51.74 25.35 157.90 255.63 15.81 76.91 9.36 0.60 13.30 424.19 

Table 3.6: Results of the ICP-Q-MS analysis for a selection of 30 Crommyonia volcanic rocks.  
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Table 3.6: Results of the ICP-Q-MS analysis for a selection of 30 Crommyonia volcanic rock

Table 3.6 

(continued) 

La 

(ppm) 

Ce 

(ppm) 

Pr 

(ppm) 

Nd 

(ppm) 

Sm 

(ppm) 

Eu 

(ppm) 

Gd 

(ppm) 

Tb 

(ppm) 

Dy 

(ppm) 

Ho 

(ppm) 

Er 

(ppm) 

Tm 

(ppm) 

Yb 

(ppm) 

Lu 

(ppm) 

Hf 

(ppm) 

Ta 

(ppm) 

Pb 

(ppm) 

Th 

(ppm) 

U 

(ppm) 

CR19 21.74 44.36 5.04 19.09 3.86 0.85 3.09 0.41 2.05 0.37 0.98 0.13 0.82 0.12 1.53 0.53 39.19 8.05 3.40 

CR19b 21.40 44.11 4.98 18.67 3.84 0.85 3.07 0.41 2.06 0.37 0.99 0.13 0.88 0.12 1.58 0.55 40.84 8.06 3.42 

CR20 22.16 45.06 5.12 19.34 3.91 0.88 3.12 0.41 2.15 0.38 1.01 0.14 0.89 0.13 1.54 0.55 41.57 8.16 3.41 

CR20 (2) 22.28 45.15 5.13 19.54 3.96 0.90 3.21 0.42 2.16 0.38 1.04 0.14 0.89 0.13 1.56 0.55 41.75 8.15 3.39 

CR21 22.56 47.37 5.21 19.59 4.03 0.88 3.23 0.43 2.22 0.39 1.06 0.15 0.96 0.14 2.15 0.56 42.32 9.16 4.50 

CR21 BIS 22.42 47.18 5.20 19.58 4.02 0.90 3.28 0.44 2.26 0.39 1.07 0.15 0.95 0.14 2.14 0.57 42.47 8.69 4.51 

CR23 22.16 45.47 5.16 19.50 3.87 0.90 3.05 0.40 2.02 0.35 0.90 0.12 0.79 0.11 1.10 0.56 39.62 7.67 2.56 

CR24 21.61 44.71 4.99 18.84 3.84 0.89 3.11 0.41 2.08 0.37 0.94 0.13 0.84 0.12 1.23 0.55 39.56 7.56 2.77 

CR25 21.61 44.37 5.02 19.20 3.89 0.91 3.10 0.40 2.07 0.36 0.96 0.13 0.87 0.13 1.64 0.51 35.91 7.28 2.86 

CR26 19.66 40.32 4.65 17.98 3.62 0.90 2.93 0.38 2.01 0.36 0.96 0.14 0.86 0.13 1.74 0.49 31.64 6.37 2.24 

CR27 20.10 43.17 5.43 23.80 6.51 1.33 6.65 0.97 5.35 0.97 2.58 0.34 2.04 0.30 1.54 0.52 34.94 6.61 2.63 

CR29 20.49 42.00 4.87 18.71 3.82 0.93 3.27 0.43 2.21 0.39 1.02 0.14 0.85 0.12 1.70 0.50 33.58 6.61 2.45 

CR03 36.40 72.14 8.05 30.44 5.65 1.07 4.70 0.63 3.34 0.59 1.52 0.20 1.15 0.15 1.06 0.80 33.26 13.89 3.67 

CR04 34.20 66.71 7.33 26.89 4.91 0.98 4.02 0.53 2.79 0.50 1.28 0.17 0.99 0.14 1.10 0.78 34.27 13.92 3.97 

CR04 (2) 34.14 66.62 7.28 27.07 5.04 0.98 3.93 0.53 2.80 0.48 1.25 0.17 0.98 0.14 1.08 0.76 34.26 13.92 3.98 

CR41 36.56 72.52 8.01 29.95 5.49 1.04 4.55 0.61 3.10 0.55 1.38 0.18 1.09 0.14 1.07 0.80 33.75 14.42 3.70 

CR42 33.48 65.90 7.28 27.29 5.09 1.02 4.18 0.57 3.02 0.54 1.39 0.18 1.09 0.15 1.14 0.79 35.47 13.12 3.84 

CR43 34.74 68.20 7.42 27.48 5.01 1.00 4.08 0.54 2.85 0.49 1.26 0.17 0.99 0.13 1.05 0.78 33.74 13.96 3.80 

CR06 30.65 60.23 6.76 25.53 4.82 0.98 3.89 0.53 2.85 0.51 1.36 0.18 1.14 0.16 1.68 0.71 32.07 11.79 3.36 

CR07 33.78 66.59 7.42 28.08 5.20 1.08 4.29 0.58 3.07 0.54 1.41 0.19 1.11 0.15 1.33 0.74 32.13 12.50 2.56 

CR08 32.73 62.89 7.23 27.40 5.16 1.05 4.33 0.59 3.19 0.58 1.57 0.21 1.25 0.17 1.30 0.70 31.64 11.90 2.41 

CR09 33.64 66.71 7.89 31.14 6.38 1.21 5.73 0.77 4.08 0.71 1.78 0.21 1.17 0.16 1.14 0.73 31.03 12.04 2.26 

CR11 30.39 59.72 6.71 25.15 4.65 0.95 3.72 0.50 2.60 0.45 1.18 0.15 0.93 0.12 1.27 0.73 31.44 11.53 2.25 

CR13 31.28 62.14 6.87 25.57 4.94 1.03 4.16 0.59 3.17 0.56 1.47 0.21 1.29 0.17 1.26 0.74 31.13 11.97 3.02 

CR13 (2) 31.35 61.94 6.86 25.62 4.91 1.04 4.16 0.58 3.13 0.56 1.48 0.21 1.24 0.18 1.22 0.71 31.10 12.13 3.04 

CR14 33.07 64.94 7.29 27.29 5.06 1.00 4.06 0.54 2.72 0.49 1.25 0.16 0.95 0.13 0.92 0.75 32.54 11.97 1.99 

CR39 34.07 67.00 7.28 26.69 4.87 0.98 3.87 0.51 2.66 0.46 1.19 0.16 0.95 0.13 1.14 0.80 33.68 13.90 3.96 

CR40 35.83 70.66 7.73 28.84 5.36 1.06 4.32 0.58 3.07 0.53 1.36 0.18 1.10 0.15 1.08 0.83 34.83 13.70 4.51 

CR17 31.76 63.44 7.05 26.57 5.18 1.03 4.74 0.69 4.09 0.79 2.24 0.31 1.94 0.27 1.45 0.74 32.31 11.93 1.72 

CR18 31.59 63.06 6.95 26.40 4.99 1.02 4.16 0.56 3.01 0.54 1.41 0.18 1.10 0.15 1.37 0.76 33.62 11.92 1.73 

CR36 30.58 60.75 6.70 25.19 4.78 0.98 3.94 0.55 2.98 0.56 1.54 0.22 1.40 0.20 2.14 0.66 30.79 11.92 3.63 

CR33 32.51 63.42 6.97 26.46 4.91 1.00 4.13 0.56 3.10 0.56 1.52 0.21 1.30 0.18 1.56 0.76 34.42 12.30 3.67 

CR35 30.19 60.35 6.97 25.11 4.68 1.00 3.89 0.53 2.93 0.53 1.44 0.20 1.28 0.19 2.27 0.67 30.50 12.03 3.45 

CR32 31.45 62.55 6.95 26.01 4.94 1.01 4.07 0.55 3.03 0.56 1.47 0.21 1.29 0.18 1.63 0.75 34.28 12.10 3.65 

CR32 (2) 31.22 62.24 6.91 25.86 4.89 1.02 4.03 0.56 3.05 0.55 1.49 0.20 1.25 0.18 1.61 0.74 34.56 12.17 3.64 

CR37 30.10 59.13 6.65 25.24 4.75 1.01 3.96 0.55 3.01 0.56 1.50 0.21 1.35 0.20 2.17 0.67 31.42 11.59 3.54 

CR37 BIS 31.53 61.76 6.89 25.97 4.86 1.00 4.00 0.55 3.08 0.56 1.53 0.21 1.35 0.19 2.16 0.67 31.32 11.89 3.58 
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Table 3.7: Results of the ICP-Q-MS analysis performed on a selection of Crommyonia rocks which were prepared by high pressure acid digestion at the VU 

Amsterdam.  

Sample Li 

(ppm) 

Be 

(ppm) 

Sc 

(ppm) 

V 

(ppm) 

Cr 

(ppm) 

Co 

(ppm) 

Ni 

(ppm) 

Cu 

(ppm) 

Zn 

(ppm) 

Ga 

(ppm) 

Rb 

(ppm) 

Sr 

(ppm) 

Y 

(ppm) 

Zr 

(ppm) 

Nb 

(ppm) 

Mo 

(ppm) 

Cs 

(ppm) 

Ba 

(ppm) 

La 

(ppm) 

CR20 125.54 6.95 5.15 35.76 14.72 5.40 13.69 4.39 66.85 20.27 178.23 299.71 12.22 122.12 6.96 0.03 10.40 498.36 21.43 

CR21 132.37 7.78 5.38 35.25 14.35 5.16 11.41 7.69 70.19 21.81 199.12 317.16 12.60 129.06 7.17 0.03 13.95 395.92 21.35 

CR25 107.14 5.99 5.41 36.41 8.32 4.70 11.94 5.99 66.74 20.97 155.31 422.99 12.50 125.95 6.97 0.02 8.16 453.95 20.47 

CR26 91.91 5.75 6.96 44.30 25.60 5.15 21.42 3.54 46.74 21.84 148.74 526.08 12.69 129.87 7.04 0.05 14.95 397.70 20.22 

CR27 114.72 6.44 6.52 37.38 21.39 3.98 17.88 2.11 41.65 22.03 164.96 424.60 37.21 128.28 7.24 0.04 17.38 400.00 21.59 

CR29 103.89 6.26 6.81 42.29 22.97 5.77 20.85 2.24 44.01 23.00 159.89 519.48 14.30 130.26 7.35 0.06 12.76 408.58 21.66 

CR04 53.49 5.85 5.49 24.55 9.24 2.90 7.42 2.12 73.25 21.26 199.89 246.99 17.16 189.06 10.95 0.05 13.22 500.93 35.46 

CR06 85.30 5.43 7.52 43.75 9.83 5.94 52.28 5.05 65.58 21.50 187.88 229.48 18.23 191.46 10.31 0.09 11.26 454.34 30.87 

CR09 90.87 6.18 5.68 29.57 8.08 6.29 101.90 0.00 47.05 19.95 178.89 177.53 23.45 178.69 10.16 0.03 22.86 413.50 32.29 

CR14 92.90 5.28 5.27 25.48 6.01 2.08 21.00 0.00 52.58 20.72 176.68 186.78 17.75 195.35 10.67 0.03 14.43 422.63 31.90 

CR17 65.69 4.77 6.43 31.94 8.08 2.82 18.14 2.35 55.87 20.27 161.85 270.28 26.23 187.66 10.69 0.11 4.23 445.80 30.05 

CR32 45.59 6.19 6.98 35.82 5.97 3.96 15.80 0.69 62.02 21.53 186.73 243.69 17.92 191.09 10.73 0.11 12.56 454.26 33.49 

CR35 40.84 5.36 9.25 50.60 18.25 6.82 58.64 4.27 68.98 22.72 174.48 296.95 17.62 184.30 10.27 0.12 12.68 448.00 30.95 

CR39 57.31 6.68 5.70 23.68 5.25 3.14 14.31 2.44 64.69 22.05 186.68 243.76 16.52 198.11 11.28 0.10 12.84 484.69 35.60 

CR40 63.38 6.06 6.17 23.99 7.49 3.00 9.63 1.83 68.08 22.18 191.50 279.48 19.39 208.96 12.24 0.09 11.27 516.80 37.62 

CR43 65.89 6.00 5.99 26.69 11.48 3.71 19.32 3.84 69.66 22.65 205.05 262.33 18.44 201.43 12.04 0.08 17.61 529.26 37.37 

 

Table 3.7 

(continued) 
Ce 

(ppm) 

Pr 

(ppm) 

Nd 

(ppm) 

Sm 

(ppm) 

Eu 

(ppm) 

Gd 

(ppm) 

Tb 

(ppm) 

Dy 

(ppm) 

Ho 

(ppm) 

Er 

(ppm) 

Tm 

(ppm) 

Yb 

(ppm) 

Lu 

(ppm) 

Hf 

(ppm) 

Ta 

(ppm) 

Pb 

(ppm) 

Th 

(ppm) 

U 

(ppm) 

CR20 43.87 5.06 18.69 4.01 0.90 3.15 0.44 2.36 0.40 1.20 0.17 1.16 0.16 3.48 0.68 69.83 9.06 5.47 

CR21 45.11 5.04 18.74 4.05 0.88 3.16 0.45 2.38 0.41 1.23 0.18 1.17 0.17 3.68 0.69 71.11 9.49 6.02 

CR25 42.60 4.91 18.33 3.86 0.93 3.08 0.43 2.32 0.41 1.17 0.18 1.15 0.16 3.49 0.66 59.00 8.05 5.40 

CR26 41.65 4.84 18.36 3.83 0.92 3.05 0.43 2.30 0.41 1.13 0.18 1.12 0.16 3.35 0.56 52.20 7.52 3.43 

CR27 45.72 5.93 25.36 7.18 1.39 7.31 1.07 5.86 1.08 2.89 0.41 2.43 0.35 3.35 0.61 57.96 8.46 4.06 

CR29 44.08 5.24 19.92 4.18 1.00 3.48 0.48 2.51 0.45 1.25 0.18 1.10 0.16 3.37 0.61 57.21 8.00 3.74 

CR04 69.64 7.74 27.81 5.20 1.00 3.95 0.59 3.20 0.57 1.58 0.23 1.47 0.22 4.81 0.90 57.32 16.56 4.75 

CR06 61.51 7.00 25.75 4.95 1.00 3.93 0.59 3.23 0.60 1.75 0.25 1.65 0.24 4.82 0.83 53.82 13.42 3.67 

CR09 65.29 7.80 30.10 6.41 1.23 5.67 0.82 4.36 0.78 2.08 0.28 1.66 0.23 4.70 1.30 52.34 13.63 3.80 

CR14 62.70 7.24 26.49 5.13 1.02 4.02 0.60 3.20 0.58 1.72 0.25 1.60 0.23 5.10 1.15 53.92 13.81 4.04 

CR17 59.91 6.82 25.08 5.16 1.01 4.63 0.71 4.25 0.83 2.46 0.36 2.36 0.34 5.01 1.88 53.10 13.08 3.75 

CR32 67.42 7.55 27.66 5.16 1.03 4.04 0.61 3.35 0.62 1.78 0.27 1.69 0.25 4.85 0.85 56.58 14.98 4.09 

CR35 62.74 6.98 25.66 4.91 1.05 3.82 0.57 3.23 0.60 1.69 0.25 1.57 0.24 4.55 2.08 51.03 13.74 3.49 

CR39 69.77 7.77 28.01 5.06 1.02 3.84 0.56 3.03 0.53 1.53 0.23 1.42 0.21 5.03 2.34 55.02 16.63 4.44 

CR40 73.42 8.31 30.09 5.67 1.12 4.33 0.65 3.54 0.63 1.74 0.26 1.65 0.25 5.19 1.87 57.84 16.15 4.99 

CR43 73.78 8.10 29.13 5.41 1.04 4.13 0.61 3.33 0.59 1.65 0.24 1.52 0.22 4.90 1.65 57.67 16.68 4.79 
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Table 3.8: Comparison of the average composition of trace elements with reference values for the secondary standard 

BCR-2 as a measure of the accuracy of the (high pressure) ICP-Q-MS analysis. The average represents the mean value 

of a trace element obtained after repeated analysis (n = 5) of secondary standard BCR-2. 1SD is the standard deviation 

calculated based on the average of 5 measurements. The relative standard deviation is a measure for the precision and is 

expressed in percentages. Literature reference values were obtained from the GeoRem website (http://georem.mpch-

mainz.gwdg.de/) on the 31
th

 of March 2015. In comparison with the low pressure acid digestion procedure and 

subsequent ICP-Q-MS analysis, it is clear that the low pressure analysis generally proved to be more precise and 

accurate. 

 BCR-2 

ppm Average (n = 5 ) 

(ppm) 

1SD (1σ) 

(ppm) 

RSD (%) Literature 

(ppm) 

Deviation from 

reference value     

(% relative) 
7
Li 10.52 0.45 4.30 9.00 -14.47 

9
Be 2.26 0.08 3.59 2.35 3.89 

45
Sc 33.48 1.28 3.81 33.0 -1.44 

51
V 455.41 19.63 4.31 416.0 -8.65 

53
Cr 16.96 1.00 5.91 18.0 6.13 

59
Co 37.58 1.65 4.38 37.0 -1.56 

61
Ni 25.26 1.80 7.11 18.0 -28.73 

63
Cu 23.38 1.05 4.50 21.0 -10.17 

66
Zn 161.07 5.68 3.53 127.0 -21.15 

71
Ga 21.90 0.85 3.89 23.0 5.01 

85
Rb 50.60 2.12 4.19 46.9 -7.32 

88
Sr 342.07 12.45 3.64 340.0 -0.61 

89
Y 38.31 1.39 3.62 37.0 -3.42 

91
Zr 196.43 7.24 3.69 184.0 -6.33 

93
Nb 13.37 0.50 3.76 12.6 -5.76 

98
Mo 73.47 2.70 3.68 250.0 240.26 

133
Cs 1.06 0.04 3.94 1.1 4.25 

137
Ba 718.23 24.73 3.44 677.0 -5.74 

139
La 25.33 0.86 3.39 24.9 -1.71 

140
Ce 53.86 1.71 3.17 52.9 -1.79 

141
Pr 6.85 0.23 3.31 6.7 -2.20 

146
Nd 28.92 1.07 3.71 28.7 -0.75 

149
Sm 6.77 0.21 3.15 6.58 -2.82 

151
Eu 2.03 0.07 3.65 1.96 -3.30 

159
Tb 1.07 0.03 2.51 6.75 -0.25 

160
Gd 6.86 0.21 3.01 1.07 -1.67 

161
Dy 6.49 0.14 2.16 6.41 -1.19 

165
Ho 1.32 0.04 2.97 1.28 -2.70 

167
Er 3.77 0.14 3.66 3.66 -2.81 

169
Tm 0.54 0.01 2.76 0.54 -0.38 

173
Yb 3.56 0.10 2.77 3.38 -5.18 

175
Lu 0.50 0.01 2.48 0.503 0.04 

178
Hf 4.96 0.20 4.06 4.9 -1.18 

181
Ta 0.83 0.02 2.18 0.74 -10.99 

208
Pb 15.75 0.35 2.22 11.0 -30.18 

232
Th 6.19 0.11 1.77 5.7 -7.85 

235
U 1.68 0.10 5.99 1.69 0.47 

 

recovered by fluxing the solution with a mixture of HCl-HF which was heated at a temperature of 200°C for 

one day. The results of the ICP-Q-MS analysis performed through high pressure acid digestion procedure are 

shown in Table 3.7. A measure of the accuracy obtained during the ICP-Q-MS analysis at the VU 

Amsterdam is shown in Table 3.8. 

http://georem.mpch-mainz.gwdg.de/
http://georem.mpch-mainz.gwdg.de/
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3.5.  Multi Collector – Inductively Coupled Plasma – Mass Spectrometry (MC-ICP-MS) 

 

A set of 16 rock samples was chosen for analysis of their Sr, Nd, Pb and Hf isotopic composition 

(Table 3.1). The samples were selected based on their major and trace element compositions, 

geographical distribution and amount of weathering. About 100 mg of rock powder was again 

dissolved according to the low pressure acid digestion procedure described in section 3.4.1. Sample 

preparation for the Sr, Nd and Pb isotopic analyses was carried out in the clean lab of the Department 

of Analytical Chemistry in order to minimise Pb contamination. After digestion, the samples were re-

dissolved and are prepared for isotope analysis through the stepwise isolation of Sr and Pb on a Sr 

resin (50 – 100 µm, Eichrom Technologies, LLC) and subsequent isolation of Nd on a TRU and Ln 

resin assembly (both 50 – 100 µm, Eichrom Technologies, LLC). Samples selected for Hf isotope 

analysis were dissolved according to the high pressure acid digestion procedure described in section 

3.4.3. and Hf isolation was subsequently performed on a Ln resin. Isolations were carried out in one 

set of 20 samples, including 16 rock samples, 1 procedural blank and 3 rock reference materials 

(BHVO-2, AGV-2 and JB-2). Sr, Nd and Pb isotopic measurements were carried out at the 

Department of Analytical Chemistry of Ghent University. Hfisotopes were measured at the 

Department of Deep Earth and Planetary Sciences of the VU Amsterdam. The following sections will 

describe the isolation procedures for Sr, Nd, Pb and Hf isotope analysis. 

3.5.1.  Sr & Pb isolation 

 

During the low pressure acid digestion procedure and subsequent isolation steps, extreme care should 

be taken in order to prevent contamination of lead. This element is ubiquitous and may easily be 

introduced to the sample solutions. A thorough cleaning procedure was devised and described by Smet 

et al. (2010) and performed during this study before the isolation process was initiated. 

The dried down residues of the digested samples are re-dissolved in 1.3 mL 7N HNO3 and placed 

overnight on a hotplate at a temperature of 110°C. The samples are subsequently cooled to room 

temperature and carefully transferred into pre-cleaned 1.5 mL centrifuge tubes, after which the 

solutions are centrifuged at a speed of 6000 rpm for two minutes. About 300 µL of new Sr resin is 

poured into Bio-Rad Micro Bio-Spin
TM

 columns and thoroughly cleaned with 6 mL 6N HCl, 4 mL 8N 

HCl and 3 mL Milli-Q water. The Teflon vials which contained the low pressure acid digestion sample 

solutions are placed beneath the respective columns onto which the same sample will be loaded. The 

Sr-resin columns are conditioned by adding 1 mL 7N HNO3. About 1.1 mL of the sample solution is 

pipetted from the top of the centrifuge tubes onto the Sr resin bed. By adding 4 mL 7N HNO3, all 

elements except Sr and Pb are eluted from the column into the original digestion Teflon vials. This 

eluted product contains the Nd fraction and is dried down and retained for subsequent isolation. The Sr 

fraction may now be extracted by adding 4 mL Milli-Q water, while the Pb fraction may be obtained 

by addition of 4 mL 8N HCl. Both fractions are collected in 7 mL spherical bottom Teflon vials and 

are dried down on a hotplate at a temperature of 110°C. Several drops of 15N HNO3 are added to 

disintegrate all remaining organic compounds which may have originated from the Sr resin and are 

dried down on a hotplate at a temperature of 110°C. Afterwards, this step is repeated once more. The 

dried down Sr and Pb fractions are subsequently stored in the clean lab until the measurement with the 

MC-ICP-MS. 
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3.5.2.  Nd isolation 

 

The procedure described by Míkóva & Denkóva (2007) was largely followed to extract the Nd fraction 

from the eluted product obtained from the Sr and Pb isolation procedure described in section 3.5.1. 

This method features a two-column sequential separation of LREE which was optimized for silicate 

rock samples. The REE are separated from their matrix on a TRU resin. The former elements are 

immediately eluted onto a Ln resin and are sequentially released based on their increasing atomic 

mass. Knowledge of the specific elution profile allows identification of the exact moment when Nd is 

released from the Ln resin. This is important in order to obtain a complete separation of Sm from Nd. 

The former may cause interference and deteriorate the accuracy of the Nd isotope analysis. 

About one day before the Nd isolation, the eluted product from the Sr and Pb isolation procedure 

(containing the Nd fraction) is re-dissolved in 1.3 mL 2N HNO3 and placed on a hotplate at a 

temperature of 110°C overnight. The solutions are cooled down to room temperature and carefully 

poured into a 1.5 mL centrifuge tube, which is subsequently centrifuged. The isolation is performed in 

Bio-Rad chromatography columns filled with ± 1.5 mL of Ln resin. These are cleaned by sequentially 

adding 8 mL 6N HCl, 8 mL 0.25N HCl, 8 mL 0.75N HCl and 4 mL Milli-Q water. Finally, these Ln 

columns are pre-conditioned by adding 4 mL 0.05N HNO3. The abovementioned steps may take quite 

some time owing to the height and volume of the Ln resin. This is why the Ln columns for the second 

step are best prepared simultaneously with the preparation of the TRU resin for the first steps of the 

extraction chromatography. Small Bio-Rad Micro Bio-Spin
TM

 columns are filled with 300 µL of TRU 

resin and are cleaned by successively adding 1 mL 2N HNO3, 1 mL 0.05N HNO3 and 1 mL Milli-Q 

water. The latter step is repeated once more and is completed by pre-conditioning the TRU resin beds 

with 1 mL 2N HNO3. Similar as with the Sr and Pb isolation, about 1.1 mL of sample solution is 

pipetted and brought onto the TRU resin bed. The rare earth elements will be retained by this resin, 

while the matrix is eluted by adding 4 mL 2N HNO3. When the Ln columns have been cleaned and 

pre-conditioned, the smaller TRU columns are placed on top of them. The LREE are subsequently 

eluted from the TRU columns into the Ln columns by adding 4 mL 0.05N HNO3. The successive 

addition of 0.25N HCl onto the Ln columns assures the stepwise elution of the REE. La, Ce and Pr are 

the first elements to be eluted from the Ln resin by adding 6 mL 0.25N HCl. The majority of the Nd 

fraction can then be extracted by adding an additional 6 mL 0.25N HCl is collected in a 7 mL 

spherical bottom Teflon vial. Sm (and some remaining Nd) can only be extracted by adding a stronger 

dose of hydro-chloric acid, which is done using 3 mL 0.75N HCl. The Nd fraction is dried down on a 

hotplate at a temperature of 110°C and subsequently nitrated twice and stored for the subsequent 

isotopic analysis.  

3.5.3.  Hf isolation 

 

Hafnium isolations are also performed on Ln resin columns. These are made of shrink PTFE and 

contain a 40 mm long bottom reservoir with a ± 5.6 mm inner diameter which is filled with 1 mL of 

Ln resin (100-150 µm, Eichrom Technologies, LLC). During the first step, the digested rock samples 

obtained after the high pressure acid digestion procedure are re-dissolved in 4 mL 2-3N HCl. These 

are placed onto a hotplate at a temperature of 110°C overnight. The Ln columns are thoroughly 

cleaned by sequentially adding 15 mL 2N HF, 15 mL 6-7N HCl, 15 mL 2N HF and 15 mL 6-7N HCl. 

When the above-mentioned steps are completed, the Ln columns are placed within a centrifuge tube 

which contains 0.1N HCl and the assembly is firmly covered with parafilm for overnight storage. A 

final cleaning step is performed the next day and involves the addition of 15 mL 2N HF and 15 mL 6-
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7N HCl. Finally, the Ln columns are pre-conditioned by adding 8 mL 3N HCl twice. Subsequently the 

solutions are placed in an ultrasonic bath for about ± 10 minutes in order to improve their dissolution 

and homogenisation. Iron is reduced to Fe
2+ 

by adding 1.0N ascorbic acid (HAsc). The mixture is 

subsequently centrifuged. The PTFE sample vials are rinsed with Milli-Q water and thoroughly 

cleaned with a mixture of 0.56N HNO3 and 0.24N HF. These solutions are subsequently placed onto a 

hotplate at a temperature of 110°C. When the sample solutions are thoroughly centrifuged, about 4.2 

mL is pipetted and transferred onto the pre-conditioned hafnium Ln resin bed. The isolation is initiated 

by eluting the matrix of Sr, the LREE and MREE with 6 mL 3N HCl. During the next step the HREE 

are extracted by adding 20 mL 6N HCl. To lower the strongly acidic environment within the Ln 

column, a rinsing step with Milli-Q water is performed. The Ln resin then displays a yellow/orange 

colour due to Ti. This can be removed by adding a mixture of ± 20 mL 0.09N citric acid (HCit), 0.4 

HNO3 and 1% H2O2. The single group of elements which are by then still retained by the Ln resin are 

the HFSE. Their elution is commenced by rinsing the Ln column with 4 mL Milli-Q water. The PTFE 

sample vials are simultaneously placed beneath the appropriate Ln columns in order to collect the Hf 

fractions. These may be obtained by adding a mixture of 12 mL 6N HCl and 0.24N HF. The eluted 

product will initially contain abundant Zr, however as the peaks of Zr and Hf overlap, both will be 

collected in the sample vials. The presence of Zr, however, does not pose a problem for Hf isotopic 

analysis. To conclude, these fractions are dried down on a hotplate at a temperature of 120°C and 

retained for further isotopic analysis.  

3.5.4.  MC-ICP-MS measurement 

3.5.4.1.  Instruments and mass discrimination 

 

The evaporated samples used for isotopic analysis need to be re-dissolved in 1 mL of weak acid in 

order to introduce the sample as a liquid into the instrument. Optimal concentrations and final 

dilutions are estimated based on the semi-quantitative analysis of ± 5 vol% of the 1 mL sample 

solution. 

Although the principle of a MC-ICP-MS instrument is to a large extent similar to that described for an 

ICP-Q-MS system with respect to its ionisation source and sample extraction interface, there are 

several important differences which are discussed below. A first important difference relates to the 

mass spectrometer itself. The MC-ICP-MS instrument utilized during this study contained a double 

focussing mass spectrometer which consisted of an electrical field that was succeeded by a magnetic 

field. The assembly of both fields, which is called the ‘Nier-Johnson geometry sector field mass 

spectrometer’, has the ability to minimize isobaric interference during measurement. Atoms are once 

again dominantly ionized into positive monovalent ions after which they are escorted through the 

sample extraction interface and guided into the electrical field. This part is designed to lower the 

kinetic energy distribution of ions and equalize their velocity prior to entering the magnetic field. This 

has important benefits on the resolving power of the magnetic field, which is able to spatially divide 

the ions according to their mass-to-charge ratio. A second major difference is located at the detector. 

This consists of nine Faraday-cups (hence multi-collector) which are able to simultaneously monitor 

nine mass-to-charge ratios. This greatly improves the accuracy of measurements as different isotopes 

of interest can be measured at the same time. 

An additional problem which is encountered during isotopic analysis is known as mass discrimination. 

This process stimulates the efficiency with which heavy isotopes are guided from the plasma torch 

towards the mass spectrometer. The efficiency of lighter isotopes, however, generally tends to 
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diminish. Two procedures, i.e. internal and external normalisation, were devised in order to mitigate 

the effects of mass discrimination. These are based on the observation of different isotope ratios 

during a single analysis. Internal normalisation is based upon the correction of a measured isotopic 

ratio (e.g. 
87

Sr/
86

Sr) using a constant isotopic ratio of the same element (e.g. 
86

Sr/
88

Sr). External 

normalisation works on a similar principle, although the element under investigation does not have an 

invariant isotopic ratio of the same element (i.e. elements which generally have few isotopes and/or 

are mainly radiogenic in origin). Examples of the latter procedure include the normalisation of 
85

Rb/
87

Rb based on the 
86

Sr/
88

Sr ratio or normalisation of 
206

Pb/
204

Pb based on the 
205

Tl/
203

Tl ratio. A 

third procedure, which is known as external standardisation or sample-standard bracketing, can also be 

used as a mass discrimination correction. This method is based upon the observation of isotopic ratios 

of a certain sample which are referenced with respect to the isotopic ratios of an isotopic standard 

which was measured right before and after the sample. 

The MC-ICP-MS analysis starts by measuring an instrumental blank which performs background 

corrections and a procedural blank to assess the possible presence of contamination which might have 

occurred during sample preparation. The specific standard error of individual analyses can be used as a 

mean to calculate the internal precision of the different isotopic compositions. External reproducibility 

may be assessed by calculating the standard deviation of multiple analyses of the same sample or 

standard. Finally, the accuracy of the MC-ICP-MS analysis can be determined through comparison of 

the measured isotopic ratios of a certified reference material with available reference values. 

The Sr, Nd and Pb isotopic analysis was performed on a Thermo Scientific Neptune instrument in 

combination with a Cetac ASX-100 Micro Auto-sampler, peristaltic pump and a 50 µL micro-

concentric PFA nebuliser. The Hf isotopic analysis was performed with the same instrument, although 

the sampling procedure here occurred manually in combination with a 50 µL/min desolvating 

nebulising system (Cetac Aridus). This instrument has the ability to develop a dry plasma which 

reduces the interference of (hydr)oxides. Additionally, it significantly improves the sample transport 

efficiency which leads to increased sensitivity. Hence, smaller concentrations are more precisely 

measured. The MC-ICP-MS analysis was in both cases performed in low-resolution mode. 

3.5.4.2.  Sr isotopic analysis 

 

The final dilutions of the Sr fractions and certified reference material (NIST SRM987: strontium 

carbonate by the National Institute for Standards and Technology, USA) were prepared with 0.28N 

HNO3 to a concentration which ranged between 200-400 ppb. The exact and optimal dilutions depend 

on the sensitivity of the MC-ICP-MS instrument during a certain analytical session. Instrumental 

blanks were prepared based on a similar 0.28N HNO3 solution which was also used to make the final 

dilutions. These were measured at the onset of each analysis series and re-measured after 5-6 sample 

analyses. Blank correction proved to be unnecessary due to the very low signal intensity compared to 

that obtained during measurement of the diluted Sr fractions. The procedural blanks yielded a similar 

result and hence were not taken into account. Repeatability was ensured by measuring a sample or 

standard fifty times during a single isotopic analysis. The MC-ICP-MS instrument was subsequently 

rinsed with 0.28N HNO3 for 300 seconds in between the measurement of two samples to minimize the 

risk of cross-sample contamination. An overview of the instrument settings and detector configuration 

is given in Table 3.6 of Smet (2014). Measurement of 
83

Kr
+
 is advised as both the 

84
Kr

+
 and 

86
Kr

+
 ions 

may induce isobaric interference on the 
84

Sr
+
 and 

86
Sr

+
 ions respectively. However, during the 

analytical session, the signal intensities of 
83

Kr
+
 never appeared to exceed the background noise, 

indicating that there was no isobaric interference of Kr isotopes on Sr isotopes. Isobaric interference 



41 
 

may additionally be caused by the 
87

Rb
+
 on 

87
Sr

+
 ions, which can be corrected for through monitoring 

the 
85

Rb
+
 ion. In theory, the isolation procedure is thought to separate all Rb from Sr, however, minor 

fractions of Rb generally tend to remain within the purified Sr fraction. This issue is resolved through 

the assumption that both Rb and Sr have a similar mass fractionation behaviour and that the 
85

Rb/
87

Rb 

ratio is approximated by the value 2.59265. The mass fractionation process, described in section 

3.5.5.1., can be addressed through internal normalisation of the Sr isotopic ratios. To apply this 

procedure, the mass dependent Russell equation or exponential law is assumed: 

Rtrue

Robserved
= (

m1

m2
) 

in which β is the mass discrimination factor, Rtrue the generally accepted value of the 
86

Sr/
88

Sr ratio 

(0.1194), Robserved the value of the 
86

Sr/
88

Sr ratio which was experimentally measured during the 

analytical session and m1 and m2 being the isotopic masses of the isotopes under consideration 

(Russell et al., 1978). Both corrections were subsequently applied by Dr. Ingrid Smet using the MC-

ICP-MS Neptune software. 

Statistical analysis of the Sr isotopic measurements performed during this study indicate that the 

external reproducibility (1SD) is generally ≤ 0.000042, while the internal precision (1SE) is ≤ 

0.000006. An overview of the results of the Sr isotopic analysis is shown in Table 3.9. The accuracy of 

the MC-ICP-MS analysis is tested by comparing the measured Sr isotopic ratios for a set of secondary 

standards which include BHVO-2, AGV-2 and JB-2 with values mentioned in literature (see Table 

3.10). Measurements are deemed to be accurate when the measured value ± 1SD of a certain standard 

falls within the range of its literature value ± 1SD. The accuracy tests are shown in Table 3.10 and 

indicate that all measured Sr isotopic compositions fall within the range of literature values. 

Table 3.9: Results of the Sr isotopic analysis for the Crommyonia volcanic rocks including a measure for 

the internal precision (1SE) and the external reproducibility (1SD). 

Sample 
87

Sr/
86

Sr 1SE 1SD (1σ) 

CR20 0.710575 0.000005 0.000033 

CR21 0.710616 0.000006 0.000039 

CR25 0.708203 0.000004 0.000027 

CR26 0.707146 0.000005 0.000034 

CR27 0.708086 0.000005 0.000038 

CR29 0.707474 0.000007 0.000046 

CR04 0.713809 0.000006 0.000037 

CR06 0.713294 0.000006 0.000045 

CR09 0.713907 0.000004 0.000029 

CR14 0.713808 0.000005 0.000037 

CR17 0.712485 0.000005 0.000031 

CR32 0.713216 0.000005 0.000035 

CR35 0.711876 0.000005 0.000034 

CR39 0.713830 0.000006 0.000039 

CR40 0.713384 0.000005 0.000034 

CR43 0.713365 0.000005 0.000034 

 

 

 

 

β 



42 
 

Table 3.10: Accuracy test for the Sr isotopic compositions obtained by MC-ICP-MS analysis. The ‘✓’ 

symbol indicates that the measured Sr isotopic composition falls within the range of the literature value. The 

literature values for JB-2, BHVO-2 and AGV-2 were taken from Orihashi et al. (1998); Raczek et al. (2003) + 

Weis et al. (2005) and the GeoRem database (http://georem.mpch-mainz.gwdg.de/). 

Secondary 

Standard 

87
Sr/

86
Sr 

Measured 

1SD (1σ) Literature Literature       

1SD (1σ) 

Overlap 

BHVO-2 (1) 0.703502 0.000035 
0.703465 0.000046 

✓ 

BHVO-2 (2) 0.703517 0.000028 ✓ 

AGV-2 (1) 0.704025 0.000042 
0.703995 0.000023 

✓ 

AGV-2 (2) 0.704005 0.000037 ✓ 

JB-2 (1) 0.703721 0.000032 
0.703709 0.000058 

✓ 

JB-2 (2) 0.703729 0.000034 ✓ 

 

3.5.4.3.  Nd isotopic analysis 

 

The final dilutions of the Nd fraction and JNdi-1 isotopic standard (neodymium oxide, Geological 

Survey of Japan) were similarly prepared as those of the Sr fraction, i.e. by adding 0.28N HNO3 until 

the concentration ranged between 100-500 ppb. This concentration, yet again, depends on the 

sensitivity of the Neptune instrument during that particular measurement session. Instrumental and 

procedural blanks were prepared in a similar way as mentioned for the Sr isotopic analysis. Both 

blanks did not yield signal intensities and hence no corrections were performed. Every sample or 

standard was measured fifty times during a single analysis in order to ensure the repeatability. Cross-

sample contamination was minimized by rinsing the Neptune instrument with 0.28N HNO3 during 300 

seconds in between the measurement of two samples. The instrument settings and detector 

configuration used during the Nd isotopic analysis are shown in Table 3.7 of Smet (2014). Isobaric 

interference also poses an important problem during the measurement of the 
143

Nd/
144

Nd ratio. This is 

caused by the presence of the 
144

Sm
+
 ion, which interferes with the 

144
Nd

+
 ion. Sm contains seven 

naturally occurring isotopes of which 
147

Sm and 
149

Sm are both stable and free of isobaric interference. 

Hence, the mass discrimination correction can be performed through internal normalisation as the 
147

Sm/
149

Sm ratio is a known constant (1.0846599).Through application of the Russell equation, it is 

possible to determine the mass discrimination factor β, as both the masses of 
147

Sm and 
149

Sm and the 

real and measured 
147

Sm/
149

Sm ratio are known. This factor may then be used to calculate the 
144

Sm/
147

Sm ratio and subsequently the 
144

Sm
+
 signal intensity (as the 

147
Sm

+
 ion was measured during 

the Nd isotopic analysis). The 
144

Nd
+
 signal intensity may then be obtained by subtracting the 

144
Sm

+
 

signal intensity from the total signal intensity obtained for isotopes with a mass of 144. Finally, the 

measured 
143

Nd/
144

Nd ratio can be converted to the true 
143

Nd/
144

Nd ratio by applying the mass 

discrimination factor β for Nd, based on the known 
144

Nd/
146

Nd ratio (1.385233). All above-mentioned 

corrections were performed on-line by Dr. Ingrid Smet using the available Neptune software. 

The statistical analysis of the Nd isotopic measurements yielded an internal precision (1SE) which is 

generally ≤ 0.000004 and an external reproducibility (1SD) of ≤ 0.000026. An overview of the results 

of the Nd isotopic analysis is shown in Table 3.11. The accuracy of the Nd isotopic measurements is 

tested in a similar way as described for the Sr isotopic compositions and is shown in Table 3.12. This 

indicates that all measured Nd isotopic compositions fall within the range of the literature values. 
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Table 3.11: Results of the Nd isotopic analysis for the Crommyonia volcanic rocks including a measure for 

the internal precision (1SE) and external reproducibility (1SD). 

Sample 143
Nd/

144
Nd 1SE 1SD (1σ) 

CR20 0.512146 0.000003 0.000020 

CR21 0.512150 0.000003 0.000023 

CR25 0.512185 0.000003 0.000019 

CR26 0.512220 0.000003 0.000021 

CR27 0.512197 0.000003 0.000020 

CR29 0.512203 0.000004 0.000026 

CR04 0.512124 0.000004 0.000024 

CR06 0.512138 0.000004 0.000026 

CR09 0.512140 0.000004 0.000024 

CR14 0.512139 0.000003 0.000022 

CR17 0.512145 0.000003 0.000019 

CR32 0.512140 0.000004 0.000025 

CR35 0.512180 0.000003 0.000018 

CR39 0.512103 0.000004 0.000027 

CR40 0.512114 0.000003 0.000023 

CR43 0.512108 0.000003 0.000021 

 

Table 3.12: Accuracy test for the Nd isotopic compositions obtained by MC-ICP-MS analysis. The ‘✓’ 

symbol indicates that the measured Nd isotopic composition falls within the range of the literature value. The 

literature values for JB-2, BHVO-2 and AGV-2 were taken from Orihashi et al. (1998); Raczek et al. (2003) + 

Weis et al. (2005) and the GeoRem database (http://georem.mpch-mainz.gwdg.de/). 

Secondary 

standard 

143
Nd/

144
Nd 

Measured 
1SD (1σ) Literature 

Literature      

1SD (1σ) 
Overlap 

BHVO-2 (1) 0.512987 0.000026 
0.512974 0.000026 

✓ 

BHVO-2 (2) 0.512989 0.000020 ✓ 

AGV-2 (1) 0.512795 0.000021 
0.512780 0.000020 

✓ 

AGV-2 (2) 0.512793 0.000019 ✓ 

JB-2 (1) 0.513110 0.000023 
0.513085 0.000018 

✓ 

JB-2 (2) 0.513129 0.000102 ✓ 

 

3.5.4.4.  Pb isotopic analysis 

 

The final dilutions of the Pb fraction and NIST SRM981 standard (common lead isotopic standard by 

the National Institute for Standards and Technology, USA) were similarly prepared as those of the Sr 

and Nd fractions. Concentrations were approximately 500 ppb, which were a function of the 

instrument’s sensitivity at the time of the analytical session. Instrumental blanks were similarly 

prepared as earlier and measured at the start of a new sample or standard analysis. These yielded 

signal intensities substantially higher than the detector’s background noise upon which a blank 

correction was performed for every sample or standard analysis. Procedural blanks generally displayed 

no problematic signal intensities and were not taken into account. Repeatability was ensured by 

measuring a sample or standard fifty times during a single isotopic analysis. Due to the ‘sticky nature’ 

of Pb (which tends to pollute the introduction system, sampling cone and skimmer), a more thorough 

cleaning procedure was performed in which a solution of 0.5N HNO3 rinsed the Neptune instrument 

for 500 seconds. The instrument settings and detector configuration used during the Pb isotopic 

analysis are shown in Table 3.8 of Smet (2014). 



44 
 

A first case of isobaric interference is mainly caused by the 
204

Hg
+
 ion on the 

204
Pb

+
 ion. In order to 

resolve this problem, it is assumed that the 
204

Hg/
202

Hg ratio is constant (0.230) after which the 

measured signal intensity of the 
202

Hg
+
 ion can be utilized to deduce the signal intensity of the 

204
Hg

+
 

ion. This is then subtracted from the total signal intensity for all isotopes with mass 204. However, this 

correction proved to be unnecessary as the 
202

Hg
+
 signal intensities were generally lower than the 

background noise after blank correction. The mass discrimination correction of Pb is more laborious 

as there is no invariant isotopic ratio available. Other methods such as the Tl correction (which is an 

external normalisation procedure) or sample-standard bracketing are required to recalculate the 

measured Pb isotopic ratios. The former correction was applied by adding a Tl isotope reference 

material (the NIST SRM997 standard) to all samples and additional standards. The mass 

discrimination factor β for Pb was then estimated by calculating the mass discrimination factor for Tl 

using the Russell equation. This procedure is more thoroughly described in Smet et al. (2010). The 

second procedure, sample-standard bracketing, is performed by interpolating the Pb isotopic ratios of 

the NIST SRM981 standard, which were measured before and after each sample analysis. Pb isotopic 

reference values for the NIST SRM981 standard are provided by Baker et al. (2004) and error 

propagation was performed according to Elburg et al. (2005). Based on a comparison between the two 

correction procedures, the Tl normalisation proved to be more successful and was therefore chosen to 

correct the Pb isotopic data. A full sample analysis consisted of the following measuring procedure: 

blank 1 – NIST SRM981 – blank 2 – sample – blank 3 – NIST SRM981. All subsequent corrections 

were performed off-line in a MS Excel sheet by Dr. Ingrid Smet. 

An overview of the results obtained for the Pb isotopic analysis is represented in Table 3.13. The 

external reproducibility (1SD) of the multiple Pb isotopic analyses amounts ≤ 0.0130 for 
206

Pb/
204

Pb, ≤ 

0.0052 for 
207

Pb/
204

Pb and ≤ 0.0179 for 
208

Pb/
204

Pb. The accuracy tests are performed in a similar way 

as described for the Sr and Nd isotopic measurements and are shown in Table 3.14. These indicate that 

most of the measured 
207

Pb/
204

Pb and 
208

Pb/
204

Pb ratios fall within the range of the literature values. 

The measured 
206

Pb/
204

Pb ratios are however less accurate, especially for the JB-2 standard. 

Table 3.13: Results of the Pb isotopic analysis for the Crommyonia volcanic rocks including a measure of 

the external reproducibility. 

Sample 
206

Pb/
204

Pb 1SD 

(1σ) 

207
Pb/

204
Pb 1SD 

(1σ) 

208
Pb/

204
Pb 1SD 

(1σ) 

CR20 18.7615 0.0021 15.7184 0.0016 39.1361 0.0043 

CR21 18.7626 0.0022 15.7182 0.0020 39.1369 0.0060 

CR25 18.7796 0.0018 15.7178 0.0016 39.1384 0.0041 

CR26 18.8157 0.0025 15.7182 0.0024 39.1487 0.0070 

CR27 18.7991 0.0022 15.7183 0.0019 39.1465 0.0052 

CR29 18.8077 0.0019 15.7189 0.0016 39.1506 0.0047 

CR04 18.8529 0.0019 15.7139 0.0017 39.1754 0.0042 

CR06 18.8812 0.0017 15.7177 0.0015 39.2126 0.0038 

CR09 18.8581 0.0026 15.7138 0.0023 39.1851 0.0059 

CR14 18.8647 0.0017 15.7155 0.0015 39.1960 0.0040 

CR17 18.8605 0.0018 15.7150 0.0016 39.1891 0.0044 

CR32 18.8614 0.0021 15.7147 0.0017 39.1880 0.0045 

CR35 18.8463 0.0017 15.7109 0.0014 39.1649 0.0040 

CR39 18.8565 0.0016 15.7149 0.0015 39.1847 0.0037 

CR40 18.8443 0.0018 15.7127 0.0017 39.1719 0.0042 

CR43 18.8444 0.0018 15.7108 0.0014 39.1615 0.0039 
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Table 3.14: Accuracy test for the Pb isotopic compositions obtained by MC-ICP-MS analysis. The ‘✓’ 

symbol indicates that the measured Pb isotopic composition falls within the range of the literature value, whereas 

the ‘x’ symbol indicates that this is not the case. All literature values obtained from the GeoRem database 

(http://georem.mpch-mainz.gwdg.de/). 

Secondary 

Standard 

206
Pb/

204
Pb 

Measured 

1SD (1σ) Literature Literature               

1SD (1σ) 

Overlap 

BHVO-2 (1) 18.6889 0.0130 18.6600 0.0240 ✓ 

AGV-2 (1) 18.8822 0.0019 

18.8730 0.0060 

x 

AGV-2 (2) 18.8773 0.0022 ✓ 

AGV-2 (3) 18.8751 0.0019 ✓ 

JB-2 (1) 18.3576 0.0027 
18.3435 0.0009 

x 

JB-2 (2) 18.3470 0.0025 x 

Secondary 

Standard 

207
Pb/

204
Pb 

Measured 
1SD (1σ) Literature 

Literature              

1SD (1σ) 
Overlap 

BHVO-2 (1) 15.5353 0.0052 15.5430 0.0100 ✓ 

AGV-2 (1) 15.6217 0.0018 

15.6260 0.0040 

✓ 

AGV-2 (2) 15.6212 0.0023 ✓ 

AGV-2 (3) 15.6213 0.0018 ✓ 

JB-2 (1) 15.5626 0.0023 
15.5619 0.0008 

✓ 

JB-2 (2) 15.5624 0.0018 ✓ 

Secondary 

Standard 

208
Pb/

204
Pb 

Measured 
1SD (1σ) Literature 

Literature             

1SD (1σ) 
Overlap 

BHVO-2 (1) 38.2458 0.0179 38.2510 0.0320 ✓ 

AGV-2 (1) 38.5583 0.0046 

38.5400 0.0200 

✓ 

AGV-2 (2) 38.5533 0.0066 ✓ 

AGV-2 (3) 38.5516 0.0041 ✓ 

JB-2 (1) 38.2920 0.0051 
38.2784 0.0025 

x 

JB-2 (2) 38.2813 0.0038 ✓ 

 

3.5.4.5.  Hf isotopic analysis 

 

The final dilutions of the Hf fractions and JMC-475 standard (Johnson Matthey synthetic Hf standard) 

were prepared with a solution of 0.56N HNO3 and 0.24N HF to a concentration of 50 ppb. A similar 

solution was used to measure an instrumental blank, which generally did not exceed background noise 

levels. Procedural blanks also proved to contain negligibly low signal intensities and hence no 

corrections were performed. Repeatability was ensured by measuring a sample or standard ninety 

times during a single sample analysis. Cross-sample contamination was minimized through rinsing of 

the Neptune instrument with a solution of 0.56N HNO3 and 0.24N HF during 200-250 seconds (i.e. 

when the 
180

Hf
+
 signal intensity was reduced to background noise levels). The instrument settings and 

detector configuration utilized during Hf isotopic analysis are shown in Table 3.10 of Smet (2014). In 

order to measure the correct 
176

Hf/
177

Hf ratio, several isotopes such as 
176

Lu
+
 and 

176
Yb

+
 should be 

monitored for isobaric interference on 
176

Hf
+
. A similar mass discrimination correction can be 

performed as was done during Nd isotopic analysis. This is based on the assumption that the mass 

discrimination factor of Hf, Yb and Lu are equal. Additionally, the true values of the 
176

Yb/
173

Yb 

(0.79631) and the 
176

Lu/
175

Lu (0.02655) ratios can be used in combination with the calculated mass 

discrimination factor for Hf and the measured 
173

Yb
+
 and 

175
Lu

+
 signal intensities to derive the 

importance of the 
176

Lu
+
 and 

176
Yb

+
 ions on the cumulative signal intensity for isotopes with mass 176 

(Nebel et al., 2009).As all samples and rock reference materials as these generally contained 10-1000 

times more Yb and Lu than the background, isobaric interference corrections were performed. The 
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true 
176

Hf/
177

Hf ratio may then be obtained by recalculating the observed 
176

Hf/
177

Hf ratio based on the 

mass discrimination factor for Hf, which was deduced from the known 
179

Hf/
177

Hf ratio (0.7325). All 

corrections on the raw Hf isotopic data were performed on-line with the Neptune instrument software.  

An overview of the results obtained for the Hf isotopic analysis is shown in Table 3.15. The internal 

precision (2SE) of the Hf isotopic measurement was generally ≤ 0.000010., while the external 

reproducibility (2SD) amounts ≤ 0.000086. The accuracy tests are performed in a similar way as 

described for the Sr-Nd-Pb isotopic measurements and are shown in Table 3.16. These indicate that all 

measured Hf isotopic compositions fall within the range of the values provided by Weis et al. (2007). 

Table 3.15: Results of the Hf isotopic analysis for the Crommyonia volcanic rocks including a measure of 

the internal precision (2E) and external reproducibility (2D). 

Sample 
176

Hf/
177

Hf 2SE 2SD 

CR20 0.282464 0.000007 0.000071 

CR21 0.282670 0.000009 0.000086 

CR25 0.282489 0.000006 0.000054 

CR26 0.282531 0.000008 0.000077 

CR27 0.282507 0.000007 0.000066 

CR29 0.282526 0.000008 0.000078 

CR04 0.282431 0.000005 0.000049 

CR06 0.282453 0.000007 0.000067 

CR09 0.282432 0.000006 0.000054 

CR14 0.282430 0.000006 0.000054 

CR17 0.282434 0.000005 0.000051 

CR32 0.282435 0.000005 0.000044 

CR35 0.282497 0.000006 0.000053 

CR39 0.282428 0.000005 0.000050 

CR40 0.282426 0.000006 0.000054 

CR43 0.282437 0.000005 0.000059 

 

Table 3.16: Accuracy test for the Hf isotopic compositions obtained by MC-ICP-MS analysis. The ‘✓’ 

symbol indicates that the measured Hf isotopic composition falls within the range of the literature values. 

Literature values obtained from Weis et al. (2007). 

Secondary 

Standard 

176
Hf/

177
Hf 

Measured 

2SD (2σ) Literature Literature 

2SD (2σ) 

Overlap 

AGV-2 (1) 0.282975 0.000050 

0.282984 0.000009 

✓ 

AGV-2 (2) 0.282978 0.000049 ✓ 

AGV-2 (3) 0.282975 0.000062 ✓ 

BCR-2 (1) 0.282870 0.000049 

0.282875 0.000008 

✓ 

BCR-2 (2) 0.282870 0.000051 ✓ 

BCR-2 (3) 0.282872 0.000048 ✓ 

BCR-2 (4) 0.282875 0.000053 ✓ 
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CHAPTER 4: FIELDWORK 

 

This chapter will briefly summarize the most significant observations made during fieldwork and 

mainly features a description of the volcanic outcrops and mineralogical and textural contents of 

volcanic rock hand specimens. 

  

4.1.  Fieldwork methodology  

 

Fieldwork was carried out between the 25
th
 and 31

st
 of July 2014. During this campaign, a total set of 

43 rock samples were collected which were deemed to represent the overall lithology. The sampling 

locations selected during this study were based on the geological map (the Sofikon sheet; Institute of 

Geology & Mineral Exploration, 1985) and available publications (e.g. Pe-Piper & Hatzipanagiotou, 

1997). As mentioned in section 2.3., the Crommyonia volcanic rocks are distributed into two groups: 

1) the older western group located north of Kalamaki with ages ranging between 4.05 - 3.60 Ma (Fig. 

4.1 and 4.2A-B) and 2) the younger eastern group located between Sousaki and Agioi Theodoroi, 

dated to be 2.7 - 2.3 Ma old (Fig. 4.1 and 4.2C) (Collier & Dart, 1991; Bellon et al., 1979; Schröder, 

1976; Fytikas et al., 1976). Each sampling point was thoroughly studied and documented by acquiring 

a number of photographs, GPS (UTM) coordinates and a number of representative samples. Patches of 

weathered and oxidized rock were removed. Most of the designated outcrops were sampled in-situ, 

although some minor outcrops proved to be untraceable (e.g. the outcrop positioned west of samples 

CR24 - 25 on Fig. 4.1) or only provided ex-situ samples (e.g. samples CR24 – 25 on Fig. 4.3A). The 

tuffite, mentioned by Fytikas et al. (1986) and Fytikas & Kavouridis (1985), was not identified in the 

field and hence not sampled. 

4.2.  Fieldwork observations 

4.2.1.  General description of the volcanic deposits 

 

The observed and sampled outcrops mainly consisted of thick brecciated lavas and block-and-ash flow 

deposits, showing a dense network of cooling joints in the south-eastern section of Crommyonia (Fig. 

4.1: sample locations CR05 - CR15; Fig. 4.3B). Different types of lava flows were seen within the 

same outcrop and frequently grade into each other, which is interpreted to reflect variable deposition 

mechanisms related to source distance. It is hereby thought that the more massive brecciated lavas 

(Fig. 4.3B) progressively pass into the block-and-ash flow deposits (Fig. 4.3C), which are located 

further away from the eruptive vents. The latter were however not observed during fieldwork which 

precludes confirmation. Weathering is quite variable and may be absent (e.g. outcrop with samples 

CR41 - 43), intermediate (e.g. samples CR35 - 37) or severe (e.g. CR26 – 31; Fig. 4.3D). Minor 

fumarolic activity was observed near the Sousaki volcano (see fumarole symbol in Fig. 4.1) which is a 

strong, hydrothermally altered area located along a valley in between both Crommyonia sections. 

Hydrothermal activity is illustrated by the deposition of sulphur crystals on surrounding rocks and the 

local occurrence of gypsum, which formed through the interaction of H2S gas with the underlying 

carbonate basement. The latter was not examined during this fieldwork.
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Figure 4.1: Simplified geological map of the Crommyonia region. Digitally replicated geological map of the Institution of Geology and Mineral Exploration (1985). The eastern and 

western volcanic outcrops are denoted in red and green respectively. These colours will be maintained in the following chapters to make a clear distinction between both Crommyonia 

sections. The volcanic outcrops are closely related to fault activity occurring since Pliocene to Recent times (see section 2.2.2.). All sampling locations are indicated with a black dot 

accompanied by the sample numbers of the rocks that were collected there. 
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Figure 4.2: More detailed overview of the sampling locations projected onto Google Earth maps of (A) the north-western Crommyonia section, (B) the south-western 

Crommyonia section and (C) the eastern Crommyonia section.  
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4.2.2.  Macroscopic characteristics of the volcanic lithologies 

 
Hand specimens are generally very crystal rich and display a more or less homogeneous groundmass. 

A definition and nomenclature on crystal sizes is given in the petrography chapter in Table 5.1. Lavas 

frequently show a pronounced flow texture which is accompanied by abundant vesicles (e.g. Fig. 

5.1A). This occasionally leads to the presence of flow-banding, which is characterized by consecutive 

layers of vesicle-poor and vesicle-rich rock segments. The vesicle-rich layers may be distinguished by 

their distinct red-pinkish colour, which is due to the preferential oxidation along vesicles. Matrices are 

mostly fine-grained to glassy and predominantly display a light to dark grey colour. Weathering and 

oxidation is marked by the presence of yellow-green patches on the rock’s surface. 

The mineral assemblage mainly comprises phenocrysts and macrophenocrysts of feldspar, quartz, 

biotite and amphibole. Feldspar is the most dominant mineral phase and typically forms white 

subhedral to euhedral tabular crystals, which may grow to sizes of 0.5 cm maximum. A distinct 

difference observed between the eastern and western sections of Crommyonia is the presence of white 

feldspar megacrysts in the former group (Fig. 4.4A-B). These may grow as large as 2.5 cm and 

frequently show traces of simple twinning and zonation. Biotite is the second-most abundant mineral 

phase and mainly forms black to bronze elongated crystals which typically display a pronounced flow 

texture. However, pseudo-hexagonal and flakey crystals are observed as well. Macrophenocrysts of 

biotite tend to grow as large as 0.5 cm maximum. Amphibole is a common mineral in most volcanic 

rocks of Crommyonia, but appears to be scarce or absent in samples CR01 - 04, CR38 - 43 (see Fig. 

4.1 for location). It generally forms black to (dark) green prismatic (macro)phenocrysts of 0.5 cm 

maximum, although megacrysts of  > 1 cm were observed in the south-western section (i.e. sample 

location CR26 - 31; Fig. 4.4C) of Crommyonia as well. An additional difference may be observed 

when examining the quartz crystals of both sections. The western section generally has low 

abundances of grey, anhedral quartz crystals, while the eastern section has high abundances of grey, 

grey – purple and purple anhedral quartz crystals. The latter are exceptionally found in large clusters 

of crystals (sample CR08; ± 2 cm size; Fig. 4.4D), although macrophenocrysts typically have 

maximum crystal sizes of 4 mm or less. Rare macrophenocrysts of red-brownish garnet were observed 

at 3 sample locations (i.e. CR01 - 04, CR35 - 37 and CR41 - 43; Fig. 4.1; Fig.4.5A) . 

A small number of presumed enclaves were mainly found in the south-western section of Crommyonia 

(Fig. 4.1: samples CR30 – 31), although several minor enclaves were found during thin section 

preparation and thin section analysis of samples CR29 and CR35. The largest enclave found (i.e. 

sample CR30; Fig. 4.5B) had a black colour and displayed a pronounced vesicular texture. The 

mineralogy comprises abundant plagioclase and an important component of mafic minerals. These 

enclaves typically display a well-rounded shape. In contrast to the aforementioned enclaves, sample 

CR31 (found directly beneath sample CR30; Fig. 4.5C) features a white-coloured enclave with 

irregular shape which consists of the same mineral assemblage, but clearly lacks a vesicular texture. 

Rare occurrences of plausible xenoliths were encountered in the field, but could not be extracted from 

the particular outcrops. These xenoliths displayed a squared shape with rounded edges in section and 

contained a similar mineralogy as observed in the host rock (i.e. quartz, biotite and feldspar) (Fig. 

4.5D). 

The samples will be grouped according to their detailed petrographic characteristics, which is 

described and summarized in the next chapter. A detailed macroscopic description of each of the 

volcanic rocks sampled can be found in Appendix A. 
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Figure 4.3: Types of lava flow deposits. Ash – Ash-dominated section of block-and-ash flow; Blk – Block-dominated section of block-and-ash flow; Brl – Brecciated lava; (A) Loose rock fragments 

sampled on top of an outcrop. (Sample location CR35 – 37). (B) Massive, brecciated lava displaying a pronounced joint development. The outcrop is severely weathered and contains abundant oxidation 

marks. (Sample location CR15 – 16) (C) Block-and-ash flow deposit showing a mixture of both massive lava blocks and a fine-grained rock powder. (Sample location CR42). (D) Sharp contact between 

a massive, brecciated and severely weathered lava (yellow polygon) and overlying strata (Sample location CR26 – 31). Objects encircled in red are scale. Pictures A, B and D are courtesy of Dr. Ingrid 

Smet. 
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Figure 4.4: Macroscopic mineralogical observations. (A) Two euhedral, tabular megacrysts of feldspar in host rock. Crystal sizes are substantially larger than (macro)phenocrysts within the host rock. 

Pencil for scale (Sample location CR35 – 37). (B) Accumulation of feldspar megacrysts and macrophenocrysts (encircled in red) within a volcanic boulder. Hammer for scale. (Sample location CR32 – 

34). (C) Dark green amphibole megacryst (encircled in red) within a host rock. Cleavage is very well displayed, but cannot be observed on this picture. Crystal size is ± 1 cm. (Sample location CR 26 – 

31). (D) Single accumulation of purple quartz crystals (encircled in red) embedded within the host rock. Coin for scale. (Sample location CR07 – 08). Pictures B and D are courtesy of Dr. Ingrid Smet. 
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Figure 4.5: Macroscopic observations of plausible enclaves, xenoliths and xenocrysts. Encl – Enclave; Grt – Garnet; HR – Host rock; Xen – Xenolith (A) Garnet macrophenocryst embedded in host 

rock. (Sample location CR 35 – 37). (B) Mafic enclave within host rock. The dark enclave (encircled in red; sample CR30) contains abundant plagioclase and mafic minerals and displays a pronounced 

vesicular texture. Diameter is 3 – 3.5 cm and thickness is ± 1 cm. Pencil for scale. (Sample location CR26 – 31). (C) Brighter enclave (encircled in red; sample CR31) located right beneath the enclave 

from (B). Mineralogy is identical to (B), but does not display a pronounced vesicular texture. Size is ± 1 cm. Pencil for scale. (Sample location CR26 – 31). (D) Plausible xenolith within host rock. The 

shape is more or less squared and possesses rounded edges. Mineralogy looks similar to that observed in the host rock (i.e. quartz, biotite and feldspar). (Sample location CR01 – 04). All pictures are 

courtesy of Dr. Ingrid Smet. 
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CHAPTER 5: PETROGRAPHY 

 

Petrography is an important tool to obtain insights into the petrogenesis of volcanic rocks. The latter 

contain minerals, textures and mineralogical interactions that cannot be distinguished through 

examination of macroscopic rock pieces or geochemical data alone. Additionally, they may provide 

constraints on the temperature-pressure history of the rock (e.g. mineral assemblage, mineral colour) 

and document instabilities in the magma (e.g. opacite rim on amphibole and biotite, zonation). In the 

petrogenetic context, it therefore vital to accurately describe the petrography. 

A first account on the petrography of the Crommyonia volcanic rocks was given by Papastamatiou 

(1937). This was later supplemented by Pe (1972) who distinguished two groups of volcanic rocks. 

The rhyodacites, containing both biotite and amphibole, were designated into a first group, while the 

so-called ‘transitional rhyodacite-rhyolite’, which lacks amphibole, comprised the second group. Pe-

Piper & Hatzipanagiotou (1997) further described the petrography of all volcanic outcrops (see 

appendix of their study). 

In this Master thesis, 36 thin sections including 33 host rocks and 3 associated enclaves were analysed 

with an Olympus BH-2 BHTP polarising microscope. Photomicrographs were acquired using a 

ColorViewI camera (Soft Imaging System GmbH) at magnifications ranging from 25,40,100 to 200 

times. This chapter starts with a general overview of the mineralogy and textures of the Crommyonia 

volcanic rocks. Subsequently, a critical comparison between the eastern and western sections will be 

made and the outcrops will be classified in groups according to their petrographical similarities and 

differences, allowing for a first classification of the sampled outcrops. 

5.1.  Petrography of host rocks and enclaves 

5.1.1.  Petrography of host rocks 

 

The Crommyonia volcanic rocks show a porphyritic to vitroporphyritic texture, depending on the 

amount of glass present in the groundmass. This glass may be devitrified and altered to a 

cryptocrystalline groundmass, which was also noted by Pe-Piper & Hatzipanagiotou (1997). A flow 

texture is frequently pronounced and represented by the alignment of plagioclase, biotite and 

amphibole macrophenocrysts, phenocrysts and microlites (Fig. 5.1A). The latter crystal sizes 

(excluding megacrysts) are defined according to Williams et al. (1954) in Table 5.1. Vesicles usually 

accompany the flow textures and may be as large as  ± 0.5 cm. Their shapes may be rounded, 

elongated and connections in between vesicles are rather common. Oxidation and weathering is 

variable and ranges from complete absence through severe oxidation of the groundmass, mafic 

minerals and the presence of amygdules (Fig. 5.1C-D). 

Table 5.1: Nomenclature and definition of crystal sizes utilized in this work according to Williams et al. 

(1954). Microlites are the crystals that, in combination with glass, build up the groundmass. 

Crystal sizes 

Megacryst +6 mm 
Macrophenocryst 1-6 mm 
Phenocryst 1-0.2 mm 
Microlite < 0.2 mm 
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In the section below, all principal minerals that were encountered during the thin section analysis will 

be discussed in terms of their abundance, specific textures and geographical occurrence. 

 

Figure 5.1: General textures and mineralogy of the host rocks: Amp – Amphibole; Amyg – Amygdule; Bt – 

Biotite; F – Feldspar; GM – Groundmass; Pl – Plagioclase; Ves – Vesicle. All pictures are taken in PPL. (A) 

Well pronounced flow texture with alignment of biotite and plagioclase phenocrysts. Vesicles are very abundant, 

large and often connected. (Sample CR43). (B) Host rock with less pronounced flow texture. Crystals tend to be 

more randomly sorted, although microlites may show bending along (macro)phenocrysts. (Sample CR36) (C) 

Secondary mineralisation in heavily altered host rock. The amygdule consists of clustered prismatic crystals 

which show a distinct yellow colour combined. The groundmass is severely oxidized in the top right corner of 

the image and contains numerous opaque oxides. (Sample CR05B). (D) Heavily altered host rock displaying 

complete oxidation of biotite and amphibole. The former mineral has a broad oxidation rim and is completely 

coated by oxides on its surface. The latter mineral has a broad oxidation rim and the crystals usually appear to be 

partially or completely lacking. (Sample CR08) 

Plagioclase is by far the most abundant mineral phase present and mainly occurs as subhedral-

euhedral tabular to prismatic (macro)phenocrysts (which might be resorbed), while microlites show a 

distinct tabular shape. As a result of the large range in crystal sizes, plagioclase is often observed to 

form a seriate texture. Both simple and polysynthetic twinning is a common feature. The latter was 

used to make estimations of the plagioclase composition of macrophenocrysts and phenocrysts 

according to the Michel-Lévy method described by Nesse (2004). These yielded a large range of 

values from 35% to 69% (average 51%) anorthite in the eastern section of the study area and between 

32% and 70% (average 53%) anorthite in the western Crommyonia deposits, consistent with an 

andesine-labradorite composition (see petrographic summary in Appendix B). Plagioclase crystals 

frequently display oscillatory zonation (Fig. 5.2A), however normal or inverse zonation may be 
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present as well. Pe-Piper & Hatzipanagiotou (1997) analysed plagioclase phenocrysts from eastern and 

western Crommyonia using an electron microprobe in order to assess the plagioclase composition, 

zonation and amount of plagioclase generations. They deduced that the crystallisation sequence in the 

west consisted of two phases initiated by andesine-oligoclase (An41 to An27) phenocryst crystallisation 

and was followed by the crystallisation of andesine rims and andesine (An45 to An51) 

microphenocrysts. The east features a three-phase crystallisation sequence during which phenocrysts 

(which may appear dusty) acquire a labradorite composition (An>51). Subsequent phases include 

andesine (An40-34) crystallisation and development of rims and microphenocrysts with an andesine-

labradorite composition (An38-57). The results of this study deviate from published values, however it 

should be mentioned that the Michel-Lévy method is a first order approximation. Additionally, Pe-

Piper & Hatzipanagiotou (1997) only analysed two rock samples (one originating from the east and 

one from the west), which may not represent the overall plagioclase composition. Plagioclase often 

forms a glomeroporphyritic texture in the rocks of eastern Crommyonia, which may contain up to a 

dozen individual (macro)phenocrysts and display oscillatory zonation (Fig. 5.2A-B). This texture, 

however, appears to be scarce to absent in western Crommyonia. Sieve textures are common and their 

abundance varies  amongst outcrops. They are most notably present at the centre or rim of plagioclase 

crystals, but intermediate forms in which the rim and centre are unaffected were also observed. Sieve 

textures are occasionally associated with the development of small biotite crystals which may be 

orientated along distinct crystallographical axes (Fig. 5.2C). Euhedral prismatic zircon and apatite 

inclusions are frequently observed in plagioclase (Fig. 5.2D). The former mineral is usually more 

abundant and occurs in a random distribution, while the latter occasionally appears in clusters. Zircon 

and apatite crystals usually range in size between 20 µm - 200 µm. Minor biotite inclusions have also 

been observed, besides those associated with sieve textures.  

Biotite is the second most abundant mineral phase in the Crommyonia volcanic rocks. It appears as 

subhedral-euhedral tabular-elongated, flakey or pseudo-hexagonal crystals of (macro)phenocryst and 

microlite size. Macrophenocrysts tend to be more scarce, phenocrysts are (over)abundant and 

microlites appear absent in several rock samples (e.g. CR08-09, amongst others). Overall, biotite is 

frequently observed to form a seriate texture. Pleochroism is distinct and mainly varies from yellow(-

greenish) to (dark) brown-black or red to brown. Crystals are occasionally bended (Fig. 5.3A), 

presumably due to the flow texture. Rare glomeroporphyritic textures can be observed in some rock 

samples (Fig. 5.3B). Oxidation of biotite may be quite pronounced and reflected by the presence of an 

oxidized rim and/or association with oxides on the crystal surface (Fig. 5.3C).  It is uncertain whether 

this oxidation/opacite rim is a result of magma instability (e.g. degassing), disequilibrium or 

weathering. It is suggested that the latter process was more important as the oxidation features are 

generally absent in weakly altered to unaltered rocks. However, there are still several biotite crystals 

which display oxides on the crystal surface in absence of significant weathering. Both zircon and 

apatite are frequently found as inclusions in biotite (Fig. 5.3D). They appear as euhedral prismatic 

crystals (20 µm – 100 µm), which might occasionally not be recognized due to the strong mineral 

colour of biotite itself. The latter also prevents a further specification of the biotite variety, although 

rare green-pink 3
rd

 to 4
th
 order interference colours may be observed in some crystals. The observation 

of crystals with green-brown pleochroism suggests the presence of ‘biotite s.s.’ according to the 

classification of Pichler & Schmitt-Riegraf (1997). However, the yellow-brown to red-brown 

pleochroism does not rule out the presence of oxybiotite, an oxidized biotite variety. Nesse (2004) 

concluded that optical characteristics do not suffice to accurately assess the biotite variety in a rock 

sample. 
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Figure 5.2: General textures of plagioclase: Amp – Amphibole; Bt – Biotite; GM – Groundmass; K-F – K-

Feldspar; Pl – Plagioclase; Qtz – Quartz; Ves – Vesicle; Zr – Zircon. (A) Accumulation of  three plagioclase 

(macro)phenocrysts. The largest plagioclase crystal displays polysynthetic twinning, while the other two 

plagioclase crystals show a well-pronounced oscillatory zonation. (Sample CR35) (B) Glomeroporphyritic 

texture of numerous plagioclase (macro)phenocrysts. The central plagioclase crystal shows  polysynthetic 

twinning, while the crystal at the utmost left of the glomeroporphyritic structure contains a set of simple twins. 

Amphiboles are generally green hornblendes and contain a rim of oxyhornblende (Type-1 reaction rim; see 

description amphibole). (Sample CR06) (C) Well-developed sieve texture (grey, hazy appearance which includes 

miniscule brown biotite crystals) at the centre of a subhedral-euhedral tabular plagioclase macrophenocryst. The 

crystals at the top left corner of the plagioclase crystal may be mistaken for oxides. However, their shapes tend to 

be identical to those of biotite which occasionally display a black colour in this thin section. (Sample CR03)             

(D) Numerous zircon inclusions in plagioclase. Birefringence is typically high and displays colours of 2
nd

 to 3
rd

 

order. These may vary according to the exact zircon composition and thickness of the crystal. Further 

information is provided on the section of zircon (see below). (Sample CR05B) 

Amphibole is a common mineral that typically forms subhedral-euhedral prismatic, tabular or 

hexagonal (displaying cleavage very well) (macro)phenocrysts to microlites (Fig. 5.4A-B). It has a 

highly variable abundance amongst outcrops and may even be absent (e.g. CR41-42-43; the so-called 

‘transitional rhyodacite-rhyolite’ from Pe, 1972). Crystals show a distinct pleochroism which may 

vary from pale yellow-greenish to green to yellow-(dark) brown. Birefringence typically displays 

upper 2
nd

 to lower 3
rd

 order interference colours, but may exceed 3
rd

 order colours. Based on the 

optical characteristics, it is suggested that the amphibole is a hornblende variety. This was also 

confirmed by chemical analysis on amphibole by Pe (1972). Crystals may occasionally form a  
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Figure 5.3: General textures of biotite: Amp – Amphibole; Bt – Biotite; F – Feldspar; GM – Groundmass; Ox 

– Oxide; Pl – Plagioclase. Pictures A-B-C taken in PPL, Picture D taken in XPL. (A) Well pronounced flow 

texture with alignment of biotite and plagioclase (macro)phenocrysts. The biotite crystal in the lower right corner 

appears to be bended which is presumably the result of the flow texture. Vesicles are abundant, variable in size 

and shape and may be connected. (Sample CR42) (B) Glomeroporhyritic texture of biotite (macro)phenocrysts. 

In the lower right corner, a glomeroporphyritic texture of plagioclase is also present. (Sample CR06) (C) Coating 

of oxides on a biotite macrophenocryst. Amphibole, in the lower left corner, displays a pronounced oxidized rim 

which appears to be absent on neighbouring biotite crystals. (Sample CR19) (D) Zircon inclusion in a biotite 

phenocryst. The groundmass is partially glassy and contains abundant euhedral tabular biotite and plagioclase 

microlites. (Sample CR37) 

glomeroporphyritic texture (Fig. 5.4C) and both simple and lamellar twinning is commonly present 

(Fig. 5.4D).The most notable feature associated with hornblende in the Crommyonia volcanic rocks 

concerns the presence of four types of reaction rims. The first and most important type (Type-1 

reaction rim) consists of clusters of prismatic-fibrous crystals which display a colourless-yellow to 

brown pleochroism (Fig. 5.5A). Interference colours are generally high (pink-green 3
rd

 order or 

higher) and this is believed to be a certain type of hydrous mineral, for example oxyhornblende or 

biotite. According to Pichler & Schmitt-Riegraf (1997), both minerals may display the observed 

pleochroism, have a high birefringence and possess a strong brown colour. However, the former 

mineral is known to display euhedral-subhedral prismatic crystals, while biotite does not. Refraction 

tends to be higher for hornblende compared to biotite, although the hydrous mineral seemingly has a 

lower refraction in comparison with hornblende. These contrasting observations could be explained by 

the presence of an oxidation rim on hornblende which masks the true refraction behaviour.  
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Figure 5.4: General textures of amphibole: Amp – Amphibole; Bt – Biotite; GM – Groundmass ; Ox – Oxide; 

Pl – Plagioclase; Ves – Vesicle. Pictures A-B-C taken in PPL, Figure D taken in XPL. (A) Longitudinal sections 

of an amphibole macrophenocryst and phenocryst in a very fine-grained groundmass. Amphibole crystals 

display a yellow-brown pleochroism (oxyhornblende) and have a distinct oxidation rim. (Sample CR27) (B) 

Hexagonal phenocrysts of green amphibole (green hornblende) in a moderately oxidized groundmass. The upper 

amphibole crystal contains a reaction rim of oxyhornblende. (Sample CR26) (C) Glomeroporphyritic texture of 

green amphibole (green hornblende) phenocrysts which mainly display basal cross-sections (hexagonal shape) 

with pronounced cleavage. (Sample CR21) (D) Simple twinning in green amphibole (green hornblende) 

macrophenocryst. The crystal edges appear to be rather crotchety. The groundmass is partially glassy and mainly 

consists of euhedral tabular plagioclase and biotite microlites. (Sample CR35-2) 

Additionally, it can be seen in rare instances that the hydrous mineral itself is overgrown by biotite and 

does not show the bird’s eye extinction, which is a major characteristic of micas. It is therefore 

suggested that the hydrous mineral is oxyhornblende. This seems plausible as oxyhornblende 

frequently replaces green hornblende (magmatic or metamorphic origin) in a heated and oxidized 

environment, which may also lead to the development of an opacite rim (Pichler & Schmitt-Riegraf, 

1997). This coincides with the observation that oxyhornblende  sometimes forms a reaction rim on 

green to pale yellow-greenish hornblende crystals. This may be criticized as green hornblende (as 

defined by Pichler & Schmitt-Riegraf (1997)) rarely forms euhedral crystals except when the 2D 

representation is a basal (hexagonal) cross-section of the 3D crystal. Indeed, the green hornblende 

observed during thin section analysis displays euhedral crystals in basal sections, but commonly shows 

subhedral crystals otherwise. Green hornblende further possesses typical upper 2
nd

 order to 3
rd

 order 

interference colours, which is confirmed by Nesse (2004) and Pichler & Schmitt-Riegraf (1997). A 

second type of reaction rim (Type-2 reaction rim) consists of  
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Figure 5.5: The four types of observed reaction rims on amphibole: Amp – Amphibole; Bt – Biotite; GM – 

Groundmass; K-F – K-Feldspar; Ox – Oxide; Ox rim – Oxidation rim; Pl – Plagioclase; Qtz – Quartz; Ves – 

Vesicle. All four figures were taken in PPL. (A) Thick reaction rim of oxyhornblende on green hornblende 

phenocrysts (Type-1 reaction rim). The absence of a distinct bird’s eye extinction is one of the arguments to rule 

out biotite as the mineral that forms the rim. (Sample CR05B) (B) Complex interaction between an 

oxyhornblende phenocryst and biotite (Type-2 reaction rim). The latter mineral displays a stronger brown colour 

compared to the oxyhornblende reaction rim in Fig. 5.5A and possesses a clear bird’s eye extinction (not visible 

in this image). (Sample CR25) (C) Thick oxidation rim on an oxyhornblende phenocryst (Type-3 reaction rim). 

Interestingly, neighbouring biotite crystals generally seem to lack this and only show a minor association with 

oxides. (Sample CR20) (D) Complete alteration of hornblende (green hornblende in this case; Type-4 reaction 

rim). The actual crystals are missing and replaced by a groundmass-like material. The reaction rim is the only 

remnant left and consists of a fine-grained mineral aggregate including oxides. Note how the biotite crystal on 

the right generally lacks severe oxidation. (Sample CR13) 

biotite overgrowth and an extreme example is shown in Fig. 5.5B. Interestingly, this reaction rim is 

frequently observed on hornblende crystals with a yellow-brown pleochroism. The birefringence of 

these hornblende crystals is often not observable due to the strong mineral colour. However, when 

they can be observed, they typically show high interference colours which may exceed 3
rd

 order. 

Based on these characteristics, it is suggested that these hornblende crystals are oxyhornblende as 

well. A third group of reaction rims (Type-3 reaction rim) typically displays a thick oxidized rim, 

which may or may not be pronounced on neighbouring biotite crystals (Fig. 5.5C). The final type 

(Type-4 reaction rim) consists of amphibole crystals which are only recognizable due to the outline of 

their characteristic hexagonal shape. The crystals themselves frequently appear to be absent and may 

be replaced by a groundmass-like material or display a cavity. It is uncertain whether the groundmass 

has actively replaced the amphibole crystal or that the groundmass below the crystal is observed. The 
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remaining rim is fine-grained, strongly oxidized and predominantly appears to show brown-white-

black colours in XPL, which is believed to be the result of the strong colour by the mineral aggregate. 

Amphibole may occasionally contain inclusions of euhedral zircon and apatite needles, but these may 

be difficult to observe due to the strong mineral colour or bright interference colours. 

Quartz is a common mineral that may range in size from (macro)phenocryst to microlite. The latter 

were inferred to form the most dominant component of the groundmass by Pe-Piper & 

Hatzipanagiotou (1997). Its abundance is highly variable but quartz does appear to be less common in 

western Crommyonia than in the eastern study area. Macrophenocrysts usually display rounded edges 

and the internal structure often appears to be fragmented (Fig. 5.6A). This fragmentation is usually 

accompanied by undulose extinction. Phenocrysts tend to be completely rounded and occasionally 

appear to be heavily resorbed (Fig. 5.6B-C). Rare pseudo-hexagonal quartz can be observed as well 

(Fig. 5.6D). Quartz and feldspar crystals frequently display a ´blocky texture´ ( a pattern of 

geometrically aligned fractures) which is believed to be the result of thin section preparation (Fig. 

5.6C-D). Inclusions are less common compared to plagioclase, but mainly consist of euhedral 

prismatic zircon and apatite needles with sizes ranging between 20 µm – 200 µm. 

K-feldspar is occasionally observed as tabular megacrysts - (macro)phenocrysts with rounded edges 

(due to resorption) and a cleavage that is well-pronounced along (001) or (010) (Fig. 5.7A-B). Its 

similarities with quartz and plagioclase (relief, colour in PPL/XPL, twin structures, etc.) often make it 

hard to distinguish, which is the reason why its abundance is difficult to estimate. Regardless, K-

feldspar tends to be scarce in western Crommyonia. The key characteristics utilized to discriminate K-

feldspar phenocrysts are based on the characteristics observed in K-feldspar megacrysts and include 

the frequent presence of simple twinning, a high abundance of feldspar, biotite and apatite 

(macro)phenocryst inclusions and the pseudo-uniaxial negative behaviour. The latter property can also 

be used to derive the type of K-feldspar. Pichler & Schmitt-Riegraf (1997) remark that the sanidine 

variety may approximate uniaxial negative behaviour (2Vα : 0°-60°). This property, including the 

absence of exsolution, is the only characteristic discriminating sanidine from orthoclase. However, Pe-

Piper & Hatzipanagiotou (1997) claim to have observed perthitic exsolution which would suggest the 

presence of orthoclase. According to Pichler & Schmitt-Riegraf (1997), this mineral clearly displays a 

biaxial behaviour (2Vα : > 60°). It is therefore suggested that the K-feldspar is either the sanidine 

variety or that both the sanidine and orthoclase varieties appear in the Crommyonia volcanic rocks, 

despite the lack of observation of perthitic exsolution during thin section analysis. The 

(macro)phenocryst-sized inclusions are frequently orientated parallel to the crystal edges. K-feldspar 

may also contain smaller-sized inclusions typically featuring euhedral prismatic zircon and apatite 

needles. One inclusion of an undetermined prismatic mineral was bended and broken. It was further 

characterized by a high relief and displayed a brown-greyish colour in PPL and 2
nd

 order blue-red 

interference colours which resembled a zonation pattern (Fig.5.7C). 

Fe-Ti-Oxides are irregular-squared opaque crystals which range in size from phenocryst to microlite 

(Fig. 5.7D). They may occasionally be included as groundmass component. Their overall abundance is 

highly variable and their presence was mainly observed in western Crommyonia and the more 

weathered outcrops of eastern Crommyonia. Oxides in the former region also appeared to be larger on 

average. 

Garnet was only observed once during thin section analysis despite the retrieval of three 

macrophenocrysts in hand specimens during fieldwork. One of these crystals was embedded in epoxy 

resin in order to produce a thin section (CR01). The thin section preparation unfortunately fragmented 

the crystal, leaving only a few patches of crystal behind. 
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Figure 5.6: General textures of quartz: Amp – Amphibole; Bt – Biotite; Cav – Cavity; F – Feldspar; GM – 

Groundmass; Pl – Plagioclase;  Qtz – Quartz; Ves – Vesicle. Picture B taken in PPL, pictures A-C-D taken in 

XPL. (A) Quartz megacryst displaying intragranulair cavities and fragmented structure. Undulose extinction is 

demonstrated by the central crystal which is brighter compared to the neighbouring crystals.  (Sample CR03) (B) 

Heavily resorbed quartz phenocryst lying next to a more rounded quartz crystal. (Sample CR25) (C) Quartz 

macrophenocryst with extremely rounded edges and heavily resorbed crystal shape. The ´blocky texture´ of 

quartz is presumably due to the thin section preparation. Interference colours are yellow of 1
st
 order (normally 

grey to white of 1
st
 order) which indicates that the thin section is  thicker than the usual 30 µm. (Sample CR09) 

(D) Rare perfect pseudo-hexagonal quartz crystal (outlined by red polygonal shape) which is completely 

obscured  as a result of the isotropic cross-section that was taken from the 3D crystal. The ´blocky texture´ can 

be observed here as well. (Sample CR11) 

These display a typical grey colour in PPL and a intensively fragmented crystal surface (Fig. 5.8A-B). 

Due to the isotropic nature of garnet, no interference colours were displayed. Along the contact of  the 

remaining garnet crystal fragments and the host rock, a reaction rim of interspersed biotite and 

feldspar was observed (Fig. 5.8B). This texture was also seen in several other thin sections (e.g. CR03-

39, amongst others; an overview is given in Appendix B) in absence of  microscopic garnet, but at 

locations where garnet macrophenocrysts were observed  during fieldwork. It is therefore suggested 

that this specific texture of interspersed feldspar and biotite  reflects the presence of garnet in rock 

samples. 

Muscovite is an uncommon mineral that is mainly found as microlite-sized tabular crystals in between 

cracks of feldspar or quartz (macro)phenocrysts (Fig. 5.8D). It is colourless, has a low relief and 

displays 2
nd

 order blue-pink interference colours. In rare instances, a distinct cleavage on (110) could 

be observed. 
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Figure 5.7: Appearance and textures of K-Feldspar and oxide: Acc – Accessory Mineral; Amp – Amphibole;  

Bt – Biotite; Cav – Cavity;  F – Feldspar; GM – Groundmass; Incl – Inclusion; K-F – K-Feldspar; Ox – Oxide;   

Pl – Plagioclase; Ves – Vesicle;. Pictures A-C-D taken in PPL, Picture B taken in XPL. (A) Tabular K-Feldspar 

macrophenocryst showing a distinct cleavage on (010). The edges of the crystal appear to be slightly rounded. 

(Sample CR36) (B) Rounded macrophenocryst of K-Feldspar displaying a well-pronounced cleavage on (010). 

Phenocryst-sized inclusions of feldspar and apatite are frequently observed. (Sample CR18) (C) Brown-greyish 

accessory mineral with high relief observed in K-Feldspar megacryst. The crystal appears to be bended and 

partially broken. (Sample CR17) (D) Perfectly square-shaped sections of isometric oxide crystals in a moderately 

altered groundmass. Green hornblende is present and appears to lack a reaction rim. (Sample CR21) 

Sillimanite was encountered only once in thin section (CR21),forming a cluster of fibrous crystals 

around a biotite crystal which was coated by oxides on its surface (Fig. 5.9A). The needles displayed a 

colourless to brown pleochroism and upper 1
st
 order to lower 2

nd
 order interference colours. 

Sillimanite possesses a moderately high relief which makes identification slightly easier.  

Zircon is an abundant accessory mineral and easily found as inclusions in plagioclase, K-feldspar, 

quartz, biotite and amphibole, besides occasional sightings in the groundmass (Fig. 5.9B). Rare zircon 

inclusions in apatite phenocrysts are observed as well (Fig. 5.9C-D). It mainly forms randomly 

orientated prismatic crystals which generally range in size between 20 µm – 200 µm. Zircon is 

colourless in PPL and possesses a high relief. Birefringence is usually high and interference colours 

vary between 2
nd

 to 3
rd

 order. Crystals have a straight extinction and elongation is positive. It has a 

relative high abundance in both Crommyonia sections, but appears to be less common in the West. 
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Figure 5.8: Garnet, muscovite and related textures: Bt – Biotite; Cav – Cavity; F – Feldspar; Grt – Garnet; 

GM – Groundmass; Mus – Muscovite; Pl – Plagioclase; Qtz – Quartz; Ves – Vesicle. Pictures A-B-C taken in 

PPL, Picture D taken in XPL. (A) Remnants of a garnet megacryst that was fragmented during thin section 

preparation. Garnet typically displays a grey colour and intensively fractured texture. (Sample CR01) (B) 

Reaction rim of biotite and feldspar at the contact between the garnet megacryst and the host rock. Biotite and 

feldspar crystals appear to be interspersed. (Sample CR01) (C) Similar texture as observed in (B) in which 

biotite and feldspar crystals appear to be interspersed. This specific sample did not contain any macroscopic or 

microscopic garnet, but was sampled at a short distance of sample CR01 (garnet-bearing). (Sample CR04) (D) 

Tabular microlite-sized crystal of muscovite in a small vesicle next to a heavily resorbed quartz 

macrophenocryst. The muscovite has a low relief and bright blue-pink 2
nd

 order interference colours. (Sample 

CR30) 

Apatite is another abundant accessory mineral that appears as inclusions in plagioclase, K-feldspar, 

quartz, biotite and amphibole. It is also frequently observed in the groundmass and ranges in size 

between 20 µm – 200 µm. Apatite forms prismatic crystals which are colourless in PPL and have a 

moderate to high relief. Interference colours are usually low and span from grey to white of 1
st
 order. 

Crystals display a straight extinction and have a negative elongation. It has a similar overall 

abundance, but is often hardly noticed due to its colour, lower relief and small size. 

Monazite/Xenotime is a rare accessory mineral that forms prismatic-tabular phenocrysts or microlites 

(Fig.5.9D). Crystals are colourless to pale yellow in PPL and have a high positive relief. Birefringence 

is very high and spans colours of 3
rd

 to 4
th
 order and cleavages are usually well developed on (001) and 

(010). Monazite/Xenotime has a straight extinction and displays a positive elongation. The numerous 

similarities between monazite and xenotime (high positive relief, high interference colours, crystal 

habit) prevented a straightforward discrimination between these two phosphates. 
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Figure 5.9: Sillimanite and accessory minerals: Amp – Amphibole; Ap – Apatite; Bt – Biotite; F – Feldspar; 

GM – Groundmass; Mon/Xen – Monazite/Xenotime; Ox – Oxide; Pl – Plagioclase; Sill – Sillimanite; Ves – 

Vesicle; Zr – Zircon. Pictures A-C-D taken in PPL, Picture B taken in XPL. (A) Cluster of sillimanite needles 

surrounding a greenish-brown biotite phenocryst which is being coated by oxides. The mineral characteristics are 

described in the text. (Sample CR21) (B) Microlite-sized phenocryst of zircon at the border of a biotite 

phenocryst and the groundmass. Zircon displays high green-pink-yellow interference colours of 3rd order. 

(Sample CR07) (C) Microlite-sized phenocryst of apatite with two clear zircon inclusions (higher relief and 

angular top). The opaque minerals next to apatite are oxides, as indicated by the arrow near a similar oxide at the 

top of the image. (Sample CR07) (D) Phenocryst-sized monazite/xenotime ‘cross-cutting’ an apatite phenocryst. 

Characteristics are described in the text. The apatite crystal contains abundant inclusions of zircon. (Sample 

CR18). 

5.1.2.  Petrography of enclaves 

 

Enclaves are generally a scarce feature in the Crommyonia volcanic rocks. Two (CR30-31) were 

sampled in the south-western outcrop near Kalamaki (Fig. 4.1A), while five micro-enclaves were 

discovered during thin section analysis of sample CR29 (also located near Kalamaki). An additional 

enclave was found during thin section preparation of sample CR35, which became sample CR35-2. 

This represents the only enclave that was retrieved from eastern Crommyonia. 

The five micro-enclaves found in sample CR29 are characterized by a coarse grained groundmass of 

randomly distributed feldspar which may display irregular grain boundaries (Fig. 5.10A-B). The 

presence of zonation and twinning suggests a plagioclase composition. Biotite phenocrysts with a 

greenish-brown pleochroism are common and tend to have elongated crystal shapes , although a 
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pseudo-hexagonal grain was also observed. Biotite occasionally straddles the host rock-enclave 

boundary. The latter appears to be sharp and does not display any signs of quenching (Fig. 5.10B). 

Micro-enclaves are round to elliptical in section, frequently contain vesicles near the host rock-enclave 

boundary and generally have sizes of  ± 6-7 mm. 

The enclaves of samples CR30-31 are in essence the same. Textures and mineralogy coincide well 

with the micro-enclaves of sample CR29, although several minor differences occur. These include the 

presence of amphibole (relicts) which display overgrowth by oxyhornblende (Type-1 reaction rim) or 

a Type-4 reaction rim and a minor abundance of oxides. Interestingly, the petrography of both 

enclaves appears to be identical despite the major difference in macroscopic colour (CR30: black – 

CR31: white; see Fig. 4.4A-B) 

The only enclave found in eastern Crommyonia (CR35-2) differs from those of the western sections. 

The enclave is characterized by a fine-grained groundmass of randomly orientated euhedral tabular 

plagioclase microlites (Fig. 5.10C). These may display both simple and polysynthetic twinning as well 

as zonation. The groundmass also appears to be slightly glassy and contains abundant, small vesicles 

which may be rounded or irregular in shape. Whereas biotite is the dominant mafic mineral phase in 

the western enclaves, so is amphibole the dominant mafic phase in the eastern study area. It typically 

forms subhedral-euhedral hexagonal-elongated (macro)phenocrysts to microlites. These may further 

display simple or lamellar twinning and are often associated with an oxyhornblende reaction rim. 

Biotite phenocrysts are occasionally observed as well. Plagioclase (macro)phenocrysts straddle the 

host rock-enclave boundary and display a distinct sieve texture in the centre or rim of the crystals 

which is seen throughout the host rock (Fig. 5.10D). The boundary is sharp and no evidence of 

quenching is observed (Fig. 5.10D). The presence of a single enclave and garnet macrophenocryst 

(sampled during fieldwork) in the same rock specimen indicates important petrogenetic relationships 

which will be further discussed in chapter 7. Pe-Piper & Piper (2005) also documents the Crommyonia 

enclaves and estimated them to have an andesitic composition based on their mineralogy. 

5.2.  Petrographical comparison of western and eastern Crommyonia 

 

The Crommyonia volcanic rocks from the eastern and western sections erupted both at different spatial 

and temporal scales (see section 2.2. - 2.3.), which may suggest that the petrography of both sections 

shows discrepancies. This was indeed observed during thin section analysis and a brief summary is 

given in Table 5.2. A more thorough petrographic classification is provided in section 5.3. 

5.3.  Petrographical classification of the Crommyonia volcanic rocks and outcrops 

 

The Crommyonia volcanic rocks have  a subtle to distinct petrographic variability which is not only 

displayed between eastern and western Crommyonia, but also amongst and within individual outcrops. 

Fig. 5.11 shows an adapted version of the geological map (Fig. 4.1) in which outcrops with similar 

petrographic characteristics (type of groundmass, mineral abundances, presence of certain textures) are 

grouped together. These groups will be discussed below.  

Group A (Yellow – CR19-20-21-23): The oxidized groundmass consists of a very-fine grained 

mixture of devitrified glass and quartzofeldspathic microlites which usually do not exceed 40 µm 

(exception CR21: 100 µm). Biotite, zircon and apatite may occasionally be seen in the groundmass as 

well, but only form minor components. (Macro)Phenocrysts are dominated by plagioclase, biotite, 

amphibole and a minor quartz component. Macrophenocrysts appear to be generally scarce in  
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Figure 5.10: Petrography of the Crommyonia enclaves: Amp – Amphibole; Bt – Biotite; HR – Host rock Pl – 

Plagioclase; Qtz – Quartz; Ves – Vesicle. Picture A taken in PPL, pictures B-C-D taken in XPL. (A) One of the 

five micro-enclaves that was observed during thin section analysis. The micro-enclave is roughly elliptical in 

section and consists of a coarse grained groundmass of randomly orientated plagioclase, green-brown biotite 

phenocrysts and abundant vesicles. It can already be observed that the host rock-enclave boundary is sharp. 

(Sample CR29) (B) Close-up of the micro-enclave host rock-enclave boundary. The transition from a coarse 

grained plagioclase groundmass to a much finer grained quartzofeldspathic groundmass is distinct. A biotite 

phenocryst straddles the host rock-enclave boundary (yellow dashed lines). (Sample CR29) (C) Overview of the 

only enclave found in eastern Crommyonia. The groundmass predominantly consists of randomly orientated 

euhedral tabular microlites of plagioclase and is partially glassy. Amphibole (yellow-greenish hornblende) 

(macro)phenocrysts are abundant and are often associated with an oxyhornblende reaction rim. (Sample CR35-2) 

(D) Close-up of the host rock-enclave boundary (yellow dashed lines) of (C). The transition from a relatively 

coarser grained plagioclase-amphibole groundmass to the much finer grained quartzofeldspathic groundmass of 

the host rock is sharp. Plagioclase macrophenocrysts straddle the host rock-enclave boundary, have a well-

developed sieve texture at the rim or centre of the crystal and are associated with miniscule crystals of biotite. 

(Sample CR35-2) 

comparison to the other volcanic outcrops of Crommyonia. Biotite shows variable pleochroism 

ranging from red-brown to yellow-brown to greenish-brown. Crystals generally lack or have a slightly 

oxidized rim, but may be partially covered by oxides on the crystal surface. Amphibole has a yellow-

greenish to yellow brown pleochroism and frequently contains an oxidized rim (Type-3 reaction rim) 

or may be overgrown by oxyhornblende (Type-1 reaction rim). Quartz is usually well rounded but 

heavily resorbed crystals are scarce. Oxides vary in size between phenocryst to microlite and are quite 

abundant. The chloritization of biotite, suggested by Pe-Piper & Hatzipanagiotou (1997), was not 

observed during the thin section analysis of this group. 
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Table 5.2: Principal petrographic differences observed during thin section analysis of the western and 

eastern Crommyonia volcanic rocks. 

West Crommyonia East Crommyonia 

 Macrophenocrysts of plagioclase, biotite and 

quartz (amphibole excluded) generally much 

more abundant 

 Phenocrysts are more abundant 

 K-Feldspar more pronounced and presence 

of megacrysts 

 Presence of garnet 

 Zircon more abundant 

 Presence of monazite/xenotime 

Enclaves restricted to SW  

Single presence of sillimanite  

Weathering generally more pronounced 

(excluding the heavily altered outcrops in SE 

Crommyonia) 

 

Oxides are larger and more abundant 

(excluding the heavily altered outcrops in SE 

Crommyonia) 

 

Smaller variability amongst outcrops Larger variability amongst outcrops 

 

Group B (Blue - CR24-25): This group has characteristics which represent a mixture of those 

exhibited by  Group A and Group C. The groundmass is principally the same as that of Group A but 

macrophenocrysts tend to be more abundant (a characteristic shared by Group C). Phenocrysts are 

dominated by plagioclase, biotite and amphibole (similar to Group A), but quartz has now also 

become a frequent component (Group C). The more abundant macrophenocrysts dominantly consist of 

plagioclase and biotite, besides some larger quartz or amphibole crystals (Group C). Biotite crystals 

tend to possess a red-brown to yellow-(dark) brown pleochroism and do not clearly display an 

oxidized rim (Group A). Some crystals, however, may be coated by oxides. Amphibole displays a 

yellow-greenish to yellow-(dark) brown pleochroism and has similar reaction rims (Type-1, Type-2 

and Type-3 reaction rim) as was observed in Group A. Quartz is mainly rounded and a number of 

heavily resorbed crystals were observed in both samples (Group C). Plagioclase crystals display a 

pronounced sieve texture at the centre that may be associated with small biotite crystals. The outcrop 

denoted in white in Fig. 5.11 was not located during fieldwork.  

Group C (Green – CR26-27-29-30-31): The south-western group has a severely oxidized 

groundmass that is quite similar in mineralogy compared to groups A-B, but is generally more coarse 

grained (up to ± 100 µm). Phenocrysts are dominated by plagioclase, amphibole and quartz, with a 

distinct lower abundance of biotite phenocrysts in comparison to groups A-B. Macrophenocrysts 

dominantly consist of plagioclase, biotite and quartz. Amphibole, displays an above average 

abundance. One macrophenocryst of K-feldspar was positively identified (CR26), but due to the 

determination difficulty of this mineral its presence and abundance could not be estimated in all thin 

sections. Biotite displays a yellow-greenish to yellow-(dark) brown to brown-dark brown pleochroism, 

occasionally contains an oxidized rim and may be partially coated by oxides. Amphibole crystals are 

dominantly green, but may display a pale yellow-green pleochroism as well. Reaction rims are similar 

as groups A-B, although crystals frequently lack, leaving cavities behind or being replaced by a  
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Figure 5.11: Petrographic classification of the Crommyonia outcrops into distinct groups based on their mineralogical content and abundances, degree of 

weathering, groundmass and presence of specific textures. 
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groundmass-like material (Type-4 reaction rim). Quartz is rounded and heavily resorbed crystals are 

not uncommon. Sieve textures are scarce and manifest themselves mainly at the centre or rim of 

plagioclase crystals. CR27 deviates from the main characteristics of its group due to the lower 

abundances of both macrophenocrysts as phenocrysts. 

Group D (Red – CR01-03-04-39-40-41-42-43): The groundmass of this group is predominantly 

glassy and contains a small fraction of plagioclase and biotite microlites (± 100 µm at most). Both 

zircon and apatite may appear in the groundmass as well. Phenocrysts are abundant and mainly consist 

of plagioclase, biotite and quartz (slightly less abundant in CR41-42-43). Amphibole is scarce to 

absent for both macrophenocrysts and phenocrysts. Several phenocrysts of K-feldspar were observed 

in most samples and are possibly present in the other samples of this group. Macrophenocrysts have an 

overall higher abundance compared to rock samples of the West, but have the lowest abundances of 

the eastern outcrops. They also mainly consist of plagioclase, biotite, quartz and, more rarely,  K-

feldspar. Oxides appear to be a scarce feature, despite slight oxidation of several rock samples. Biotite 

displays a yellow-brown to red-brown to black pleochroism and generally lacks any sign of oxidation. 

Amphibole, when present, possesses a yellow-brown pleochroism and may be overgrown by biotite or 

oxyhornblende (Type-1 or Type-2 reaction rim). Quartz is mostly rounded, but several strongly 

resorbed crystals may be observed as well. Sieve textures are occasionally to frequently observed at 

the centre of plagioclase crystals and may be associated with biotite. All group members display a well 

pronounced flow texture. To facilitate comparison between the different outcrops of eastern 

Crommyonia , the mineral abundances of the following outcrops will be compared to those of Group 

D. 

Group E (Purple – CR32-33-35-36-37): The largely unaltered groundmass is partially glassy and 

contains abundant euhedral tabular plagioclase and biotite microlites with sizes that range up to ± 100- 

200 µm. Amphibole, quartz, zircon and apatite may also form a minor groundmass component. 

Phenocrysts of plagioclase, biotite and quartz are slightly less abundant, whereas amphibole and 

oxides appear to be more pronounced. Macrophenocrysts of quartz, amphibole (except CR32-33) and 

K-feldspar appear to be more common, while plagioclase and biotite have a similar abundance as in 

Group D. Biotite possesses a yellow-brown pleochroism, with most crystals showing dark brown 

colours. Crystals lack an oxidized rim and may only show minor oxide coating. Amphiboles display a 

yellow-greenish-brown pleochroism and may be overgrown by oxyhornblende (Type-1 reaction rim). 

Quartz is usually rounded but no significantly resorbed crystals were observed. Plagioclase frequently 

displays a sieve texture at the centre or rim of its crystals that may be associated with small biotite 

crystals. 

Group F (Brown – CR17-18): The slightly oxidized groundmass is fine-grained (up to ± 100 µm) 

and has a quartzofeldspathic composition which contains numerous euhedral tabular plagioclase 

microlites. Biotite, zircon and apatite only form a minor component of the groundmass. Plagioclase 

phenocrysts are rather similar in abundance, while quartz and amphibole are generally more common. 

Biotite appears to be slightly less abundant. Macrophenocrysts are very abundant and thin sections 

may contain up to one hundred individual crystals. These mainly consist of plagioclase and quartz but 

biotite macrophenocrysts are also present. Several K-feldspar macrophenocrysts were seen, although 

their total abundance remains difficult to estimate due to their extremely large size in comparison to 

the surface area of a single thin section. Oxides appear to be generally more abundant. Biotite 

possesses a yellow-(dark) brown pleochroism and does not appear to be associated with major oxide 

coating. Amphibole, however, displays a yellow-brown pleochroism and a Type-4 reaction rim. 

Quartz tends to be rounded but heavily resorbed crystals are absent. Sieve textures are often observed 

at the centre or rim of plagioclase crystals. 
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Group G (Pink – CR05B-06-07): The severely oxidized groundmass features fine-grained (up to ± 

100 µm) microlites of quartzofeldspathic composition which are accompanied by biotite and minor 

zircon and apatite crystals. Phenocrysts of plagioclase, biotite and quartz are slightly less abundant, 

but amphibole appears to be much more common. Macrophenocrysts dominantly consist of 

plagioclase, biotite and quartz while amphibole only appears occasionally. Several (macro)phenocrysts 

of K-feldspar were observed during thin section analysis. Oxides generally have a high abundance. 

Biotite displays a yellow-(dark) brown to greenish-brown pleochroism and possesses a modestly 

oxidized rim. Amphibole has a variable pleochroism that ranges from yellow-light green to light 

green-dark green.  Crystals are dominantly overgrown by a thick oxyhornblende rim (Type-1 reaction 

rim). Quartz is generally rounded and several heavily resorbed phenocrysts were observed in sample 

CR05B. Plagioclase usually lacks sieve textures, but these may occur at the centre or rim of some 

crystals.  

Group H (Light green – CR08-09-11-13-14): Group I generally has similar mineral abundances as 

Group G, but is classified in a different group due to the following discrepancies. Firstly, the 

groundmass of Group H is slightly coarser grained and lacks biotite. Secondly, biotite possesses a 

clear oxidized rim and is frequently coated by oxides on the crystal surface. Lastly, amphibole crystals 

are heavily altered and generally display a Type-4 reaction rim. 

5.4.  Final remarks 

 

Based on the detailed microscopic study provided above, the petrography of the Crommyonia volcanic 

rocks shows distinct variations between different outcrops as well as subtle differences within a single 

outcrop. There were 8 different groups defined on the basis of significant to subtle differences in their 

petrography. Interestingly, the amount of macrophenocrysts in Crommyonia thereby tends to increase 

with decreasing glass content or coarser grained groundmass.  

Table 5.3 presents a second classification of these volcanic deposits based on the varying 

characteristics of their groundmass, whereas Table 5.4 offers an overview of the mineralogy identified 

in each of the Crommyonia thin sections. The groundmass and general petrography of the different 

groups are quite similar and confirm the close relationship between the volcanic deposits in the north-

western and south-western Crommyonia section. Appendix B also provides a more detailed 

description of the petrography of each individual thin section.  
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Table 5.3: Classification of rock samples based on the similarities of groundmasses during thin section 

analysis. 

Groundmass 

Group 1: CR19-20-21-23-24-25-26-27-29-30-31 Very fine- to fine-grained quartzofeldspathic 

groundmass with minor biotite, zircon and apatite 

components. The groundmass usually is slightly 

to moderately oxidized. 

Group 2: CR01-03-04-39-40-41-42-43 Very glassy groundmass including 

cryptocrystalline biotite and euhedral tabular 

plagioclase and biotite microlites. Zircon and 

apatite form minor groundmass components. 

Oxidation is slight to absent. 

Group 3: CR05B-06-07 Very fine- to fine-grained quartzofeldspathic 

groundmass with a higher biotite abundance 

compared to Group 1 and minor zircon and 

apatite components. Oxidation is moderate to 

severe. 

Group 4: CR08-09-11-13-14 Very fine- to fine-grained quartzofeldspathic 

groundmass with minor zircon and apatite 

components. Biotite is absent and oxidation is 

severe. 

Group 5: CR17-18 Very fine- to fine-grained quartzofeldspathic 

groundmass in which euhedral tabular 

plagioclase microlites are more abundant. Biotite, 

zircon and apatite form minor groundmass 

components. Oxidation is limited. 

Group 6: CR32-33-35-36-37 Partially glassy groundmass including abundant 

euhedral tabular plagioclase and biotite 

microlites which display a well-pronounced flow 

texture. Amphibole, quartz, zircon and apatite 

form minor groundmass components. The 

groundmass is slightly to moderately oxidized. 
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Table 5.4: Mineral checklist for each analysed thin section. The check mark (✓) confirms the presence of a certain mineral in a thin section, while the question marks (?) 

represents uncertainty concerning the presence of a certain mineral in a thin section.

 CR01 CR03 CR04 CR05B CR06 CR07 CR08 CR09 CR11 CR13 CR14 CR17 CR18 CR19 CR20 CR21 CR23 

Plagioclase ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Quartz ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

K-Feldspar ✓ ? ? ✓ ✓ ✓ ✓ ✓ ? ✓ ✓ ✓ ✓ ? ? ✓ ? 

Biotite ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Amphibole ✓ ✓  ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Fe-Ti-

Oxides 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Zircon ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Apatite ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Muscovite  ✓    ✓         ✓ ✓  

Monazite/ 

Xenotime 

 ✓   ✓   ✓    ✓ ✓     

Garnet ✓                 

Sillimanite                ✓  

 CR24 CR25 CR26 CR27 CR29 CR30 CR31 CR32 CR33 CR35 CR35-2 CR36 CR37 CR39 CR40 CR41 CR42 CR43 

Plagioclase ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Quartz ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

K-Feldspar ? ? ✓ ? ? ? ? ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ? ? ✓ 

Biotite ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Amphibole ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓    

Fe-Ti-

Oxides 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Zircon ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Apatite ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Muscovite ✓     ✓    ✓  ✓     ✓ ✓ 

Monazite/ 

Xenotime 

         ✓  ✓      ✓ 

Garnet                   

Sillimanite                   
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CHAPTER 6: GEOCHEMISTRY 
 

This chapter presents a graphical representation of the major element, trace element and Sr-Nd-Pb-Hf 

isotope geochemistry analyses performed and described in chapter 3. It focuses on a description of the 

geochemistry of the Crommyonia volcanic deposits and the introduction of several concepts which 

will be further discussed in the following chapters. The Crommyonia volcanic rocks are subsequently 

classified according to their general, geochemical composition and are compared to the petrographic 

defined groups in section 5.3. The geochemical data acquired during this study represent a significant 

enlargement of the dataset available in literature and introduces the first Pb and Hf isotopic 

compositions of the Crommyonia volcanic deposits. 

 

6.1.  Major element geochemistry 

 

Variation in the major element composition of volcanic rocks mainly reflects the crystallization of 

different major mineral phases such as plagioclase and pyroxene during increasing differentiation. 

Hence, these provide an indication of the different fractionating minerals within its petrogenesis. The 

major element composition of the Crommyonia volcanic rocks is discussed on the basis of Harker 

variation diagrams which combine the data obtained in this study with available literature data (Fig. 

6.1). According to the K2O - SiO2 classification diagram (Fig. 6.1A) of Gill (1981), all Crommyonia 

volcanic rocks clearly define a high-K trend. A closer look at the K2O composition suggests that the 

values of Pe-Piper & Hatzipanagiotou (1997) can be grouped to a distinct western and eastern section. 

The data obtained during this study (3.16 – 4.05 wt%) show a rather progressive trend, spanning both 

sections. However, samples obtained from the south-western Crommyonia section appear to possess 

slightly lower K2O contents. The Total-Alkali-versus -Silica (TAS) diagram (Fig. 6.1B) of Le Maitre 

et al. (2002) indicates that silica and total alkali composition obtained in this study span a narrow 

range between 65 – 71 wt% and 6 – 7 wt%, respectively. Most are plotted close to the dacitic-rhyolitic 

boundary and are hence referred to as rhyodacites, although a minor component can be classified as 

either true dacitic (< 68.0% SiO2) or true rhyolitic (> 70.5% SiO2). The dacitic rocks indicated by the 

blue ellipse represent a single sample location (CR35 – 37) which was observed to contain several 

presumed mafic enclaves and garnet. On the contrary, the main cluster of rhyodacitic rocks of the 

south-western Crommyonia section (CR26 – 31), which contained the highest enclave abundance, 

have distinctly higher silica and total alkali contents. The rhyolithic rocks designated by the yellow 

ellipse (CR09 – 14) reflected more intense weathering and/or alteration during fieldwork and, when 

studied with the microscope, seemed to have lost most of their original amphibole content 

(petrographic group H; see section 5.3). Most values of the western Crommyonia section obtained by 

Pe-Piper & Hatzipanagiotou (1997) (black ellipse) have systematically lower total alkali and silica 

contents. Both MgO and CaO (Fig. 6.1C, 6.1D) tend to display a clearly defined negative correlation 

with increasing silica contents. Mg seems to be slightly enriched in the western section (Fig. 6.1D: 

purple ellipse),ranging from 1.03 to 1.58 wt%, in comparison to the generally lower MgO contents of 

eastern Crommyonia (0.60 – 1.83 wt%). This trend seems less pronounced when observing the data 

obtained by Pe-Piper & Hatzipanagiotou (1997). Concentrations of TiO2 (Fig. 6.1E) show a more 

distinct difference between the two geographic locations : eastern Crommyonia (0.35 – 0.43 wt%; pink 

ellipse) is clearly enriched compared to the western section (0.32 – 0.34 wt%; green ellipse). Whereas 

the former also displays a negative correlation with decreasing MgO content, this is  
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Figure 6.1: Harker variation diagrams of major elements. (A) The K2O versus SiO2 diagram by 

Gill (1981). (B) The TAS diagram by Le Maitre et al. (2002). (C) CaO versus SiO2. (D) MgO versus 

SiO2. (E) TiO2 versus MgO. (F) Na2O versus MgO. (G) Al2O3 versus MgO. (H) MnO versus MgO. 

See text for further explanation. 
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less apparent for the latter. The opposite trend is reflected by the Na2O concentrations (Fig. 6.1F): 

western Crommyonia (2.73 – 3.34 wt%; brown ellipse) is slightly enriched compared to the eastern 

section (2.76 – 3.09 wt%). The Na2O concentrations are quite scattered but seem to remain more or 

less constant during differentiation, although a minor decreasing trend is observed for rocks with MgO 

< 1% in the eastern section. The rather scattered Al2O3 concentrations (15.32 – 16.62 wt%) display a 

negative correlation with decreasing MgO content (Fig. 6.1G). Manganese contents (0.01 – 0.05 wt%) 

show a somewhat peculiar trend (Fig. 6.1H): initial concentrations remain more or less constant until 

MgO < 1%, upon which concentrations display more scatter whilst generally decreasing.  

Table 6.1 and Fig. 6.2 display two additional geochemical parameters: the Mg number and the 

Aluminium Saturation Index (ASI), which were calculated with the major element compositions of the 

Crommyonia rhyodacites (CR). These parameters are a measure of the geochemical affinity of the 

magma during increasing differentiation and usually indicate the presence of processes such as 

(Assimilation) Fractionated Crystallization (A)FC (see chapter 7). 

The Mg number (Fig. 6.2A) is generally used as a measure of differentiation in which lower values 

reflect further evolved or more differentiated rocks. The Mg number is defined as follows: 

Mg number =  
(

MgO
40.3 g/mol

)

[(
MgO

40.3 g/mol
) + (

Fe2O3
∗

71.85 g/mol
)]

 x 100 

in which MgO and Fe2O3
*
 are expressed in wt%, with the latter representing the total iron content 

(both Fe
2+ 

and Fe
3+

). The Mg numbers of the CR range from 34.61 to 55.59% and are clearly higher (± 

10% ) in the western Crommyonia section. The Mg numbers of the south-western Crommyonia 

section surprisingly seem to increase during differentiation. The highest values obtained in the eastern 

Crommyonia section (47.75 – 54.93%) originate from sample location CR35 – 37 (Fig. 6.2A), which 

also possessed the lowest silica contents of all samples (Fig. 6.1B) and contained a minor amount of 

presumed mafic micro-enclaves. The lowest Mg numbers are found at sample location CR 08 – 14 and 

range between 34.61 – 42.15%. The values obtained by Pe-Piper & Hatzipanagiotou (1997) are 

markedly lower in the eastern Crommyonia section. 

The second parameter is called the Aluminium Saturation Index (ASI) and is defined as follows: 

ASI =  
(

Al2O3
101.96 g/mol

)

[(
CaO

56.08 g/mol
) −  1.67(

P2O5

141.94
g

mol

) + (
Na2O

61.98
g

mol

) + (
K2O

92.2 g/mol
) ]

 

in which Al2O3, CaO, P2O5, Na2O and K2O are expressed in wt%. The ASI reflects the amount of 

available Al2O3 compared to CaO, Na2O and K2O, corrected for CaO loss during apatite 

crystallization. Rocks with ASI ratios lower than 1 are defined as metaluminous, while rocks with ASI 

ratios higher than 1 are called peraluminous. If rocks possess a peraluminous character, they are said 

to contain more Al2O3 than required for feldspar crystallisation (Frost & Frost, 2008). Hence, these 

rocks contain Al-rich minerals such as Al-rich biotite, cordierite, garnet, muscovite, monazite and 

xenotime. A typical example of a metaluminous mineral is hornblende. As ASI values range from 1.00 

to 1.26, all CR reflect a modest - intermediate peraluminous character. The lowest values are found in 

the north-eastern section (i.e. sample location CR 32 – 34 and CR 35 – 37),  



 
 

79 
 

 

Table 6.1 and Figure 6.2: Geochemical parameters based on the major element composition of the CR. (A) 

Mg number (%) versus MgO content. (B) Aluminium Saturation Index in function of MgO content. The symbols 

are similar as Fig. 6.1. 

while the largest are observed in the north-western section of Crommyonia (i.e. sample location CR 

19-25). 

6.2.  Trace element geochemistry 

 

Trace elements generally substitute major elements in rock-forming minerals, but may form their own 

accessory mineral phase such as zircon and monazite. Substitution depends on the ionic radius, ion 

charge, electronegativity and composition of the corresponding melt and crystallizing mineral phases 

(McSween et al., 2003). Trace element patterns (e.g. Sr) are therefore useful to identify the presence of 

fractionated mineral phases such as e.g. plagioclase.  

The Harker variation diagrams presented in Fig. 6.3 comprise a series of important incompatible trace 

elements such as the HFSE (e.g. Zr, Hf, Nb, Ta and Th) (Fig. 6.3A-D) and LILE ( e.g. K, Rb, Sr, Cs 

and Ba)(Fig. 6.3E-H). Both element groups were chosen as they behave differently in the presence of 

hydrous fluids (Elburg, 2010). The HFSE are typically insoluble in hydrous fluids and are 

consequently not affected by fluid interaction, whereas the LILE are very soluble and may therefore 

indicate the presence of e.g. hydrothermal  

Sample Mg number (%) ASI 
CR19 52.60 1.10 
CR20 52.35 1.16 
CR21 55.50 1.12 
CR23 50.88 1.26 
CR24 51.16 1.20 
CR25 50.45 1.08 
CR26 52.75 1.06 
CR27 55.59 1.14 
CR29 52.27 1.06 
CR03 43.53 1.08 
CR04 42.73 1.09 
CR41 42.59 1.12 
CR42 42.69 1.10 
CR43 45.95 1.07 
CR06 47.61 1.05 
CR07 46.62 1.06 
CR08 34.61 1.08 
CR09 41.95 1.19 
CR11 42.15 1.15 
CR13 41.09 1.19 
CR14 37.28 1.16 
CR39 46.31 1.11 
CR40 42.59 1.10 
CR17 45.45 1.11 
CR18 44.80 1.04 
CR36 53.14 1.00 
CR33 48.05 1.01 
CR35 53.82 1.02 
CR32 47.75 1.04 
CR37 54.93 1.03 

A 

B 

CR 35-37 + CR 26 
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Figure 6.3: Harker variation diagrams of the HFSE and LILE. (A) Zr versus MgO; (B) Hf versus 

MgO; (C) Nb versus MgO; (D) Th versus MgO; (E) Ba versus MgO; (F) Sr versus MgO; (G) Rb 

versus MgO; (H) Cs versus MgO. See text for further explanation. 

 

CR24 
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activity and/or weathering. The HFSE show an overall distinct enrichment in the eastern Crommyonia 

section. Figure 6.3B shows that this behaviour tends to be more subtle for Hf concentrations (3.2– 5.4 

ppm) whilst the largest contrast between eastern and western Crommyonia is reflected in the Zr 

concentrations (Fig. 6.3A). The western sections furthermore possess a narrower range of Zr 

concentrations (126 – 135 ppm) than the eastern sections (181 – 200 ppm). The Zr and Hf 

concentrations utilized during this study are those obtained by ICP-OES analysis, as explained in 

section 3.3 and 3.4.2. The aforementioned observations are also apparent from the data of Pe-Piper & 

Hatzipanagiotou (1997), although the Zr and Nb concentrations (orange ellipse in Fig. 6.3A and 6.3C) 

of the eastern section generally tend to be lower compared to those obtained during this study. All 

HFSE also display a distinct trend with increasing differentiation: they seem to be negatively 

correlated with the MgO content in eastern Crommyonia but positively correlated with the MgO 

content in the western Crommyonia section. Only for Th (Fig. 6.3D) and Hf (Fig.6.3B) concentrations 

are these trends more subtle.  

The LILE display more variability between the trends of individual elements than the HFSE do (Fig. 

6.3E-H). The alkali earth metals Ba (399 – 484 ppm; Fig. 6.3E) and Sr (194 – 263 ppm; Fig. 6.3F), on 

one hand, show a restricted range of concentrations in the eastern section, with Sr contents generally 

decreasing with increasing differentiation, while Ba does not define a clear trend. The western section, 

on the other hand, is characterized by large concentration intervals for Ba (378 – 536 ppm; 

exceptionally 684 ppm in sample CR27) and Sr (292 – 521 ppm) at similar degrees of differentiation. 

The largest Ba concentrations are thereby observed at sample location CR24 – 25. Based on the Sr 

content of the western section, it is possible to define two groups which coincide with the north-

western (black ellipse in Fig. 6.3F) and south-western (blue ellipse in Fig. 6.3F) sample locations. The 

alkali metals Rb (Fig. 6.3G) and Cs (Fig. 6.3H) tend to be even more scattered. Trends are generally 

absent and a large range of concentrations is observed. Rb contents range from 149 to 180 ppm in the 

eastern section and from 140 to 187 ppm in the western section. The Rb concentrations of the western 

section can however be divided in a north-western (brown ellipse in Fig. 6.2G) and south-western 

(purple ellipse in Fig. 6.3G) group. Cs concentrations (Fig. 6.3H) are more variable in the eastern 

section (4 – 33 ppm) compared to the western section (9 – 18 ppm). Both the largest values and 

greatest variability in Cs concentrations are observed at the heavily weathered outcrop of samples 

CR05 – 15. The lowest concentrations occur at sample location CR17 – 18. 

Figure 6.4 presents a compilation of different types of trace elements such as the alkali metals (e.g. 

Li), transition metals (e.g. Co, Sc and Y), metals (e.g. Ga and Pb) and REE (e.g. Eu-anomaly and the 

La/Lu ratio). Li (Fig. 6.4A) and Be (not shown) concentrations display a similar trend in which the 

western Crommyonia section (77 – 111 ppm Li) is generally more enriched compared to the eastern 

section (18 – 84 ppm Li), regardless of the degree of differentiation. A large number of groups is 

designated on Fig. 6.4A which correspond to individual sample locations. Co (Fig. 6.4B), and to a 

lesser extent V (not shown), display a positive correlation with the MgO content. Co concentrations 

evolve from 7 ppm in the less differentiated rocks towards 2 ppm in the more differentiated rocks. Sc 

(Fig. 6.4C) and Mo (not shown) contents lack a well-defined trend, with concentrations in both eastern 

(5.6 – 7.8 ppm) and western (5.6 – 6.9 ppm) sections varying for similar degrees of differentiation. 

Only the sample location of CR35 – 37 has slightly higher Sc concentrations, which may imply a 

positive correlation with MgO content. As a means of comparison, the values of Pe (1972) appear to 

be distinctly higher than the data obtained in this study. Concentrations of Ga (Fig. 6.4D) remain more 

or less constant (± 25 ppm) at higher degrees of differentiation for both Crommyonia sections. The 

values obtained by Pe-Piper & Hatzipanagiotou  
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Figure 6.4: Harker diagrams of a selection of alkali metals, transition metals, metals and REE.. (A) 

Li versus MgO; (B) Co versus MgO; (C) Sc versus MgO; (D) Ga versus MgO; (E) Y versus MgO; (F) Pb 

versus MgO; (G) Eu anomaly versus MgO; (H) La/Lu versus MgO. See text for further description. 
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Figure 6.5: Harker variation diagram of La (LREE), Dy (MREE) and Yb (HREE). (A) La versus MgO; (B) 

Dy versus MgO; (C) Yb versus MgO. See text for further description. 

(1997) and Pe (1972) are observed to be generally lower than the ones from this study (green ellipse in 

Fig. 6.4D). Y (Fig. 6.4E) is usually regarded as a REE due to its geochemical behaviour that is very 

similar to Ho. Indeed, both Y and the REE in general are enriched in the eastern Crommyonia section 

(i.e. East: 12.5 – 20 ppm Y and West: 10 – 12 ppm Y). However, this enrichment tends to gradually 

diminish from the LREE towards the HREE. The behaviour of the REE during differentiation tends to 

change, depending on the atomic weight of the element and the geographical location. In the eastern 

Crommyonia section, the lightest LREE (e.g. La, Ce, Pr) seem to increase at higher degrees of 

differentiation (Fig. 6.5A), while the heavier LREE and MREE (e.g. Nd unto Dy) remain more or less 

constant (Fig. 6.5B). The HREE generally decrease during differentiation (Fig. 6.5C). In western 

Crommyonia, all REE remain more or less constant or slightly decrease with increasing differentiation 

(Fig. 6.5). Sample CR27 is clearly distinct from all other Crommyonia samples due to its exceptionally 

high concentrations of MREE-HREE (i.e. Sm to Lu in this particular case; Fig. 6.5B-C). However, 

sample CR27 did not display distinct concentrations for any of the HFSE or LILE, except Ba (Fig. 

6.2E).  Sample CR09 also possesses generally high HREE contents (Fig. 6.5C).The Y concentrations 

of Pe-Piper & Hatzipanagiotou (1997) systematically appear to be higher than those obtained during 

this study. A comparison of both studies for the REE patterns was not feasible due to the lack of 

literature data. 

Pb concentrations are scattered and distinct for both Crommyonia sections (Fig. 6.4F). Despite the 

presence of scatter, eastern Crommyonia has a Pb content ranging between 30.5 – 35.5 ppm which 

initially tends to increase at higher degrees of differentiation but then rapidly decreases. The western 

section, on the other hand, has a higher variability in Pb concentrations (32 – 42 ppm) which show no 

CR 27 

CR 27 
CR 09 
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correlation with the MgO content. The values obtained by Pe (1972) are quite high compared to those 

obtained by other studies. Eu is a MREE and an important geochemical indicator for plagioclase 

fractionation. This is due to the distinct behaviour of Eu compared to most other REE. Whereas 

standard REE typically form trivalent ions, Eu can also be divalent in reducing environments 

(McSween et al., 2003). Hence, the similarly-sized Eu
2+ 

ion is able to substitute for the Ca
2+

 ion in the 

plagioclase crystalline structure. Thus, during plagioclase fractionation, the remaining melt is being 

depleted in its Eu content (Weill & Drake, 1973). The Eu anomaly (Fig. 6.4G) can be defined by 

(Davidson et al., 2013): 

Eu anomaly =  
Eu

Eu∗
= 

Eu

(
Sm + Gd

2
)
 

in which Eu is the measured Eu concentration normalized to CI chondrite values according to Sun & 

McDonough (1989), Eu
*
 is the Eu concentration expected based on the measured concentrations of Sm 

and Gd, which are also normalized to CI chondrite values. A larger degree of fractionation is thus 

indicated by a lower Eu anomaly. Based on the obtained knowledge, it is clear that the western 

Crommyonia section reflects less Eu fractionation (± 0.76 on average, excluding sample CR27) than 

the eastern section which clearly experienced more Eu fractionation (± 0.66 on average). Sample 

CR27, yet again, forms an exception owing to the different REE pattern described above. Its Eu 

anomaly amounts to 0.61. The Eu anomaly of the eastern section remains more or less constant with 

increasing differentiation, while the western section seems to show a positive correlation between the 

Eu anomaly and increasing differentiation. The La/Lu ratio (Fig. 6.4H) is a measure used to indicate 

the amount of fractionation that occurred between the LREE (i.e. La) and HREE (i.e. Lu) (Rogers et 

al., 2006). Higher ratios thus indicate more LREE compared to HREE. The roughly defined trend 

reflects an increase in LREE/HREE fractionation at higher degrees of differentiation, although this 

rule of thumb should be implemented with care as a large number of rock samples indicate La/Lu 

ratios between 153 – 267 for a similar degree of differentiation. Sample CR27 forms an exception as it 

has a significantly lower La/Lu ratio of 67. 

Figure 6.6 shows trace element abundance diagrams which are normalized to CI Chondrites (A) and to 

the Primitive Mantle (B) according to the values of Sun & McDonough (1989). Samples were chosen 

based on the geographical location, degree of weathering and trace element Harker variation diagrams. 

About one sample per outcrop was chosen, unless samples within a certain location possessed a 

deviating composition (e.g. sample CR27 and CR17).  

The chondrite normalised trace element abundance patterns confirm what was observed above: 1) 

eastern Crommyonia is enriched in REE compared to the western section, 2) sample CR27 has a 

deviating behaviour from the other members of its western group, 3) except for CR27 and CR17 

which have lower La/Lu ratios, all rock samples show a similarly strong LREE/HREE fractionation. 

This behaviour is partially dependent on the degree of flattening at the HREE (i.e. Yb, Tm and Lu) of 

a single curve. An increasing degree of flattening usually indicates a weaker LREE/HREE 

fractionation. Hence, the eastern Crommyonia section may be divided into two groups which display a 

weaker and stronger fractionation behaviour. 4) Eu anomalies are more pronounced in eastern 

Crommyonia and sample CR27. Sample CR17 initially reflects eastern compositions (i.e. La to Eu) 

but deviates from those patterns showing increasingly higher MREE-HREE contents from Gd to Lu.  

The Primitive Mantle-normalized trace element abundance diagram (Fig. 6.6B) aligns key trace 

elements according to the their increasing degree of compatibility. The Primitive Mantle-normalised  
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Figure 6.6: Crommyonia trace element abundance patterns normalized against CI chondrites (A) and the 

Primitive Mantle (B) according to the values provided by Sun & McDonough (1989). See text for further 

description. 

trace element abundance patterns of the Crommyonia volcanic deposits clearly reflect a subduction 

zone magmatic signature and hence resemble the continental crust (Elburg, 2010): 1) elements such as 

Ti, Nb, P and Ta, which are practically insoluble in hydrous fluids, are strongly depleted, 2) LILE such 

as K, Rb and Cs are highly soluble in hydrous fluids and are thus enriched, 3) a strong LREE/HREE 

fractionation behaviour and 4) a high positive Pb anomaly. Most of the characteristics observed in the 

REE-normalized trace element abundance diagram and trace element Harker variation diagrams are 

also discernible in this diagram. Sample location CR17 – 18 appears to be substantially depleted in Cs 

concentrations compared to all other sample locations. These samples were observed to contain the 

highest amounts of K-feldspar (see chapter 5).Pe-Piper & Piper (2005) reported a strong similarity 

between the trace element abundances of the CR and the average upper- and middle crust (see Fig.10 

of Pe-Piper & Piper, 2005)). This is indeed confirmed by Fig. 6.7. which shows a comparison of the 

Crommyonia trace element abundance patterns normalized to upper, middle and lower crustal 

compositions (Rudnick & Fountain, 1995). Figure 6.7A indicates that most incompatible elements 

including the LILE (Rb, Ba), HFSE (Zr, Hf, U, Th, Ti) and LREE-MREE (La unto Dy) have similar 

abundances as the average upper continental crust. The K and Pb (and occasionally Ni) contents have 

higher abundances, whereas the HFSE (Ta, Nb), HREE (Ho unto Lu), Y and Co (and more frequently 

Ni) contents have generally lower abundances than the average upper crustal composition. The Ta, Nb 

and Sr abundances appear to be rather similar to average middle crustal compositions, while the HREE 

and Y abundances approximate average lower crustal compositions (Fig. 6.7C). The Co and Ni 

abundances are systematically lower than any of the three crustal segments, but approximate the 

average upper crustal composition the best. 

6.3.  Isotope geochemistry 

 

The Sr, Nd and Pb isotope data obtained by the MC-ICP-MS analysis are shown in Figure 6.8. 

The 
87

Sr/
86

Sr ratios for the eastern and western Crommyonia sections appear to be rather high  
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Figure 6.7: Comparison of the Crommyonia trace element abundances normalized to upper (A), middle 

(B) and lower (C) crustal compositions. Average crustal compositions (bold line) provided by Rudnick & 

Fountain (1995). The north-western and south-western Crommyonia sections are not displayed separately due to 

their similar patterns. See text for further description. 

(e.g. Fig. 6.8A). The eastern section generally has a more narrow range of higher Sr isotope ratios 

(0.71188 – 0.71391), while the western section has a wide range of lower Sr isotope ratios (0.70715 – 

0.71062). Sr isotopic compositions seem to be positively correlated with the silica content in the 

eastern and south-western section, while no trend could be discerned for the north-western section. 

With the exception of samples CR06 and CR32, the Sr isotopic compositions of the Crommyonia 

volcanic rocks seem to be linked to their sampling location. Sample CR25 seems to be more affiliated 

with the south-western group, whereas the north-western group is substantially enriched compared to 

the former. Sr isotope ratios are clearly negatively correlated with the Sr concentration (Fig. 6.8B).Nd 

isotopic ratios represent a narrow range of relatively low values across the Crommyonia region (Fig. 

6.8C). The western section generally has a wider range of higher 
143

Nd/
144

Nd ratios (0.512146 - 

0.51222) in comparison to the eastern section (0.512103 –0.512214), with the exception of sample 

CR35 (0.51218). No correlation between the Nd isotopic ratios and silica contents is observed. Nd 

isotopic ratios generally lack a clear correlation with Nd contents (not shown). Figure 6.8D presents 

the correlation between the 
87

Sr/
86

Sr and 
143

Nd/
144

Nd ratios of the Crommyonia rocks as well as their 

position relative to Bulk Silicate Earth (BSE). The latter composition is identical to that of the 

Primitive Mantle (PM) used to normalize the trace element patterns in Fig. 6.6. Figure 6.8D clearly 

confirms the strong enrichment and depletion of 
87

Sr and 
143

Nd, respectively, compared to the BSE.  
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Figure 6.8: Graphical representation of the Sr, Nd and Pb isotopic ratios. (A) 

87
Sr/

86
Sr versus SiO2. 

(B) 
87

Sr/
86

Sr versus Sr. (C) 
143

Nd/
144

Nd versus SiO2. (D) 
143

Nd/
144

Nd versus 
87

Sr/
86

Sr. (E) 
207

Pb/
204

Pb 

versus 
206

Pb/
204

Pb. (F) 
208

Pb/
204

Pb versus 
206

Pb/
204

Pb. (G) 
208

Pb/
204

Pb versus 
207

Pb/
204

Pb. (H) 
208

Pb/
204

Pb 

versus SiO2. See text for further description. 
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Moreover, a clear distinction between the eastern and western groups can be made on the basis 

of their Sr isotopic composition, although samples CR20 and CR21 seem to bridge the gap. 

The Pb isotopic ratios are rather enriched and also display a clear distinction between the 

eastern and western Crommyonia sections (Fig. 6.8E-H). The latter is characterized by a more 

narrow range of lower 
206

Pb/
204

Pb (18.7615 – 18.8157), higher 
207

Pb/
204

Pb (15.7178 – 15.7189) 

and lower 
208

Pb/
204

Pb (39.1361 – 39.1506) ratios compared to the eastern section which 

features a very wide range of higher 
206

Pb/
204

Pb (18.8443 – 18.8812), lower 
207

Pb/
204

Pb 

(15.7108 – 15.7177) and higher 
208

Pb/
204

Pb (39.1615 – 39.2126) ratios. Although the Pb 

isotopic ratios in the western Crommyonia section display a clear correlation with their 

geographical sampling location, this trend generally seems to be lacking in the eastern section. 

The latter systematically shows lower Pb isotope ratios for samples CR35 and CR43, whereas 

the highest Pb isotopic compositions are reflected in sample CR06. The 
208

Pb/
204

Pb ratio does 

not seem to show any correlation with increasing silica contents (Fig. 6.8H) nor Pb 

concentrations (not shown). The 
206

Pb/
204

Pb ratio only displays a negative correlation with Pb 

and silica contents in the south-western Crommyonia section (not shown). The 
207

Pb/
204

Pb 

ratios do not show any correlation at all (not shown). 

The Hf isotopic composition of the Crommyonia volcanic rocks is shown in Fig. 6.9. The 
176

Hf/
177

Hf ratios in the western section are generally higher and range from 0.282464 – 

0.282531, with the exception of the substantially higher value obtained for sample CR21 

(0.282670). The eastern section features lower Hf isotopic ratios that range between 0.282426 

– 0.282497. Figure 6.9A clearly indicates that the Hf and Sr isotopic ratios are negatively 

correlated to each other, similar to the 
143

Nd/
144

Nd versus 
87

Sr/
86

Sr diagram in Figure 6.8D. 

Although the Hf isotopic ratios of the south-western Crommyonia section show a close 

resemblance, there does not seem to be any correlation between the 
176

Hf/
177

Hf ratios and 

sampling locations for the north-western and eastern sections. Figure 6.9B puts the Hf and Nd 

isotopic ratios in perspective to the BSE. The values are, however, expressed in εCHUR-values. 

This value can be defined as: 

εNd = 

[
 
 
 
 (

Nd143

Nd144 ) i

(
Nd143

Nd144 )CHUR

− 1

]
 
 
 
 

x 10000 

in which (
143

Nd/
144

Nd)i is the initial Nd isotopic ratio at the time of rock formation and 

(
143

Nd/
144

Nd)CHUR is the Nd isotopic ratio of the primitive mantle at the time of rock formation. Values 

for the BSE are modelled and hence differ amongst authors. The values for (
143

Nd/
144

Nd)CHUR and 

(
176

Hf/
177

Hf)CHUR at the time of BSE formation are assumed to be 0.512630 and 0.282785, respectively, 

as suggested by Bouvier et al. (2008). These values may then be used to calculate the CHUR isotope 

ratios at the time of rock formation. Although the Nd and Hf isotopic compositions obtained by MC-

ICP-MS analysis are not the initial values, the limited age of the Crommyonia volcanic deposits (4.05 

– 2.3 Ma; Schröder, 1976; Fytikas et al., 1976; Bellon et al., 1979; Collier & Dart, 1991) and 

generally low disintegration constants for the Nd and Hf isotopic systems, it may be assumed that the 

measured (i.e. current) values approximate their initial ones. As both 
147

Sm (i.e. the parent isotope) and 
143

Nd (i.e. the daughter isotope) are quite compatible in mantle minerals, they generally tend to be 

depleted in crustal materials. Hence, if εCHUR(Nd)-values are positive, they usually represent materials 

with a strong affiliation to the mantle. On the contrary, if εCHUR(Nd)-values are negative, than they 

usually represent enriched (i.e. crustal) materials. Hf isotopes reflect a similar behaviour, despite  
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Figure 6.9: Graphical representation of the Hf isotopic ratios. (A) 
176

Hf/
177

Hf versus 
87

Sr/
86

Sr. (B) ε(Hf) 

versus ε(Nd). (C) 
176

Hf/
177

Hf versus SiO2. (D) 
176

Hf/
177

Hf versus Hf. See text for further description. 

its incompatibility in mantle minerals. Hence, the depletion of the Hf isotopic ratio in enriched 

materials is a result of the compatibility of its parent isotope, i.e. 
176

Lu., in mantle minerals. Indeed, Lu 

appears to be more compatible in mantle minerals compared to crustal ones. From the foregoing, it 

may be concluded that the CR appear to display a strong crustal-derived signature. This is less 

apparent for sample CR21 which has a substantially higher ε(Hf) value, despite its very low ε(Nd) 

value. Sample CR20 seems to be more closely related to the eastern section, while sample CR35 has 

similar characteristics as the western section. The Hf isotopic ratios in the eastern section appear to be 

negatively correlated with the silica content (Fig. 6.9C), whereas no trend can be defined for the Hf 

isotopic ratios of the western section. This figure also indicates a strong correlation between the 
176

Hf/
177

Hf ratios and silica contents on the one hand and the geographical location of the CR on the 

other. To conclude, the 
176

Hf/
177

Hf versus Hf diagram in Fig. 6.9D clearly displays a negative 

correlation. This was expected since the HFSE were enriched and the Hf isotopic ratios were depleted 

in the eastern Crommyonia section (Fig. 6.3 and 6.9). 
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6.4. Geochemical classification of the Crommyonia rhyodacites 

 

Whereas a general geochemical comparison of eastern and western Crommyonia is presented above, 

the following section discusses the identification of different groups within the eastern and western 

CR, solely based on their geochemistry. This geochemical classification is then subsequently 

compared to the petrographic identified groups (see section 5.3).  

6.4.1. Western Crommyonia: Geochemical groups (GG) 1-3 

 

Petrographic examination of the western CR suggested a transition between north-western 

Crommyonia (GG 1) – sample CR25 (GG2) – south-western Crommyonia (GG3). This is confirmed 

by the major and trace element contents on the one hand and the Sr-Nd-Hf isotopic compositions on 

the other. Major element compositions of MgO, K2O (Fig. 6.10A) and Al2O3 clearly follow this trend 

and increase from south-western towards north-western Crommyonia. The opposite trend is observed 

for the Na2O concentrations. The transitional role of sample CR25 is marked by similar contents of 

MnO and Fe2O3 with the north-western Crommyonia section, whereas CaO contents are more similar 

to the south-western section. Concentrations for P2O5 and TiO2 are more or less uniform within 

western Crommyonia. The average ASI value in the north-western Crommyonia section (~ 1.16) is 

rather high compared to those of sample CR25 and the south-western section (~ 1.09) (Fig. 6.2B; 

Table 6.1). Trace elements which are progressively enriched from the south-western to north-western 

Crommyonia section include the HFSE (Ta, Nb, Th, U), LILE (Rb, Ba), LREE and the (earth) alkali 

metals of Li and Be (Fig. 6.10B) and Pb. However, the opposite pattern is observed for the other LILE 

(Cs, Sr), MREE-HREE and the 1
st
 series of transition metals such as Sc and Cr. Uniform trace element 

abundances are observed for Zr, V, Ga and Y (except sample CR27). Sr isotopic ratios increase 

progressively from south-western (~0.70757) towards north-western Crommyonia (~0.71060) (Fig. 

6.10C) and are accompanied, as expected, by an opposite trend for the 
143

Nd/
144

Nd (from 0.512207 to 

0.512148) and 
176

Hf/
177

Hf (from 0.282521 to 0.282464, not taking into account the anomalously high 

value of 0.282670 for CR21) ratios. Whereas the 
207

Pb/
204

Pb ratio (~15.7184) is considered to be 

constant within the western Crommyonia region, there is a systematic decrease from the south-west to 

the north-west for the rhyodacites’ 
206

Pb/
204

Pb (from 18.8075 to 18,7621) (Fig. 6.10D) and 
208

Pb/
204

Pb 

(from 39.1486 to 39.1365) ratios. Interestingly, Li contents are observed to increase (from 77 to 90 

ppm; not shown), whereas the 
206

Pb/
204

Pb ratios (from 18.8157 to 18.7991; Fig.6.10D) decrease during 

differentiation in the south-western section.  

6.4.2. Eastern Crommyonia: Geochemical groups (GG) 4-7 

 

Samples CR 32-33-35-36-37, defined in section 5.3. as petrographic Group E, form a distinct 

geochemical group (GG4) which possess the lowest silica contents in the Crommyonia region. These 

are ~66 wt% on average in CR35-36-37 and form a compositional gap of ~ 2 wt% SiO2 with CR32-33. 

Both subgroups form a differentiation trend which is illustrated by decreasing Al2O3, CaO 

(Fig.6.11A), Fe2O3, MgO and TiO2 (i.e. the elements typically enriched in less differentiated magmas) 

contents in the eastern Crommyonia region. Concentrations of K2O increase, whereas MnO (Fig. 

6.11B), Na2O and P2O5 are similar for both subgroups. The ASI values are the lowest in the complete 

Crommyonia region and are even mildly metaluminous to slightly peraluminous (0.99-1.04). 

Incompatible trace elements such as the HFSE (Hf, Zr, Nb, Ta, Th), LILE (Rb, Ba), LREE-MREE  



 
 

91 
 

 

Figure 6.10: Geochemical classification of the western CR. GG: Geochemical group. (A) K2O versus SiO2; 

(B) Be versus SiO2; (C) 
87

Sr/
86

Sr
 
 versus SiO2; (D) 

206
Pb/

204
Pb versus SiO2. See text for description. 

(La-Gd) have the lowest abundances in the eastern Crommyonia section and systematically increase 

from CR35-36-37 to CR 32-33. The reverse pattern is mainly observed for the concentrations of the 1
st
 

series of transition metals (Sc, V, Cu, Co, Cr, Zn), Sr, Mo and the HREE (Er-Lu). Li (24 versus 91 

ppm) and Be (3.25 versus 5.79 ppm) contents have rather low abundances compared to the western 

Crommyonia section and only slightly increase from CR35-36-37 to CR32-33 (Fig. 6.11C). Isotopic 

ratios of Sr, Nd and Hf are the least crust-related in the eastern section, but are markedly enriched in 

comparison with the western CR. Additionally, the Sr isotopic ratios increase (0.71188 to 0.71322), 

whereas the Nd (0.51218 to 0.51214) (Fig. 6.11D) and Hf (0.282497 to 0.282435) isotopic ratios 

decrease from CR35-36-37 to CR32-33. However, the Pb isotope compositions all seem to be 

decoupled from the former isotopic isotopic ratios and are generally more radiogenic than the western 

Crommyonia section, with the exception of the 
207

Pb/
204

Pb ratio. The Pb isotopic ratios (
206

Pb/
204

Pb: 

18.8463 to 18.8614, 
207

Pb/
204

Pb:15.7109 to 15.7147, 
208

Pb/
204

Pb: 39.1649 to 39.1880) systematically 

increase from CR35-36-37 to CR32. 

Geochemical groups 5 (petrographic Group D: CR 03-04-39-40-41-42-43) and 6 (petrographic groups 

F+G+H: CR06-07-08-17-18) continue the trend defined by the previous group, although both groups 

frequently tend to deviate. For instance, the Al2O3, CaO (Fig. 6.11A), TiO2 concentrations are higher 

in GG6, whereas the Fe2O3, K2O and MnO (Fig. 6.11B) contents are higher in GG5. The MgO and 

Na2O are more or less similar. The ASI values continue their increase and are slightly higher in GG5 

(~ 1.07 – 1.12 versus 1.04 – 1.11 in GG6). Trace element compositions mainly seem to continue the 



 

92 
 

differentiation trends with increases of the HFSE and LREE-MREE (La-Tb, with the exception of Eu 

and Dy which remain constant). The 1
st 

series of transition metals (Sc, V, Cu, Zn, Co and Cr), Ga, Y, 

Mo and the MREE-HREE (Er-Lu) start or continue their decline. The LILE display a variable 

behaviour with variable abundances of Cs and Sr, slight decreases of Rb contents and increasing 

abundances of Ba. The U, Th, Pb, Li (Fig. 6.11C)  and Be concentrations display a large variability in 

GG6. The HFSE, LILE, Ga, U and Th abundances are thereby systematically higher in GG5, while the 

Li, Be, Y, Sc, Ni and V concentrations are higher in GG6. The LREE and lightest MREE (La to Nd) 

have higher abundances in GG5, whereas the MREE (Sm to Tb) are similar in both groups. The 

heaviest MREE and HREE (Dy to Lu) have higher abundances in GG6. Sr-Nd-Hf isotopic ratios 

appear to be gradually enriched and are generally more radiogenic in GG5 (
87

Sr/
86

Sr: ~0.7136 versus 

0.7125; 
143

Nd/
144

Nd: ~0.512112 versus 0.512145 (Fig.6.11D); 
176

Hf/
177

Hf: ~0.282435 versus 

0.282434). The Pb isotopes are clearly decoupled and possess less radiogenic in comparison with 

GG4, but are systematically more radiogenic in GG6 (
206

Pb/
204

: 18.8605 versus ~18.8495; 
207

Pb/
204

Pb: 

15.7150 versus ~15.7131; 
208

Pb/
204

Pb: 39.1891 versus ~39.1734). 

The final group (GG7) has the highest silica contents in the Crommyonia region and generally 

corresponds with petrographic Group H (with the exception of CR08 which is placed in GG6). Major 

element compositions mostly follow the previous defined trends (e.g. Fig. 6.11A), although several 

discrepancies are observed in comparison with the former groups. For instance, the Al2O3 and TiO2 

contents are higher than expected, whereas the MnO (Fig. 6.11B) and Na2O concentrations are now 

observed to decrease. The K2O contents generally seem to stagnate, whereas samples CR09-13 possess 

markedly lower P2O5 concentrations. The ASI values strongly increase and are the highest in the 

eastern Crommyonia region (~ 1.17). Trace element abundances also reflect the variable behaviour of 

GG7. Most incompatible elements are observed to decrease (i.e. HFSE, LILE and REE), with the 

exception of Zr and Y. The 1
st
 series of transition metals display a mixed behaviour with increasing 

abundances of Sc, Cr and Co on the one hand, and decreasing abundances of V, Cu and Zn on the 

other. Concentrations of Ga, Mo, U, Pb and Th are observed to decrease. Li (Fig. 6.11C) and Be 

contents are the highest in eastern Crommyonia. Isotope compositions of Sr-Nd-Hf-Pb also seem to 

display more variability in comparison with the previously discussed groups. Although the Sr isotopic 

ratios are observed to evolve towards more radiogenic compositions (
87

Sr/
86

Sr: ~0.71386), this does 

not seem to be reflected by the Nd-Hf isotopic compositions (
143

Nd/
144

Nd: ~0.512140 – Fig. 6.11D, 
176

Hf/
177

Hf: ~0.282431). Instead, Nd isotopic ratios are less radiogenic, whereas those of Hf remain 

more or less constant in comparison to GG5-6. The Pb isotopes appear to be decoupled once again and 

possess more radiogenic compositions (
206

Pb/
204

Pb: ~18.8614, 
207

Pb/
204

Pb: ~15.7147, 
208

Pb/
204

Pb: 

~39.1906). 

Table 7.2 reveals that most of the petrographic defined groups correspond with their geochemical 

analogues, with the exception of GG6 which is a combination of petrographic groups F-G-H. 

 



 
 

93 
 

 

Figure 6.11: Geochemical classification of the eastern CR. GG: Geochemical group. (A) CaO versus SiO2; 

(B) MnO versus SiO2; (C) Li versus SiO2; (D) 
143

Nd/
144

Nd versus SiO2. See text for further description. 

 

 

 

 

 

 

 

 

 

 

 

 



 

94 
 

Table 7.2: Petrographic-geochemical classification of the CR. Petrographic groups A-I as classified in section 

5.3 and geochemical groups 1-7 as defined in this section. 

 

Sample Petrographic Group  Geochemical Group 

CR19 

A 
1 

CR20 

CR21 

CR23 

CR24 
B 

CR25 2 

CR26 

C 3 CR27 

CR29 

CR03 

D 6 

CR04 

CR39 

CR40 

CR41 

CR42 

CR43 

CR35 

E 

 

4 

 

CR36 

CR37 

CR32 

CR33 

CR17 
F 

 

 

7 

 

 

CR18 

CR06 
G 

CR07 

CR08 

H 

CR09 

8 
CR11 

CR13 

CR14 
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CHAPTER 7: PETROGENESIS OF THE CROMMYONIA RHYODACITES 
 

Pe-Piper & Piper (2005) briefly suggested that the CR could be the principal result of mid-crustal 

anatexis of a Hercynian paragneiss in the Attic-Cycladic basement. They based this hypothesis mainly 

on the Sr-Nd isotopic ratios, which reflected a strong, crustal signature. Additionally, trace element 

contents also resembled average middle to upper crustal values (see Fig.10 in Pe-Piper & Piper, 2005 

and Fig. 6.7). However, does their hypothesis stroke with the evidence obtained during this more 

detailed petrographic and geochemical study? Is it not more likely that volcanism was driven by the 

active Hellenic subduction zone instead? And what was the role of major extensional phases in the 

Central Aegean region since Eocene times? An attempt to solve these questions is presented below. 

The derived petrogenetic model is subsequently tested through geochemical modelling in section 7.4. 

 

7.1.  Petrogenetic indications derived from fieldwork, petrographic and geochemical data 

 

Petrogenetic information obtained through fieldwork was generally limited to the presence of several 

garnet macrophenocrysts, a small amount of presumed mafic enclaves, abundant K-feldspar 

megacrysts, purple quartz macrophenocrysts and occasional megacrysts of the green hastingsite 

hornblende variety (see chapter 4). The petrogenesis of the CR can be further constrained by the 

examination of muscovite, sillimanite, monazite/xenotime and heavily resorbed crystals of quartz and 

K-feldspar (see chapter 5). These are complemented by geochemical and isotopic data (see chapter 6), 

which may both support and discard the proposed hypotheses. 

7.1.1.  Plagioclase 

7.1.1.1.  Plagioclase textures and their corresponding significance 

 

Sieve textures (Fig. 5.2B) develop when albite(Na)-enriched plagioclase crystals are introduced to a 

high-temperature environment. This may occur when a hot, mafic magma settles beneath a granitic 

pluton (De Grave, 2012). High temperatures stabilize the anorthite (Ca) component of plagioclase and 

results in the dissolution of albite-enriched crystals. The latter accumulate numerous melt inclusions 

and develop a grey, mottled appearance which is the actual sieve texture. Rims of the partially 

dissolved crystals are subsequently used as a nucleation point for the crystallization of Ca-enriched 

plagioclase. Hence, this results in the development of reversely zoned plagioclase crystals. Sieve 

textures were frequently observed in macrophenocrysts, but are generally scarce or absent in 

phenocrysts and microlites. This suggests that the former experienced a phase of elevated 

temperatures, while the latter crystallized simultaneously or afterward. The presence of small, rounded 

biotite crystals in sieve-textured plagioclase is thought to represent the same process (Fig. 5.2C).  

Oscillatory zoning involves crystallization and cyclic alteration between more Ca-rich and Na-rich 

plagioclase rims (Fig. 5.2A). Vernon (2004) attributes this phenomenon to subtle compositional 

differences in the direct environment of plagioclase crystals. This process is mainly controlled by 

diffusion and enhanced by cyclic supersaturation of anorthite and albite components at close vicinity 

of the plagioclase crystal. Oscillatory zoning of plagioclase crystals is considered to be common 

within plutonic rocks, but also appears within andesitic-dacitic rocks.  
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Glomeroporphyritic textures of plagioclase were frequently observed during thin section analysis of 

the eastern CR (Fig. 5.2A-B). However, these features appeared to be completely absent in the western 

section. Most structures contain subhedral-euhedral plagioclase crystals and are in close contact with 

each other. Plagioclase accumulations usually lack sieve textures, although some were heavily affected 

(Fig.5.10D). This implies that some of these structures were already present when the heating event 

occurred. Is it possible that these accumulations are in fact cumulates? Vernon & Collins (2011) listed 

several criteria to identify the presence of cumulate rocks: 1) abundant euhedral crystals should be in 

contact with each other; 2) crystals generally possess a reaction rim; 3) crystals possess a variety of 

zonation patterns and 4) crystals form a glomeroporphyritic aggregate. Although conditions 1) and 4) 

are more or less met, accumulations only display oscillatory zoning and do not contain reaction rims. 

Hence, these structures probably do not represent cumulates, but were most likely formed by the 

process of synneusis. This process involves migration and subsequent adhesion of crystals formed 

within the silicate melt (Vance, 1969). Adhesion most likely succeeds due to the low free energy on 

specific crystal surfaces. Both plagioclase and K-feldspar are common minerals which are observed to 

be influenced by synneusis. It remains questionable why these accumulations were only examined in 

the eastern Crommyonia section as synneusis is a common process. 

The presence of multiple, euhedral zircon and apatite inclusions in plagioclase, quartz and K-feldspar 

macrophenocrysts supports the inheritance of these minerals from a plutonic source rock (Smet, 2014). 

7.1.1.2.  Identifying the presence of plagioclase fractionation 

 

Plagioclase fractionation should be apparent by the progressive depletion of CaO during magma 

differentiation (Fig.6.1C). Although this trend is indeed observed, compatibility of Ca in hornblende 

crystals undoubtedly complicates this interpretation. This obstacle may easily be overcome by 

considering the Sr contents instead. Strontium is mainly compatible in plagioclase, but not in 

amphibole (GERM database: http://earthref.org/KDD/). Hence, decreasing abundances of Sr in the 

Crommyonia region should reflect plagioclase fractionation. This is indeed confirmed by Fig. 6.3F, 

although this is less apparent in the western Crommyonia section. This region requires more data 

points in order to discern/confirm a possible trend. 

Plagioclase fractionation may also be identified by examining the Eu anomaly (Fig. 6.4G). This 

principle was briefly explained in section 6.2., and progressively results in more pronounced negative 

Eu anomalies (i.e. lower values) during plagioclase fractionation. Figure 6.4G seems to confirm the 

presence of plagioclase fractionation in the eastern Crommyonia section, despite scatter. This 

relationship is less apparent in the western Crommyonia section. A thorough examination of Fig. 6.4G 

seems to suggest that both Crommyonia sections were derived from different source rocks. This is 

illustrated by the initial Eu anomaly of the ‘most mafic’ host rocks. These reflect a more differentiated 

source in the eastern Crommyonia section which already experienced a large degree of plagioclase 

fractionation. The western Crommyonia section would then be derived from a more primitive source 

which experienced modest amounts of plagioclase fractionation. 

Pe-Piper & Hatzipanagiotou (1997) analysed a series of plagioclase crystals and inferred the presence 

of different crystallization stages (see section 5.1). They concluded that the presence of several crystal 

populations could be attributed to magma mixing. Both Crommyonia sections were thereby interpreted 

to have experienced similar petrogenetic evolutions. Pe-Piper & Hatzipanagiotou (1997) further used 

plagioclase phenocryst compositions to infer the depth of plagioclase-liquid equilibrium according to 

the method of Ghiorso & Carmichael (1980). This yielded pressures up to ~10 kbar or 1 GPa, which 

http://earthref.org/KDD/
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corresponds to crustal depths of  ~30 km. However, this method was originally conceived for 

metaluminous magmas, whereas all CR were observed to possess a peraluminous behaviour (Table 6.1 

and Fig. 6.2). 

7.1.2.  Hornblende 

 

The hastingsite variety of hornblende was mainly observed to be associated with a Type-1 or 

oxyhornblende reaction rim. It has already been mentioned in section 5.1.1. that this alteration occurs 

as a result of oxidation at temperatures exceeding 800° C (Pichler & Schmitt-Riegraf, 1997). This 

implies that green hornblende was derived from a crustal lithology prior to its incorporation into the 

magma which eventually formed the CR. Hence, this crustal material, including  hastingsite 

hornblende crystals, must have contaminated a primary magma source. However, abundant amounts 

of hastingsite crystals are found in both Crommyonia sections. Two suggestions can be provided to 

explain this observation: 1) a primary magma source was heavily contaminated by crustal materials, 

i.e. hastingsite represents xenocrysts and 2) a crustal source rock experienced partial melting, i.e. 

hastingsite was inherited from this source rock. The latter option may thereby explain the presence of 

oxyhornblende rims. Section 7.1.11. will combine all observations in order to elucidate the 

petrogenesis of the CR.  

Are there any indications to support the role of amphibole fractionation in the petrogenesis of the CR? 

A clue may be provided by the general absence of hornblende crystals in petrographic Group D – 

geochemical group 5 (see section 5.3. and 6.4.). If this observation can be attributed to a higher degree 

of hornblende fractionation, then this should be illustrated by lower concentrations of hornblende-

compatible elements such as Sc, V, Y, MREE and (to a lesser extent) the HREE (GERM database: 

http://earthref.org/KDD/). Although subtle, all elements seem to be slightly depleted in members of 

petrographic Group D. Hence, it is suggested that these signatures represent a higher degree of 

hornblende fractionation, in agreement with petrographic observations. This is also illustrated by the 

Dy versus Lu diagram in Fig. 7.1. Members of Group D are therein characterized by more rapid 

decreases in Dy (MREE) contents compared to other samples from the eastern Crommyonia section. 

The north-western CR display an intermediate degree of hornblende fractionation, compared to the 

trends defined in the eastern section. No trend appears to be discernible for the south-western section. 

The identical behaviour of Y and Dy (compare Fig. 6.4E and Fig. 6.5B) suggests that these elements 

are mainly controlled by hornblende fractionation during the differentiation of the Crommyonia 

magma. 

Ridolfi et al. (2010) have devised a method to obtain crystallization temperatures and pressures of 

hornblende based on its major element composition. Pe (1972) published a single hornblende 

composition for the Crommyonia region which was subsequently implemented and tested. 

Unfortunately, this did not yield any viable information. 

7.1.3.  Garnet 

 

The crystalline structure of garnet is classified amongst the ortho- or nesosilicates: (Nesse, 2004, 

Pichler & Schmitt-Riegraf, 1997):   

X3
2+

 Y2
3+

 [SiO4]3 

http://earthref.org/KDD/
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Figure 7.1: Dy (MREE) versus Lu (HREE) diagram. The samples encircled in blue represent petrographic 

group D which was characterized by the absence of amphibole during thin section analysis and is marked by 

steeper Dy trends which indicates higher degrees of amphibole fractionation. Samples encircled in yellow are 

thought to have experienced more average degrees of amphibole fractionation. The north-western Crommyonia 

samples define a trend (not encircled) which is intermediate to the aforementioned ones. 

in which the ‘X’ cation is typically filled in by Mg
2+

, Fe
2+

, Mn
2+

 and Ca
2+

, while the ‘Y’ cation mainly 

contains Al
3+

, Fe
3+

 or Cr
3+

. The garnet crystals observed during this study should be gathered within 

the pyralspite (Al-rich) series, which consists of the pyrope (X = Mg), almandine (Fe
2+

) and 

spessartine (Mn) varieties, based on their characteristic, macroscopic red colour. Pyralspite is a solid 

solution and consequently incorporates variable degrees of Mn, Fe and Mg. In general, most pyralspite 

garnets are observed to contain a large almandine component (Alonso-Perez et al., 2009; Pichler & 

Schmitt- Riegraf, 1997). This remains an approximation as no chemical analyses of garnet are 

available for the Crommyonia region. 

According to Alonso-Perez et al. (2009), garnet is considered to be stable within the crust at depths of 

25-40 km (i.e. 8-12 kbar) in continental arc-related settings. However, garnet requires water contents 

up to 6 wt% in order to be stabilized at depths of 25-30 km. This prerequisite generally decreases with 

increasing depth. Hence, the biotite-plagioclase reaction rim observed in sample CR01 (amongst 

others; see section 5.1.1 – Fig. 5.8B-C) can be considered as the result of retrograde metamorphism at 

lower pressure-temperature settings. This is analogous to e.g. the chlorite-quartz reaction rim on garnet 

crystals which is also used as a geothermobarometer (e.g. Inui & Toriumi, 2004; Grambling, 1990). It 

is not immediately discernible whether garnet is primary or inherited from a magmatic or metamorphic 

source. This would be possible to derive from trace element distributions within garnet crystals, but 

such analysis was not performed during this Master thesis.  
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Figure 7.2: Compilation of bivariate diagrams in order to discriminate garnet and amphibole 

fractionation during the petrogenesis of the CR and the Saronic Gulf volcanics. (A) Dy/Yb versus SiO2; (B) 

Sr/Y versus Y; (C) Mg number (%) versus Al2O3; (D) MnO versus SiO2 See text for further discussion. 

The presence of garnet either as a residual mineral during partial melting or crystallising mineral 

during fractionation of a silicate melt may also be inferred from the REE patterns in Fig. 6.6. Garnet 

strongly retains the HREE (i.e. Er, Tm, Yb and Lu), which is reflected by the low abundances of these 

elements in trace element abundance diagrams (Fig. 8.3: comparison of the CR and Saronic Gulf 

volcanics). This seems to confirm the involvement of garnet in the petrogenesis of the CR. Smet (2014 

and references therein) mentions several additional methods to indicate the presence of garnet and/or 

amphibole during fractionation or partial melting (Fig. 7.2): 

1) The graphical representation of the silica content versus the Dy/Yb ratio aids the discrimination 

between both mineral phases (Fig. 7.2A). A steep positive correlation is thereby interpreted to 

represent garnet fractionation, whereas a modest negative correlation indicates the fractionation of 

amphibole. The reasoning behind these systematics can be explained by the preferential retention of 

MREE in amphibole crystals, in contrast to the retention of HREE in garnet. Figure 7.2A seems to 

suggest an important role of garnet in the petrogenesis of the CR, whereas the volcanic deposits of the 

remaining Saronic Gulf centres possess a dominant amphibole fractionation trend. Interestingly, the 
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rhyodacites from western Crommyonia were not observed to contain garnet during macro- and 

microscopic examination, but clearly seem to follow the garnet fractionation trend.  

2) Garnet involvement could be associated with a combination of high Sr/Y ratios and low Y contents 

(Fig. 7.2B). This will occur when fractionation or partial melting takes place outside the stability field 

of plagioclase (Sr compatibility) and within the stability field of garnet (Y compatibility). Figure 7.2B 

seems to indicate a strong involvement of garnet in the western Crommyonia region. This relationship 

is far less pronounced in the eastern Crommyonia section and is more closely related to the volcanic 

rocks of the Saronic Gulf centres. Hence, does this preclude garnet involvement in the eastern 

Crommyonia region? This question can be answered by combining the knowledge obtained from the 

Sr (section 7.1.1.) and Y (section 7.1.2.) patterns. These do not seem to support a role of garnet 

fractionation as Y contents were interpreted to represent the fractionating behaviour of amphibole. 

Additionally, the presence of marked Eu anomalies in the ‘most mafic’ host rocks do not support the 

role of residual garnet phases during partial melting outside the stability field of plagioclase. 

3) Fractionation of almandine-rich garnet or partial melting of an almandine-rich garnet-bearing 

source rock would deplete the Fe-Al concentrations within the (newly-formed) melt. The latter would 

subsequently be enriched in MgO and should therefore be characterized by higher Mg numbers (Fig. 

7.2C and Fig. 6.2A). Garnet involvement is not immediately reflected in the eastern Crommyonia 

section as their Mg numbers are rather low. The Al2O3 contents are, however, required to be low, but 

do not vary significantly from those of the Saronic Gulf centres, which would be expected if garnet 

played a major role. It should however be mentioned that all CR are peraluminous (Table 6.1), which 

implies that all were derived from an Al-enriched source and/or were contaminated by peraluminous, 

crustal rocks. These processes consequently impede a straightforward interpretation. The western CR 

possess higher Mg numbers and were already observed to contain high Sr contents. Hence, this 

supports the presence of garnet, but could also be interpreted as the signature of a more primitive 

source rock.  

4) The incorporation of an important spessartine (Mn) component in fractionating or residual garnet 

phases should result in the depletion of MnO in the (newly-formed) melt. This seems to be confirmed 

by Fig. 7.2D in which the CR seem to plot below the general decreasing trend of the Saronic Gulf 

volcanic deposits. This cannot be ascertained due to the lack of information on the garnet 

compositions. 

Overall, evidence for the presence of garnet in the petrogenesis of the CR appears to be ambiguous 

based on the bivariate diagrams in Fig. 7.2. These preferentially indicate a role of garnet in the western 

Crommyonia section, although it was never observed. The opposite pattern is exhibited in the eastern 

Crommyonia section. Thus, it should be concluded that the underlying processes in the Crommyonia 

region are more complicated and involve other mineral phases such as amphibole (see section 7.1.2.). 

The general depletion of the HREE in the Crommyonia region rather supports the role of garnet as a 

residual mineral phase during partial melting within the stability field of garnet, amphibole and 

plagioclase. No evidence is found for garnet fractionation during differentiation of the Crommyonia 

magma.  

7.1.4.  K-Feldspar 

 

The K-feldspar megacrysts examined in most volcanic rocks of the eastern Crommyonia section are 

thought to be xenocrysts which were derived from a crustal source rock. Vernon (1986) reports K-

feldspar megacrysts up to 20 cm large in granitoid rocks. These are typically characterized by simple 
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twinning (Eggleton, 1979). The origin of their extreme size is still a matter of debate, although very 

low nucleation versus growth ratios at minor degrees of undercooling were proposed by Swanson 

(1977) (Fig. 7.3). Nucleation favours the development of abundant, small and euhedral crystals, 

whereas growth focusses on the expansion of previously-formed crystals. The latter process is inferred 

to have dominated during K-feldspar megacryst development. Nucleation may be prevented by the 

presence of water in the silicate melt, which tends to break Si-O and Al-O bonds (Fenn, 1977). 

Although K-feldspar is commonly thought to crystallize near the end of the Bowen sequence, 

megacrysts frequently appear to possess a perfect euhedral shape. This observation is clarified by 

several experiments which indicate that K-feldspar starts to nucleate when 60-70% of the original 

magma is still molten (Clemens & Wall, 1981; Winkler & Schultes, 1982).  

The numerous inclusions of K-feldspar, plagioclase and biotite (Fig. 5.7B) within K-feldspar 

megacrysts are interpreted to reflect synneusis (Vernon, 2004; see section 7.1.1.). The concentric 

arrangement of these inclusions appear to be controlled by dominant crystallographical orientations.  

Vernon (2004) states that K-feldspar megacrysts may be dissolved and rounded due to instability 

within a hybridized magma. This would occur at temperatures exceeding 900°C (Parker et al., 2005). 

However, these should typically be rimmed by plagioclase as this is the most dominant and stable 

feldspar phase present within the mafic magma (Phillips, 1980; Harker & Marr, 1891; Hibbard, 1981). 

K-feldspar megacrysts from eastern Crommyonia are generally resorbed but were never observed to 

possess a plagioclase rim. This would imply that a limited amount of interaction occurred between the 

felsic-mafic magma bodies (see section 7.2.).  

Zonation features in K-feldspar crystals are attributed to variations in Ba contents (Vernon, 1986). Ba 

concentrations commonly decrease from the centre of the crystal towards the rim (i.e. normal 

zonation). Oscillatory zoning may also be observed and is thought to indicate a plutonic origin 

(Vernon, 2004). Unfortunately, these features could not be observed here during thin section analysis. 

Moreover, no clear relationship between Ba contents and the presence of K-feldspar megacrysts could 

be observed for the Crommyonia region (Fig.6.3E). The highest Ba concentrations were typically 

present in several western CR, which lack K-feldspar megacrysts. Ba concentrations might therefore 

be related to a more primitive source rock, as suggested for the Sr contents earlier (see section 7.1.1.). 

Unfortunately, no correlation between Sr and Ba contents seems to be apparent (Fig. 7.4).  

Figure 7.4 also indicates that petrographic group H is characterized by the lowest Sr-Ba contents in the 

eastern Crommyonia section. Additionally, Ba contents seem to follow a typical differentiation trend 

(Fig. 6.3E), which might suggest the onset of K-feldspar fractionation. However, due to the severely 

weathered nature of these samples, it cannot be excluded that these were leached by hydrous fluids. 

Orozco-Esquivel et al. (2002) argumented that the uniform behaviour of both mobile (such as LILE) 

and immobile (such as HFSE) elements suggests that post-emplacement mobilization processes were 

limited. Figure 7.5 only seems to confirm this behaviour for the western Crommyonia section and 

supports the role of mobilization processes in the eastern Crommyonia section. This assumption is 

consequently adopted here. 

7.1.5.  Quartz  

 

The macroscopic purple quartz crystals observed in eastern Crommyonia were already examined in the 

volcanic deposits of Poros. These were interpreted by Smet (2014 and references therein) as 

xenocrysts which were derived from a crustal source. 
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Figure 7.3: Temperature contrast (i.e. undercooling) and nucleation-growth ratio as a function of crystal 

shape and size. See text for discussion. Image reproduced from Vernon (2004). 

 

Figure 7.4: Correlation between the Ba and Sr concentrations in the Crommyonia region. No relationship 

is observed between both elements nor the presence of K-feldspar megacrysts. 

Zone of K-feldspar megacryst development 
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Figure 7.5: Behaviour of mobile (LILE) and immobile (HFSE) elements to indicate the possible presence 

of post-emplacement mobilisation processes. (A) Rb versus Ta concentrations; (B) Sr versus Ta 

concentrations. See text for further discussion. 

The heavily resorbed nature of quartz (and to a minor extent) K-feldspar crystals attests for their 

instability in the host magma. Smet (2014) and Parker et al. (2005) suggest that this might be the result 

of magma mixing and/or partial melting of a crustal lithology, respectively. Extremely deformed 

quartz crystals, such as those displayed in Fig. 5.6B, might therefore reflect ductile behaviour in a 

partially molten source rock. 

Interestingly, some of the quartz macrophenocrysts and megacrysts closely resemble the 

porphyroclastic texture of quartz porphyroblasts in a cataclastic gneiss (Fig. 7.6), according to the 

drawing from Pichler & Schmitt-Riegraf (1997). The cataclastic nature of these quartz crystals could 

be explained by the widespread tectonic regime in the Aegean region.  

The presence of perfect hexagonal-shaped cross-sections of quartz macrophenocrysts (Fig. 5.6D) is 

interpreted by Nesse (2004) as pseudomorphs of β-quartz. The latter is the high-temperature 

polymorph of regular quartz (i.e. α-quartz) and destabilizes at low temperature-pressure conditions 

(Fig. 7.7). Hence, β-quartz either crystallized from the Crommyonia magma at higher temperatures or 

was inherited from crustal rocks at greater temperature-depth settings.  

7.1.6.  Biotite 

 

Biotite crystals were observed to possess a wide range of different colours varying from 

yellow/red/yellow-greenish/(dark) brown/black (see section 5.3.). These colours reflect different 

mineralogical compositions and are associated to the geochemical composition of the host magma. For 

instance, peraluminous magmas typically contain biotite crystals which possess larger Ti and Al 

components (Gokhale, 1968). This is expressed by a more pronounced yellow-brown to red-brown 

colour, as originally defined for granitoid rocks (Fig. 7.8). Metaluminous biotites on the other hand, 

typically display dark brown colours. Hence, the biotite crystals examined during thin section analysis 

of the CR should predominantly reflect a yellow-brown to red-brown colour due to their peraluminous 

behaviour (Table 6.1). However, both groups of biotite were frequently observed  
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Figure 7.6: Comparison of a broken up quartz megacryst (A) from sample CR03 and a schematic quartz 

porphyroblast (B) forming a porphyroclastic texture in a cataclastic gneiss. (B) reproduced from Pichler & 

Schmitt-Riegraf (1997). 

 

 

Figure 7.7: Stability field of SiO2 polymorphs. Regular quartz or α –quartz is only stable at low temperature-

pressure settings, whereas β –quartz is typically more stable at higher temperatures. Consequently, 

macrophenocrysts of the latter polymorph must have crystallized from the Crommyonia magma at higher 

temperatures or was inherited from crustal lithologies at greater temperature-depth settings. Image reproduced 

from http://www.thequartzpage.de/ 

http://www.thequartzpage.de/
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within the same host rock. This observation might suggest that at least a small degree of contamination 

occurred between a metaluminous-peraluminous magma and crustal lithology. This seems to be 

confirmed by the ASI values of the CR versus their silica contents (Fig. 6.2B). A marked increase is 

observed in the eastern Crommyonia section and samples CR24-25 (NW-Crommyonia), whereas 

samples from the remaining western sections display a large variability. This cannot be achieved 

through fractionated crystallization processes and consequently implies that all Crommyonia magmas 

were contaminated by peraluminous crustal lithologies during their differentiation in magma chambers 

and/or ascent.This is also illustrated by the progressive increase-decrease of the Sr-Hf isotopic 

compositions, respectively (Fig. 6.8A-6.9C). The former also indicates crustal contamination 

processes in the south-western Crommyonia section. The latter are further discussed in section 7.1.10. 

The dominant colour of biotite crystals in thin sections frequently indicate the geochemical 

composition of the corresponding host rock. For instance, biotite crystals in sample CR20 possess red-

brown to yellow-brown colours, exemplified by an ASI value of ~ 1.16. Sample CR32 contains both 

yellow-brown to dark brown-black biotite crystals at an ASI value of  ~ 1.04. Correlations are not 

always straightforward (e.g. CR17) and should be used with caution. Careful examination is a 

prerequisite when examining the colour of biotite crystals. 

Hornblende crystals which possess a Type-2 or biotite reaction rim (Fig. 5.5B) are a useful marker to 

indicate the presence of magma batches at depths of amphibole instability. However, decreasing 

pressures may also lead to the development of an opacite rim in amphibole and biotite crystals (i.e. 

Type-3 reaction rim; see section 5.1.1.). This rim contains a fine-grained mixture of magnetite, 

hematite and Fe-poor clinopyroxene (Pichler & Schmitt-Riegraf, 1997). The limit for hydrous mineral 

crystallization is generally believed to be located at depths of 5-6 km, which corresponds to pressures 

of 75-100 MPa (Smet, 2014; Parker et al., 2005).  

 

 

 

 

 

Figure 7.8: Colour of biotite crystals along the z-axis in function of FeO, MgO and TiO2 content. 

Peraluminous rocks typically contain biotite crystals which are enriched in Al2O3 and TiO2. Hence, these biotites 

possess a dominant red-brown to yellow-brown colour. Metaluminous rocks are characterized by dark brown 

biotite crystals. Image modified from De Grave (2012). 
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7.1.7.  Muscovite 

 

Muscovite is a common, peraluminous mineral in a variety of intrusive and metamorphic rocks such as 

granitoids, pegmatites, schists and gneiss (Pichler & Schmitt-Riegraf, 1997; Nesse, 2004). It typically 

requires pressures up to 0.3 GPa or higher (~10 km depth) in order to be stabilized (Clarke, 1981). 

This prerequisite is also illustrated by its low abundances in volcanic rocks. The latter only contain 

muscovite when magma ascent and extrusion occurred rapidly. However, scarce muscovite flakes 

were observed in a large number of samples during thin section analysis (see section 5.1.1; Fig. 5.8D). 

This might suggest that muscovite was inherited during its ascent and/or during partial melting from a 

crustal source rock. The significance of muscovite in the petrogenesis of the CR is further discussed in 

section 7.5. 

7.1.8.  Sillimanite 

 

Sillimanite was only observed once during thin section analysis of the CR (Fig. 5.9A). Due to its 

single occurrence and separation from the corresponding host rock by a large cavity, the assembly of 

sillimanite and neighbouring biotite and Fe-Ti-oxides in sample CR21 are believed to represent a 

xenolith. In order to specify the lithology of this xenolith, it is important to gain an understanding of 

the sillimanite stability field (Fig. 7.9). This diagram indicates that sillimanite stability requires 

minimum temperatures of ~ 550 – 560° C, well within the metamorphic domain. This corresponds to 

the hornblende-pyroxene hornfels and sanidinite facies at low pressures, and the amphibolite and 

granulite facies at intermediate and high pressures (Fig. 7.9). Pichler & Schmitt-Riegraf (1997) mainly 

report the presence of sillimanite within high-grade metamorphosed sediments such as metapelites, 

although it may appear as a contact-metamorphic mineral within the sanidinite facies as well. Nesse 

(2004) states that sillimanite may also be found as an accessory mineral within granitoids. However, 

aluminosilicates require ASI values > 1.3 in order to crystallize from granitic magmas. Here the ASI 

value amounts to ~ 1.12. This implies that sillimanite was indeed inherited by the Crommyonia 

magma. This may occur through assimilation of Al-rich, metapelitic rocks such as paragneiss.  

7.1.9.  Fe-Ti-oxides 

 

Oxides and sulphides cannot be examined with a microscope under transmitted light, but require 

incident light instead. Characterization of these minerals was not attempted during this Master thesis, 

but could provide information on the type of oxides inherited by xenoliths, such as the one containing 

sillimanite (Fig. 5.9A). Oxidizing environments stimulate the development of magnetite due to a larger 

degree of Fe oxidation, whereas suboxic-anoxic environments predominantly favour ilmenite 

crystallization. 

7.1.10.  Accessory minerals 

 

Accessory minerals are mainly found as inclusions in macrophenocrysts of plagioclase, quartz and K-

feldspar, although a small fraction occurs within the groundmass as well. Most of these 

macrophenocrysts, and their inclusions consequently, are inferred to be derived from crustal source 

rocks (see sections 7.1.1, 7.1.4., 7.1.5.).  
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Figure 7.9: Metamorphic domains within the P-T space. Purple lines indicate the stability fields of the Al-

silicate polymorphs. The red curve represents the H2O-saturated solidus for granitic rocks. The blue dashed lines 

indicate average geothermal gradients for the continental crust. Image reproduced from De Grave (2012).  

7.1.10.1.  Zircon 

 

Whereas Zr contents show a positive correlation with increasing differentiation in the eastern 

Crommyonia section, the opposite trend is observed in the western section (Fig. 6.3A). The former 

correlation suggests a lack of zircon crystallization, which is counter-intuitive with the frequent 

observations of zircon in the groundmass of these rocks. This might be attributed to the incorporation 

of zircon during crustal assimilation. Figure 3.3B confirms that a large fraction of the Zr contents is 

stored in zircon or baddeylite, instead of the groundmass, during differentiation. Smet (2014) argues 

that this would progressively decrease the whole rock Hf isotopic ratios. This is confirmed for the 

entire Crommyonia region in Fig. 6.9C, with the exception of sample CR21 which has anomalously 

high Hf isotopic ratios. Hence, the Crommyonia magma must have assimilated a peraluminous, 

zircon-rich lithology. It is currently unknown why sample CR21 behaves anomalously. Perhaps a 

previous stage of assimilation or partial melting occurred which involved a zircon-poor lithology. This 

is however contradicted by Fig. 3.3B which suggests that ~47% of the Zr content was already retained 

in Zr-bearing minerals. The Hf isotopic compositions suggest that zircon was added to the western 

Crommyonia magma as well (Fig. 6.9C). However, Fig. 3.3B indicates a large variability of Zr-

bearing minerals in the north-western Crommyonia section. These samples may have experienced a 

separate evolution which involved different assimilants or may have been contaminated by the same 

assimilant which is characterized by small-scale mineralogical-geochemical heterogeneity. Perhaps a 
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combination of both options is plausible. An attempt to derive the source rock lithology is given in 

section 7.3.2.  

7.1.10.2.  Apatite 

 

Phosphorus concentrations remain more or less constant during differentiation (Fig. 8.1H). This might 

imply apatite stability within a crustal source rock during partial melting. The lower contents observed 

for samples CR09/13 do not reflect the effects of weathering as P is quite insoluble in hydrous fluids. 

Instead, it is believed that apatite experienced increased stability during partial melting conditions. 

Apatite phenocrysts up to 300 µm (Fig. 5.9C-D) were probably derived from intrusive rocks. 

7.1.10.3.  Monazite/Xenotime 

 

Monazite and xenotime are both accessory minerals which can be found in granites and orthogneiss 

(Ness, 2004; Pichler & Schmitt-Riegraf, 1997) and are consequently thought to have been inherited 

therefrom. Discrimination between both phosphate minerals proved to be difficult based on 

petrographic properties. Hence, it should be attempted to discriminate based on the geochemical 

composition. Monazite mainly builds in cations of La and Ce (= LREE), whereas Y is the main cation 

in xenotime.  

Monazite fractionation should be characterized by the progressive depletion of LREE and are 

subsequently reflected by lower (La/Yb)N ratios (Fig. 7.10A), providing that no other REE-bearing 

minerals crystallize. Figure 7.10A indicates progressive higher (La/Yb)N ratios in the eastern 

Crommyonia section, which is mainly attributed to amphibole fractionation. Additionally, La and Ce 

contents in the same region display a fractionation trend (Fig. 7.10B-C). However, fractionation only 

seems to occur within the most evolved rocks, which were inferred to have experienced post-

emplacement mobilisation processes (see section 7.1.4.). The LREE are indeed rather soluble in 

hydrous fluids and may consequently represent leaching during the latter processes. 

Monazite/Xenotime crystals were already observed in samples which reflect La-Ce incompatibility 

(e.g. CR09-17-18; Fig. 7.10B-C), hence monazite fractionation did not occur in the eastern CR. 

Monazite might have been a residual mineral phase during partial melting in the source region of the 

aforementioned rocks, although Fig. 8.3A suggests that this is not the case due to the similar 

abundances of the LREE in the Crommyonia and Saronic Gulf region.  

The Y contents of the eastern Crommyonia section were already discussed in section 7.1.2., and 

resemble the signature of the MREE. These were interpreted to reflect amphibole fractionation. Hence, 

xenotime fractionation was presumably not taking place in the eastern Crommyonia section. This is 

also illustrated by sample CR17 which has the highest abundances of Y, despite the presence of 

multiple monazite/xenotime crystals. Residual xenotime crystals during partial melting conditions 

would also deplete Y in the newly-formed melt. However, Y and HREE depletion was already 

explained by the presence of residual garnet during partial melting of the CR. 

Consequently, no evidence for the fractionation nor residual presence of monazite/xenotime was found 

in the geochemical data of the eastern Crommyonia section. This implies that the monazite/xenotime 

crystals were inherited during assimilation of e.g. a peraluminous granitoid or orthogneiss. However, 

several authors have reported the presence of monazite/xenotime in paragneiss as well (Aleinikoff et 

al., 2012; Grew et al., 2008). 
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Figure 7.10: Rare Earth Element behaviour in the CR. (A) The normalized La/Yb ratio as indicator for the 

fractionation of REE-bearing minerals. Ratios are normalized to CI chondrites according to the values of Sun & 

McDonough (1989). (B) + (C) Behaviour of La and Ce (LREE) during differentiation. See text for further 

discussion. 

Monazite/Xenotime crystals were not observed in the western Crommyonia section and presumably 

did not play a (major) petrogenetic role. Figure 7.10A indicates lower (La/Yb)N ratios, which might 

suggest that monazite fractionation occurred. However, Fig. 6.3A also indicates that zircon (LREE 

carrier) is a fractionating phase in the north-western CR. The lower (La/Yb)N ratios could 

consequently reflect the combined fractionation of amphibole and zircon. The south-western 

Crommyonia section does not seem to display a discernible trend and no conclusions can be made 

therefrom.  

Samples CR09-27 possess much lower (La/Yb)N ratios (Fig. 7.10A) which can be attributed to their 

marked MREE-HREE enrichment (Fig. 6.6A). These observations suggest that both were derived 

from a source which experienced a limited amount of MREE-HREE depletion, perhaps reflecting a 

general absence of amphibole and garnet fractionation.  

7.1.11.  Preliminary conclusions I 

 

The discussion of the abovementioned mineralogy suggests a large involvement of crust-related 

lithologies which include garnet, plagioclase, K-feldspar, hornblende, quartz, biotite, muscovite and 

accessory minerals such as zircon and apatite. These minerals mainly appear to be derived from an 

igneous, crustal source, although the influence of additional contamination is illustrated by the Sr-Nd-
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Hf isotopic compositions and the incorporation of Zr-bearing minerals, sillimanite and 

monazite/xenotime crystals. Garnet plays an important role in HREE depletion as residual mineral 

phase during partial melting. Plagioclase stability during the latter process is inferred by the high, 

negative Eu anomaly of the ‘most mafic’ Crommyonia host rocks.  

Thus, crustal anatexis appears to be the most convincing theory and is reinforced by the presence of 

resorbed quartz and K-feldspar crystals. Additionally, trace element patterns suggest a close 

resemblance with average middle to upper crustal compositions (Fig.6.7), confirming the observations 

of Pe-Piper & Piper (2005). Sr, Nd and Hf isotopic ratios all contain a strong, initial crust-related 

signature (Fig.6.8-6.9; Pe, 1975; Pe-Piper & Hatzipanagiotou, 1997). This is also confirmed by 

Shimizu et al. (2005), which report strong crust-derived isotopic He signatures in the Crommyonia 

region. 

Many authors have proposed similar arguments to support the role of anatexis in volcanic complexes 

around the world (e.g. Takanashi et al., 2012; Montanini et al., 1994; Orozco-Esquivel et al., 2002; 

Karacik et al., 2013; Valenzuela et al., 2011; amongst others). Orozco-Esquivel et al. (2002) further 

argumented that the lack of mafic and intermediate volcanic rocks is a strong indication towards 

anatexis. Hence, it is proposed that the CR originated through partial melting of a crustal source rock. 

Temperature indications are provided by oxyhornblende rims on hastingsite, which infer temperatures 

of 800°C, while the resorption of K-feldspar crystals typically occurs at temperatures exceeding 

900°C.  

The presumed enclaves observed during fieldwork and thin section analysis were thus most likely 

derived from a hot, mafic magma source which induced partial melting of the above-lying crust. The 

following section will address the origin of the mafic enclaves, its incorporation into the Crommyonia 

magma and the degree of interaction between both magmatic bodies. The identification of a suitable 

Crommyonia source rock is discussed in section 7.3., whereas the process of crustal anatexis is more 

thoroughly described in section 7.5. 

7.2.  The role of enclaves within the petrogenesis of the Crommyonia rhyodacites 

7.2.1.  Origin of the mafic enclaves 

 

The petrographic description given in section 5.1.2. suggests that the presumed enclaves were derived 

from a more mafic magma source and were still partially molten during magma interaction (Smet, 

2014):  

1) The observed features clearly possessed a rounded to elliptical shape in section, in contrast to 

restites and xenoliths. The former represent relics from source rocks such as metasedimentary 

complexes, plutonic bodies or cumulates which experienced a degree of partial melting. The latter 

comprise angular chunks of wall rock which were incorporated into the magma during fractionation at 

depth or during its ascent towards the surface. 

2). A cumulate origin can be discarded due to the fact that amphibole and biotite predominantly 

display irregular, elongated crystals and that multiple crystal populations occur throughout the 

enclaves. This is in contrast to the euhedral, equigranular and interlocking behaviour of crystals in 

cumulate rocks. Instead, the presence of abundant vesicles, glass and the absence of clear crystal 

orientations indicates that the presumed enclave must have a volcanic origin 
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All observations point towards formation of these enclaves during accelerated phases of cooling. The 

absence of substantial amounts of glass and quenched rims suggests that cooling rates were not too 

high to quench the mafic magma. Thus, these features do not reflect chilled margins of cool wall rock 

which came into contact with a hot, magmatic body. It is thought that these enclaves were still 

partially molten at the time of magma mingling with a more felsic magma body as multiple crystals of 

biotite (e.g. western Crommyonia) and plagioclase (e.g. sample CR35-2) straddle the host rock-

enclave boundary (Fig.5.10D). 

7.2.2.  Enclave formation  

 

The procedure of enclave formation and subsequent magma mingling is represented by two end-

member models, devised by Coombs et al. (2002) and Martin et al. (2006a), respectively. A first 

model suggests that active convection of a felsic magma chamber disorganizes the underlying mafic 

magma injection. Additionally, it was proposed that enclave formation could result from the intensive 

injection of mafic magma within the felsic magma itself. Hence, single droplets of mafic magma 

would be dispersed within the latter and subsequently crystallize as a result of thermal equilibration. 

Crystallization would progressively translate towards the centre of the mafic droplet, which would 

lead to the development of coarser grained crystals in the central part of the enclave, compared to the 

rim. Dispersion within a felsic magma body might also promote quenching as hot, mafic droplets are 

directly in contact with a much cooler, felsic magma body. The Crommyonia enclaves do not show 

any sign of quenching nor of a heterogeneous crystal size distribution. Hence, this process cannot 

explain the formation of the Crommyonia enclaves.  

The second model involves a mafic magma injection which resides beneath the felsic magma chamber 

and crystallizes more slowly due to thermal equilibration and limited contact between both bodies. As 

the top of the mafic magma body experiences larger temperature contrasts compared to the underlying 

layers, it is expected that crystal sizes will generally increase with depth. Progressive crystallization 

subsequently enriches the remaining mafic magma with volatile components and successfully lowers 

the overall density of the mafic body. At a certain point, density contrasts between both magmatic 

bodies will equilibrate until the mafic magma becomes less dense than the overlying felsic body. Smet 

(2014 and references therein) mentions that ~35% crystallization of an andesitic magma is required in 

order to induce a density inversion between both magmatic bodies. The partially crystallized mafic 

magma is subsequently dispersed within the felsic body upon ascent and eruption. Both magma bodies 

may exchange crystals, as illustrated by multiple biotite or plagioclase (macro)phenocrysts, which 

straddle the host rock-enclave boundary. Partial crystallization is also inferred by the presence of 

multiple plagioclase microlites and rounded vesicles in the enclave of sample CR35-2. The western 

Crommyonia enclaves were observed to possess a coarse-grained plagioclase groundmass, which 

reflects crystallisation at deeper levels within the mafic magma injection. According to Martin et al. 

(2006b), enclaves which contain up to 30 vol% or higher of plagioclase crystals are observed to build 

up a tight, coherent groundmass that generally diminishes vesiculation and prevents enclave migration. 

Hence, fine-grained enclaves with abundant tabular crystals of plagioclase, biotite and amphibole (e.g. 

sample CR35-2) commonly disintegrate upon vesiculation, while the coarse-grained enclaves 

generally remain rigid. This may also explain the presence of abundant, small vesicles in the former 

enclave, whereas the latter are characterized by a small amount of larger vesicles. The weak 

plagioclase framework of the former enclave allows efficient segregation of volatile components, i.e. 

vesicles are rather small. However, in the latter case, gas is forced to accumulate due to inefficient 

segregation and presumably results in the sudden release of a relatively large gas bubble.  
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7.2.3.  Mixing/mingling processes 

 

The extent of magma mingling/mixing is rather uncertain in the CR. Smet (2014 and references 

therein) discriminates and defines both processes as follows:  

1) Mingling is used to describe the procedure whereby two separate entities are combined to form a 

single unit in which both original components can be recognized, both chemically as macroscopically. 

2) Mixing includes the range between mingling and complete dissolution of both components into a 

hybridized unit, without recognition of the original components.  

The small amount of mafic enclaves either supports thorough mixing processes or may indicate a low 

magma production rate. The former will only proceed if both magma bodies possess a similar 

temperature and viscosity range. Based on the inferred mineralogy of the Crommyonia source rock, 

which is believed to be dioritic-granitic (see section 7.3.), it is presumed that silica contents and 

viscosity are quite different from the underlying, andesitic magma. This would suggest a limited 

amount of mixing, which seems to be confirmed by the Sr, Nd and Hf isotopic ratios (Fig.6.8-6.9).  

However, this is slightly less pronounced in those CR which were observed to contain a minor amount 

of enclaves, implying at least a minor degree of chemical interaction between both magma bodies.  

Martin et al. (2006a) suggested that the types and textures of enclaves are correlated to the volume of 

replenishing magma (Fig. 7.11). During the initial emplacement of the mafic magma, heat is quickly 

distributed to the above-lying felsic body. The basal layer of this felsic body is subsequently 

superheated, whereas the upper layer of the mafic magma body is quenched, owing to the steep 

thermal gradient. If mafic magma replenishment is low (Fig. 7.11A), then a small layer will be formed 

at the boundary between both bodies. The initial steep thermal gradient will be re-equilibrated and a 

uniform temperature will settle within the mafic magma body, which results in more or less identical 

enclave textures. Larger volumes of replenishing magma will sustain the steep thermal gradient for a 

longer period (Fig. 7.11B). Hence, a larger range of enclave textures are to be expected. The fact that 

all enclaves in the western Crommyonia section look more or less identical, suggests that a low 

volume of mafic magma was emplaced beneath a crustal source rock. As only one enclave was 

encountered in eastern Crommyonia, it is not possible to judge the plausibility of this hypothesis in 

that part of the study area. 

Geochemical scatter may also provide an indication of thorough mixing processes during petrogenesis 

(Smet, 2014). This seems to be rather restricted in the Crommyonia region, in comparison with the 

volcanic rocks of the Saronic Gulf (Fig.8.1-2). However, the incorporation of xenocrysts and 

antecrysts (i.e. crystals fractionated from the same magma chamber; Charlier et al., 2005; Jerram & 

Martin, 2008; Larrea et al., 2013) are also known to create scatter. The presence of crustal assimilation 

was already inferred in section 7.1.6. and might therefore be the cause of minor scatter.  

The absence of a geochemical gap between the Saronic Gulf volcanic rocks and their mafic enclaves 

was interpreted by Smet (2014) as a result of thorough mixing processes. Due to the generally small 

size of mafic enclaves within the Crommyonia region, no geochemical analyses were able to be 

performed. As an alternative, enclaves from other Saronic Gulf centres were chosen that resembled the 

mineralogy and petrography (as good as possible) of the mafic enclaves in the Crommyonia region, 

according to the findings of Smet (2014). 
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Figure 7.11: Influence of the magma production rate on the microscopically observed enclave textures. 

The darker shades of grey indicate increasingly higher temperatures within the mafic magma body (a) Small 

amount of mafic magma replenishment and relatively low thermal gradient. (b) Large amount of mafic magma 

replenishment and relatively high thermal gradient See text for further discussion. Image reproduced from 

Martin et al. (2006a). 

These generally yielded andesitic compositions of ~61 wt% SiO2 at most, which indicates that a gap of 

minimally 4-5 wt% SiO2 exists between the least mafic enclaves and the ‘most mafic’ Crommyonia 

host rocks. If this is indeed the case, than it seems likely that mixing/mingling processes were 

generally limited in the Crommyonia region. 

7.2.4.  Preliminary conclusions II 

 

The andesitic enclaves examined during fieldwork and thin section analysis were presumably derived 

from a hot, mafic magma injection which resided beneath the Crommyonia crustal source rock. The 

latter progressively melted upon contact with the more mafic magma, which subsequently started to 

crystallize. Consequently, the accumulation of volatile components resulted in a density inversion 

between both magmas. The mafic magma was eventually dispersed within the felsic magma during its 

ascent towards the surface. Interaction was generally limited to physical mingling, although a minor 

degree of chemical interaction is inferred by the exchange of plagioclase, hornblende and biotite 

crystals. This is also inferred by the Sr-Nd-Hf isotopic compositions. The uniform textures of the 

western Crommyonia enclaves are believed to be the result of a lower magma production rate in this 

region, in comparison with Saronic Gulf volcanism. This could not be determined for the eastern 

Crommyonia region. 

7.3.  Source rock characterization and identification 

 

This section will aim to derive the type of crustal source rock involved during partial melting in the 

Crommyonia region. Subsequently, it will be attempted to obtain a source rock composition through 

petrographic, geochemical and isotopic comparison of the CR and literature data.  
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7.3.1.  Discrimination of the source rock lithology 

 

Based on the petrography and geochemistry discussed in the previous sections, the Crommyonia 

region should be divided into three subsections: eastern, north-western and south-western 

Crommyonia. An attempt will be made to infer the source rock lithology based on the mineralogy 

observed during thin section analysis. 

7.3.1.1.  Eastern Crommyonia 

 

The identification of source rock lithology is more straightforward in the eastern Crommyonia section. 

A major indication is provided by the abundance of resorbed, simple-twinned K-feldspar megacrysts, 

which only occur in granitoid bodies (Vernon, 1986). A quartzofeldspathic source rock is also inferred 

by the inheritance of multiple quartz and plagioclase (macro)phenocrysts, which frequently contain 

inclusions of euhedral zircon and apatite. The former minerals are also believed to be derived from the 

partially molten source rock due to the presence of resorption features and sieve textures. Most 

hornblende (macro)phenocrysts are also interpreted to represent hastingsite, which is the most 

common plutonic hornblende variety according to Pichler & Schmitt-Riegraf (1997). The 

oxyhornblende reaction rim is thereby interpreted to reflect oxidation and heating at temperatures 

exceeding 800° C. Hence, these crystals presumably belonged to the source rock as well.  

Thus, the mineralogy clearly points towards a granitoid source rock, but a gneissose origin can be 

considered as well. Minerals which are typically associated with gneiss are sillimanite and garnet 

(Nesse, 2004; Pichler & Schmitt-Riegraf, 1997). The former was interpreted as part of a xenolith 

during crustal contamination, but did not occur in the eastern Crommyonia section. The latter 

presumably was a residual mineral phase during the partial melting process. This does not necessarily 

imply a metamorphic origin as garnet is frequently observed in granitoid rocks as well (Nesse, 2004; 

Pichler & Schmitt-Riegraf, 1997; see section 7.1.3.). Garnet may also have been inherited during 

crustal contamination by a sillimanite-bearing, peraluminous lithology, such as ortho- or paragneiss 

(see section 7.1.6.). Additional evidence supporting a gneiss source is generally lacking, with the 

exception of fragmented quartz crystals which might be interpreted as porphyroblasts (Fig. 7.6). 

Again, these might have been inherited during crustal contamination. The gneissose source rock 

hypothesis is discarded due to the fact that the K-feldspar megacrysts were frequently observed to 

possess euhedral crystal shapes, despite resorption, and its general restriction to granitoid rocks 

(Vernon, 1986). It is consequently suggested here that the eastern CR were derived by partial melting 

of a granitoid source rock.  

The eastern Crommyonia source rock can be further constrained by the presence of metaluminous 

minerals such as hornblende and Al-poor biotite, which suggests that the original Crommyonia magma 

(and source rock) might have been metaluminous itself. Assimilation of crustal lithologies might then 

have altered the geochemical composition of the Crommyonia magma. This hypothesis will be tested 

in section 7.4. 

7.3.1.2.  North-western Crommyonia 

 

Deriving a source rock lithology for the north-western Crommyonia section proves to be more 

difficult. Plagioclase and quartz macrophenocrysts are quite scarce compared to the eastern section. 

However, the occurrence of sieve textures in plagioclase and the heavily resorbed nature of quartz 
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crystals suggest that they were present within the source rock during crustal anatexis. The sporadic 

presence of euhedral zircon inclusions and more frequent euhedral apatite inclusions in plagioclase 

and quartz (macro)phenocrysts suggests that these were also derived from the crustal source rock. K-

feldspar crystals were generally absent, with the exception of several phenocrysts. The absence of 

purple quartz macrophenocrysts in hand specimens either indicates a different source rock or a 

different contaminant, compared to the eastern Crommyonia section. 

The hornblende content is quite variable amongst different samples of the same outcrop (samples CR 

19 until 23). For instance, samples CR19-20 only contain oxyhornblende phenocrysts, whereas 

samples CR21-23 presumably contain the hastingsite variety. Pichler & Schmitt-Riegraf (1997) 

suggested that oxyhornblende crystals within most volcanic rocks are largely formed by 

recrystallization of hastingsite. Hence, the yellow-greenish hornblende crystals examined in samples 

CR21-23 might represent a transitional phase which remained stable for a longer period of time. Most 

hornblende crystals were therefore most likely inherited from the north-western Crommyonia source 

rock. 

The north-western CR are characterized by the largest ASI values (Table 6.1; Fig.6.2B). This does not 

seem to be reflected by their mineral assemblage. The only exception is biotite which typically 

displays red-brown to yellow-brown colours, common in peraluminous granitoids (Hall, 1941). Other 

peraluminous minerals are absent, with the exception of sillimanite and muscovite which are presumed 

to have been incorporated during crustal assimilation (see section 7.1.8). Hence, both metaluminous 

and peraluminous minerals are observed within the same host rock and might reflect similar processes 

as those discussed in section 7.3.1.1. 

These observations suggest that the north-western CR were derived from a more primitive, 

quartzofeldspathic and plutonic source rock such as a diorite-tonalite, for example. These subsequently 

experienced crustal assimilation by a peraluminous, sillimanite-bearing lithology, likely a paragneiss, 

during differentiation and ascent. This is illustrated by the relatively high ASI values and high 

amounts of Li (Fig. 6.4A) and Be contents, which are typically enriched in (meta)pelitic rocks. It is 

therefore proposed here that the Crommyonia magmas were mainly contaminated by paragneiss.   

7.3.1.3.  South-western Crommyonia 

 

Most observations made in north-western Crommyonia are also valid for the south-western section. 

The most important differences include a higher amount of plagioclase, quartz and hastingsite 

macrophenocrysts and the presence of mafic enclaves. Hastingsite is far more pronounced in hand 

specimens and occasionally forms megacrysts (see section 4.1 and 5.3.; Fig. 4.4C). One K-feldspar 

macrophenocryst was believed to be observed, although determination proved to be difficult. 

Surprisingly, average ASI values are quite similar to those in the eastern Crommyonia section and also 

suggest a role of crustal contamination. This seems to be confirmed by increasing Li (Fig. 6.4A) and 

Be contents. 

These observations suggest that the south-western CR were derived from a similar source rock (i.e. 

diorite-tonalite) as those in north-western Crommyonia. This however implies that the relatively 

strong peraluminous behaviour in north-western Crommyonia is principally the result of higher 

degrees of crustal assimilation. This will subsequently be tested during geochemical modelling. 
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7.3.1.4.  Principal differences in source rock mineralogy and geochemistry between the eastern and 

western Crommyonia sections 

 

The macroscopic examination and thin section analysis of both Crommyonia sections reveal several 

differences (Table 5.2; see earlier sections). This suggests that the CR were derived from different 

source rocks and/or were contaminated by different crustal lithologies. However, when examining the 

multi-element spider plots (Fig. 6.6), it becomes clear that both sections are remarkably similar, 

despite the presumed paragneiss assimilation in the Crommyonia region (section 7.1.). Incompatible 

elements (except Sr and Ba) are generally enriched, while the Eu anomaly is more pronounced in the 

eastern section. This might imply that both were derived from a similar source magma If so: 1) how 

can the absence of K-feldspar be explained in the western section? 2) Why are the incompatible 

elements more depleted within the latter? 3) Why are quartz and plagioclase macrophenocrysts more 

scarce in the western Crommyonia section? 4) Is this supported by isotopic data? 

Questions 1), 2) and 3) can be addressed by assuming that the western Crommyonia source rock is 

geochemically similar, but less differentiated compared to the one within the eastern section. 

Intermediate, igneous rocks such as diorites and tonalites mainly contain minerals such as plagioclase 

and hornblende with lower abundances of quartz, biotite and muscovite (Nesse, 2004). Apatite, zircon 

and Fe-Ti-oxides are typical accessory minerals. The elevated amounts of apatite versus zircon in 

western Crommyonia could then be explained to be the result of minor zircon stability within 

intermediate magmas, compared to more felsic magmas. This would mean that Zr is enriched within 

melts that differentiated from this hypothesized intermediate magma, provided that zircon 

fractionation did not yet occur. Indeed, Zr concentrations are higher in eastern Crommyonia (Fig. 

6.3A), however the amount of zircon crystals is notably higher as well. As inferred in section 7.1.10., 

zircon was most likely added to the Crommyonia magma due to assimilation. A similar argument can 

be provided for other incompatible elements such as the REE and HFSE, which are enriched in felsic 

magmas during differentiation. Higher contents of Sr and Ba can then be attributed to a lower degree 

of plagioclase fractionation, provided that the latter occurred to differentiate from an intermediate 

magma towards a felsic one. This would also explain why Eu anomalies are less pronounced in the 

western section (Fig. 6.4G). A decreased stability of quartz and K-feldspar phases within intermediate 

magmas could explain their lower abundances in the western CR. Consequently, K-feldspar 

megacrysts should be absent if they solely crystallize in granitoid rocks (Vernon, 1986). Other 

accessory minerals such as monazite and xenotime in general do not crystallize from intermediate 

magmas either (Nesse, 2004). It is unknown, however, why plagioclase macrophenocrysts are less 

abundant considering that it would form a major mineral phase in intermediate magmas.  

Fractionated crystallization should not influence the initial isotopic ratios of Sr-Nd-Hf-Pb (Elburg, 

2010). Hence, if the intermediate magma was connected to the felsic magma through fractionated 

crystallization, then initial isotopic ratios should have remained the same. The Sr isotopic ratios are 

generally lower in western Crommyonia, whereas the Nd-Hf isotopic ratios are higher (Fig. 6.8-6.9). 

However, fractionated crystallization processes are usually accompanied by a degree of assimilation 

(Gill, 2010), which typically alters isotopic ratios towards more crust-related values. This process is 

also inferred to have occurred during the petrogenesis of the CR, as illustrated by the Sr, Nd and Hf 

isotopic ratios (see section 7.1.1.; e.g. Fig. 6.8A-6.9.C). McLeod et al. (2012) and Stouraiti et al. 

(2010) have demonstrated that similar source rocks may be characterized by small-scale isotopic 

heterogeneity. Hence, this might cause isotopic variability between individual outcrops as well. 

Isotopic ratios of Sr-Nd-Hf are also influenced by the presence of mafic enclaves within the 

Crommyonia host rocks and are slightly shifted towards more mantle-related compositions. 
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Although a co-genetic relationship between the source rocks of the Crommyonia sections seems likely, 

some issues remain unresolved. For instance, TiO2 contents are observed to be lower in western 

Crommyonia. These should progressively decrease during differentiation as a result of e.g. amphibole 

and Fe-Ti-oxide fractionation. Perhaps crustal anatexis occurred at greater depths in a geochemically 

similar, but unrelated and more mafic lithology, as evidenced by the higher Mg numbers (Table 6.1). 

If source rocks would be identical for both Crommyonia sections, which seems unlikely, then the 

difference in trace element abundances could be explained, according to Altherr & Siebel (2002), as 

one of the following reasons: 1) different degrees of partial melting; 2) a variable amount of restitic 

mineral phases and melt, respectively; and 3) the mineralogy of the restitic phases may vary according 

to the P-T conditions established during partial melting.  

If the first option is the result of higher temperatures during partial melting, then this should be 

reflected by lower Al2O3/TiO2  ratios (Stouraiti et al., 2010), owing to the greater stability of Ti-

bearing minerals such as e.g. Fe-Ti-oxides at higher temperatures. Values for the CR are displayed in 

Fig.7.12. These indicate higher temperatures within the eastern Crommyonia region. Hence, if higher 

temperatures led to a higher degree of partial melting of a granitoid source rock, then incompatible 

elements such as the HFSE, REE, and others will subsequently be diluted within the melt. The western 

Crommyonia section would therefore be enriched in incompatible elements, which is not observed 

(e.g. Fig. 6.3-6.4). This relationship is undoubtedly oversimplified as it depends on the exact mineral 

assemblage and many other parameters, which precludes an accurate estimation of trace element 

behaviour. 

The second and third option can easily be demonstrated by the presence of garnet as a residual phase 

during partial melting. Higher amounts of residual garnet will lead to a greater HREE depletion within 

the newly formed melt.When anatexis occurs outside the stability field of garnet, major HREE 

fractionation should not occur, provided that no other HREE-bearing mineral is present and stable 

within the original source rock. The latter option seems unlikely due to the (more or less) identical 

behaviour of the trace element patterns in both Crommyonia sections. 

It is rather unlikely that one or both of the considerations perfectly explain the geochemical variability 

between both Crommyonia sections. It is therefore proposed here that the western Crommyonia source 

rock is geochemically similar, but more primitive compared to the eastern Crommyonia equivalent, 

regardless of a possible co-genetic relationship. 

7.3.2.  Identification of a suitable source rock  

 

Pe-Piper & Piper (2005) suggested that the CR were derived from a mid-crustal Hercynian paragneiss. 

Petrographic examination of both sections seem to indicate an igneous origin instead. The suggestion 

made by Pe-Piper & Piper (2005) is presumably based on the fact that the Attic-Cyclades basement 

features an omnipresent biotite-gneiss which is believed to be the result of high temperature 

metamorphism of a greywacke protolith (Stouraiti et al., 2010). This biotite-gneiss is frequently 

observed as part of a metamorphic core complex on the Cycladic Islands (e.g. Naxos and Paros), 

which was exhumed as a result of the major extensional phase during Miocene times (Lister et al., 

1984). This was accompanied by the emplacement of multiple I- and S-type granitoids all over the 

Central Aegean region (e.g. Stouraiti et al., 2010; Iglseder et al., 2009; Karacik et al., 2013; Altherr & 

Siebel, 2002, amongst others).  
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Figure 7.12: Indication of the relative melt temperatures during crustal anatexis. Lower Al2O3/TiO2 ratios 

are interpreted to reflect higher temperatures, and vice versa. This can be explained by the greater stability of Ti-

bearing mineral phases at higher temperatures. The diagram indicates that the eastern Crommyonia section 

experienced higher temperatures during partial melting conditions.  

7.3.2.1.  The Miocene I- and S-type granitoids 

 

Due to the uncertainties related to age and plausible source rock, it was decided to select a variety of 

similar petrographic, geochemical and isotopically described granitoid and gneiss samples that are 

widely distributed throughout the Aegean region. Stouraiti et al. (2010) published 31 whole rock and 

trace element compositions of both I and S-type granitoids emplaced within the Attic-Cyclades 

basement during the Miocene, as well as 8 basement samples including amphibolite and the biotite-

gneiss mentioned earlier. Additional contributions are reported by Pe-Piper (2000), Iglseder et al. 

(2009), Altherr & Siebel (2002) and Karaçik et al. (2013). 

Petrography 

The I-type granitoids from Laurium/Lavrion and Serifos (i.e. the closest known locations near 

Crommyonia which contain outcrops of Miocene granitoids; Fig. 7.13) were reported to contain 

strongly zoned plagioclase, quartz, non-perthitic orthoclase, Al-poor biotite and green magnesio-

hornblende (Altherr & Siebel, 2002; Stouraiti et al., 2010). These are complemented by an accessory 

mineral assemblage of magnetite, titanite, red-brown pleochroic allanite, apatite, zircon and 

uranothorite. A comparison between the available mineral compositions of the CRand the I-type 

granitoids from Laurium/Serifos is shown in Table 7.1. Interestingly, Altherr & Siebel (2002) reported 

the presence of plagioclase, Al-poor biotite, green-magnesiohornblende and megacrystic orthoclase in 

granitic complexes of Mykonos-Delos and Naxos. Their compositions were added to Table 7.1.  
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Figure 7.13: Map of the Central Aegean region indicating the presence of outcrops containing Miocene I- 

and S-type granitoids. The red and green frames indicate the peninsula of Lavrion and the island of Serifos, 

respectively. Lavrion and Serifos both contain I- and S-type granitoids. The black arrow in the lower right 

overview image indicates the location of Crommyonia. Image taken from Iglseder et al. (2009). 

Mineral compositions of plagioclase and amphibole seem to plot within the range of these granitoids. 

Biotite, however, is predominantly Al-rich and contains much lower Mg contents. 

The S-type granites, which are mainly located in the central part of the Aegean Sea (e.g. Tinos, Paros, 

Naxos, Ikaria, etc.) but appear on Serifos and Lavrion as well, generally comprise primary muscovite, 

Al-rich biotite, plagioclase, alkali-feldspar and occasionally garnet (Stouraiti et al., 2010). Accessory 

minerals mainly include tourmaline, apatite, zircon, magnetite, ilmenite and yellow allanite.  

Şengün et al. (2006) examined the mineralogy of the Hercynian paragneiss which was exhumed in the 

Çine Submassif (Menderes Massif) in the Western Anatolian region. They reported the presence 

quartz, plagioclase, orthoclase, muscovite, biotite, garnet and sillimanite/kyanite as major mineral 

phases. Accessory minerals mainly included tourmaline, apatite, zircon and Fe-Ti-oxides.  

The main mineralogical phases of the S-type granites and Hercynian paragneiss are quite comparable 

to that observed in the CR. Interestingly, these do not contain the green magnesio hornblende variety, 

which is omnipresent in the CR. Additionally, paragneiss assimilation was inferred to take place in all 

Crommyonia magmas. It should therefore be concluded that the Crommyonia magma most probably 

have been derived from an I-type granitoid and progressively obtained a peraluminous composition  
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Table 7.1: Comparison of the mineralogical compositions of plagioclase, K-feldspar, biotite and 

amphibole between the CR, the Laurium/Serifos I-type granitoids and the Mykonos-Delos and Naxos 

I-type granitoids. N.A.: Not Available. 

Mineralogy Eastern Crommyonia                  

(Pe, 1972) 

I-type granitoid 

Laurium/Serifos                       

(Altherr & Siebel, 2002) 

I-type granitoids 

Mykonos-Delos and 

Naxos (Altherr & 

Siebel, 2002) 

Plagioclase  

An% E-CR: 57-29 

W-CR: 51-24 

70-15 An43-19 – Ab55-79 – 

Or02-01 

K-feldspar  

Or-Ab-An N.A. Or85-69 – Ab12-29 – An02-03 Or81-93 – Ab17-06 – 

An02-01 

Biotite  

Al2O3 (wt%) Al-rich: 16.93* Al-poor: no details available Al-poor: no details 

available 

TiO2 (wt%) 3.77* 3.9-4.2 3.2-4.3 

XMg 0.27* 0.59-0.45 0.51-0.39 

Amphibole  

Na/K 2.65 5.2-3.0 2.6-1.3 

XMg 0.60 0.66-0.54 0.51-0.39 

* Values are averages of 3 biotite analyses. 

through crustal assimilation of paragneiss. The HREE depletion in the CR was inferred to be the result 

of residual garnet phases in the Crommyonia source rock (see section 7.1.3.; Fig. 6.4). However, 

garnet is typically observed in peraluminous rock compositions, as illustrated by the mineral 

assemblage of the S-type granites and Hercynian paragneiss. Chappell & White (1974) defined the ‘S-

type composition’ for rocks with ASI values > 1.1, whereas the ‘I-type composition’ has ASI values ≤ 

1.1. Consequently, rocks may possess a peraluminous I-type composition, but usually do not contain 

garnet. This forms a major drawback of the previous hypothesis. 

Geochemistry 

Are the CR derived from the I- and/or S-type Miocene granitoids or do they share a common source 

rock, i.e. the metagreywacke biotite-gneiss? This can be investigated by the examination of trace 

element abundance patterns in Fig. 7.14. This figure shows a compilation of spider plots containing a 

representative sample from east and west Crommyonia respectively, which are compared to one 

metaluminous granitoid from Serifos (Fig. 7.14A), one peraluminous granitoid from Lavrion (7.14B), 

one basement biotite-gneiss from Serifos (Fig. 7.14C) and one mylonitic orthogneiss from Naxos (Fig. 

7.14D). The latter was examined by Pe-Piper (2000) and Iglseder et al. (2009) within basement 

outcrops of Naxos and Serifos, and was added for comparison. The diagrams clearly indicate a strong 

degree of geochemical similarity between the CR, the Miocene I- and S-type granitoids and the 

basement biotite-gneiss. 

The Naxos orthogneiss reproduces the first part of the Crommyonia trace element patterns extremely 

well, however, the second half seems to deviate considerably for Sr, Zr, P, Y and the HREE contents. 

It should however be mentioned that a compositional gap of 5-6 wt% SiO2 exists between the most 

felsic Crommyonia host rocks and the considered orthogneiss. Comparison of the Crommyonia major 

element compositions strongly resemble those of the peraluminous Miocene granitoids, and to a lesser 

extent metaluminous granitoids. It should however be taken into account that these compositions are 

biased due to the inferred assimilation of paragneiss. 
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Figure 7.14: Comparison of primitive mantle normalised trace element abundance patterns between the 

CR and a selection of peraluminous and metaluminous magmas on the one hand, and basement 

paragneiss and orthogneiss on the other hand. Normalizing values for primitive mantle were used from Sun & 

McDonough (1989). See text for further discussion. 

Despite the strong resemblance between the CR, the Miocene granitoids and basement gneiss samples, 

several important discrepancies appear to remain unresolved (Fig.7.14):  

1) LILE (Cs, Rb), Th, U and Pb are quite enriched in the CR, compared to the Miocene granitoids and 

basement biotite-gneiss. These elements are rather soluble in hydrous fluids and have the highest 

abundances within the upper crust (Rudnick & Fountain, 1995). Hydrothermal activity was illustrated 

during fieldwork by the presence of minor, fumarolic activity (section 4.1.). 

Dotsika et al.(2009) confirms that the Crommyonia region is severely affected by hydrothermal 

activity. This subsequently resulted in hydrothermal alteration and mineralisation within the upper 

portions of the crust. Hydrothermal fluids are reported to contain high-low abundances of Ca
2+

, K
+
, 

Li
+
, HCO3

-
, SiO2, Cl

-
, Na

+
 and SO4

2-
, Mg

2+
 respectively, in comparison with local seawater. These 

differences were attributed by Dotsika et al. (2009) to the chemical interaction of hydrothermal fluids 

and upper crust lithologies. Temperatures of the deep, hydrothermal reservoir are estimated to be 
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lower than 180°C and mainly comprise seawater, with a minor contribution of Arc-Type Magmatic 

Water (ATMW; i.e. hydrous fluids derived from the subducting slab).  

Figure 7.15 indicates that the Pb isotopic compositions of the Crommyonia region are plotted in the 

upper-crust field defined by Zartman & Doe (1981). Additionally, these appear to be spatially 

controlled (Fig. 7.16). Hence, it is suggested that the LILE, U, Th, Pb and Li contents and Pb isotopic 

compositions were enriched in the Crommyonia magma through the assimilation of upper-crustal 

lithologies and/or interaction with hydrothermal fluids. 

2) Nb and Ta contents are quite variable in the suite of CR, Miocene granitoids and basement para- 

and orthogneiss. This might be attributed to a variable amount of rutile within their respective source 

rocks. Rutile commonly retains Nb-Ta within its crystalline structure due to their similar, geochemical 

behaviour as Ti. 

3) The HREE generally contain lower abundances in the Crommyonia region. This was attributed to 

residual garnet within the Crommyonia source rock. The latter was inferred to have been a 

metaluminous-peraluminous, I-type dioritic-granitoid rock (see earlier). These should generally not 

contain garnet as their Al contents are too low and was therefore presented as a major drawback of this 

hypothesis. 

 

Figure 7.15 Pb isotope diagram with corresponding fields defined by Zartman & Doe (1981). The range of 

Pb isotopes for the CR (blue frame) plots close to the lower crust-upper crust boundary, but mainly within the 

upper crust field. (A) Initial 
206

Pb/
204

Pb ratio versus initial 
207

Pb/
204

Pb ratio. (B) Initial 
206

Pb/
204

Pb ratio versus 

initial 
208

Pb/
204

Pb ratio. It has been assumed that initial Pb isotope ratios are identical to their initial values. 

However, this remains an approximation. 

Isotope geochemistry 

Figure 7.17 and Table 7.2 show a compilation of initial Sr-Nd isotopic compositions for the CR; the 

Miocene metaluminous and peraluminous granitoids; basement biotite-gneiss, orthogneiss and 

amphibolite; and a xenolith found by Smet (2014) named ‘volcanic basement’ (see section 7.3.2.2.). 

The diagram and table clearly indicate that the CR have similar Sr-Nd isotopic compositions as the 

Miocene granitoids, hence supporting the role of the latter as source rock for the CR. The basement 

paragneiss and orthogneiss generally seem to be enriched in Sr isotopic compositions, compared to the 

CR and Miocene granitoids. 
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The basement paragneiss and orthogneiss generally seem to be enriched in Sr isotopic compositions, 

compared to the CR and Miocene granitoids. However, both Crommyonia sections progressively 

migrate along a similar trend towards the Sr isotopic compositions of the basement paragneiss (Fig. 

7.17).This suggests that the basement paragneiss might be the crustal assimilant of the Crommyonia 

magma during its ascent and differentiation within the crust. This hypothesis will subsequently be 

modelled in section 7.4. No Pb-Hf isotopic data are available for the Miocene granitoids and basement 

samples and can consequently not be compared.  

The presence of dispersed amphibolite fragments (Sample CR34) near volcanic outcrops during 

fieldwork was interpreted to be derived from neighbouring ophiolite complexes, hence literature data 

of these rocks were added for comparison. 

Ophiolite complexes form an important component of the upper-crust in the Crommyonia region and 

appeared to be severely weathered (Fig. 4.1). Moreover, samples CR35-37 appear to have intruded 

through these complexes during their ascent. It is uncertain whether this was accompanied by 

contamination of ophiolitic material. 

Tectonism 

The extent with which Miocene I- and S-type plutonism occurred in the Saronic Gulf is currently 

unknown. This consequently represents the most important drawback of this theory. Smet (2014) 

suggested that partial melting should be simplified when source rocks are still relatively warm. 

Considering the relative young age of Miocene granitoids (7.75 – 9.10 Ma based on Rb/Sr dating of 

biotite by Iglseder et al., 2009), it is not unlikely to suggest that these would preferentially melt upon 

contact with a hot, mafic magma. Additionally, fault patterns associated with Miocene extension 

would promote mafic magma migration and subsequent contact with the Miocene plutons. If Miocene 

plutonism appears to be absent within the Saronic Gulf region, then it might be suggested that the CR 

were formed from a similar source rock as the Miocene I- and S-type granitoids. Their petrogenesis 

was recently derived by Pe-Piper (2000); Altherr & Siebel (2002), Stouraiti et al. (2010), amongst 

others. 

7.3.2.2.  The volcanic basement xenolith IM362 

 

An upper crustal xenolith found in the volcanic rocks of Methana by Smet (2014) appears to plot 

almost perfectly with the trace element abundances of the CR (Fig. 7.18). Smet (pers. comm.) 

described it as a rounded, fine-grained, grey-greenish clast, found within a lava breccia/scoria deposit. 

She suggested a possible pelitic origin. However, Nd isotopic ratios do not fall within the right range 

of the CR. Hence, this sample is most likely not related and will not be further discussed due to the 

lack of additional data. 
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Figure 7.16: Distribution of the 
208

Pb/
204

Pb ratio within the Crommyonia region. The Pb isotopic ratio seems to be controlled by its geographical location. This supports 

the important role of hydrous fluids and their interaction with the underlying lithologies within the upper crust. See text for further discussion
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Figure 7.17: Initial Sr and Nd isotopic ratios for a variety of rock samples including the CR, 

metaluminous and peraluminous Miocene granitoids, basement paragneiss, orthogneiss and amphibolite 

and an upper crustal xenolith named ‘volcanic basement’. See text for further discussion. 

 

Table 7.2: Sr and Nd isotopic ratios of the CR, I and S-type granitoids and basement rocks. 

 Crommyonia Miocene granitoids* Attic-Cyclades 

basement* 

Subdivision West East I-type S-type Biotite-

gneiss 

Amphibolite 

(
87

Sr/
86

Sr)i 0.70715-

0.71062** 

0.71188-

0.71391** 

0.70909-

0.71587 

0.71003-

0.76243 

0.71611-

0.71790 

0.70508-

0.71000 

(
143

Nd/
144

Nd)i 0.51215-

0.51222** 

0.51210-

0.51218** 

0.51209-

0.51231 

0.51210-

0.51222 

0.51212-

0.51219 

0.51252-

0.51285 

ε(Nd) -8 to -9.4 -8.8 to -10.3 -6.3 to             

-10.4*** 

-7.5 to             

-10.1*** 

-8.4 to                    

-9.6*** 

-2.2 to              

4.3*** 

* Values taken from Stouraiti et al. (2010); ** The Crommyonia values are suggested to reflect their initial Sr 

and Nd isotopic ratios as they possess a limited age. *** ε(Nd) values may deviate from the Crommyonia values 

as the (
143

Nd/
144

Nd)CHUR reference value was not mentioned by Stouraiti et al. (2010). 

 

7.3.3.  Preliminary conclusions III 

 

Source rocks for the eastern Crommyonia section are thought to have had a granitoid composition, 

whereas source rocks in the western section presumably possessed a dioritic-tonalitic composition 

(e.g. mineralogy, Mg number). Mineralogical, geochemical and isotopic data strongly support a 

genetic relationship between the CR and the Miocene I- and S-type granitoids and basement gneiss. 

The latter presumably acted as crustal assimilant during differentiation and ascent of the Crommyonia 

magma. The latter subsequently interacted with hydrothermally altered wall rocks and/or hydrothermal 

fluids within the upper portions of the crust. This altered the Pb isotopic composition of the 

Crommyonia magma and presumable resulted in higher abundances of LILEs, Th, U, Pb, Li and Be. 
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Figure 7.18 Comparison of REE and other incompatible elements in chondrite normalised and primitive 

mantle normalised, respectively, trace element abundance plots between the Crommyonia host rocks and 

volcanic basement xenolith IM362 (Smet, 2014). Normalizing values for primitive mantle and CI chondrites 

were used from Sun & McDonough (1989). See text for further discussion. 

7.4.  Geochemical modelling 

7.4.1.  Introduction to geochemical modelling using IgPet 

 

In the introductory text of this chapter it was questioned whether the CR did not simply represent 

subduction magmas which differentiated through fractionation and/or assimilation. This hypothesis 

can be tested through geochemical modelling. It should be emphasized that geochemical modelling 

does not necessarily validate whether a certain hypothesis is correct as the program strictly handles the 

mathematical aspects of the underlying geological processes. Users should always critically examine 

the obtained results in order to assure its geological relevance and plausibility.  

Geochemical modelling was performed with the RockWare IgPet software (2012 version; 

http://sites.google.com/site/igpethome/home). Major element compositions were obtained using the 

Mixing program, which is included with the IgPet software package. This program attempts to 

calculate the major element composition of parental or hybridized magmas based on a variety of input 

parameters such as:  

1) Elemental distribution coefficients; as a magma evolves through various differentiation processes 

such as fractionated crystallization, assimilation and mixing/mingling, its composition will change 

accordingly and will subsequently be reflected by crystallization of new minerals and/or a change in 

the chemical composition of previously crystallized minerals (e.g. amphibole, plagioclase, pyroxene, 

olivine). During these processes, certain elements will either be enriched or depleted in the remaining 

melt due to the (in)compatibility in the crystallizing mineral phases. In order to estimate the behaviour 

of a specific element, it is crucial to acquire an understanding of the different, fractionating mineral 

phases involved during the petrogenesis of the Crommyonia magma. This information is derived from 

petrographic observations and geochemical data (see section 7.1.). Distribution coefficients were 

acquired from the GERM website (Geochemical Earth Reference Model: distribution coefficient 

database: http://earthref.org/KDD/). Additionally, all major element oxides are ascribed a weighing 

factor. During this study, it was chosen to select the Mixing default values, which takes into account 

http://earthref.org/KDD/
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the general dominance of Si and Al contents. These subsequently receive a lower weighing factor, 

which may cause minor discrepancies towards the calculated values.  

2) Mineral compositions of parental magmas are required in order to perform calculations. No mineral 

analyses were performed here, and were consequently selected from literature data.  

3) Rock compositions of parental, daughter, contaminant and hybridized magmas are required.  

7.4.2.  The geochemical relationship between andesitic enclaves and the Crommyonia host rocks 

 

Multiple attempts were made to approximate the major element composition of the ‘most mafic’ 

enclave-bearing host rock (i.e. sample CR35 for eastern Crommyonia and sample CR26 for western 

Crommyonia) through fractionated crystallization and/or mixing processes. The parental magma was 

chosen to be an andesitic enclave, as encountered during fieldwork and petrographic analysis. Several 

modelling trials indicated that andesitic enclave DPM22 befits the role of parental magma the best. 

The latter enclave was sampled from the Loutses south-east Delta-2 lava flow deposits on Methana by 

Smet (2014). Mineral compositions for plagioclase, titanomagnetite and ilmenite were taken from 

Mitropoulos & Tarney (1992), while biotite and apatite compositions were provided by Bachmann et 

al. (2010) and Gertisser et al. (2009), respectively (Table 7.3). Distribution coefficients for andesitic 

magmas were obtained from the GERM database and are shown in Table 7.4. The corresponding 

results are shown in Table 7.5. 

Smet (2014) successfully reproduced the major and trace element contents of more felsic enclaves and 

host rocks from Aegina through fractionated crystallization of the mineral phases observed during 

petrographic examination of the mafic enclaves. Hence, to test a plausible analogy, plagioclase and 

biotite should be the main fractionating phases in western Crommyonia, whereas plagioclase and 

hornblende represent the mineral phases of the eastern Crommyonia section. Hornblende mainly 

comprised the hastingsite variety, which suggests that most crystals originated from a plutonic source 

(e.g. the partially molten source rock). However, these might have crystallized from the Crommyonia 

magma as well, as inferred from trace element patterns (section 7.1.). This might also explain the 

presence of hastingsite crystals which lack an oxyhornblend rim. Additional fractionating phases such 

as apatite and Fe-Ti-oxides (e.g. magnetite ± ilmenite) were included as well. These were, however, 

only scarcely observed. 

Table 7.3 : Mineral compositions used to reproduce major and trace elements compositions during 

geochemical modelling, recalculated to an anhydrous basis. (1) Mitropoulos & Tarney (1992); (2) Bachmann 

et al. (2010); (3) Gertisser et al. (2009).  

Mineral/Oxide SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 

Titanomagnetite 

ME4.2 (1) 

0.47 10.72 2.36 80.7 0.68 1.75 0.81 0 0 0 0 

Plagioclase 

AN54-AEG2 

(1) 

60.34 0 30.72 0 0 0 6.08 2.86 0 0 0 

Hornblende  (1) 41.47 2.32 13.08 8.51 0.13 15.97 11.92 2.17 0 0 0 

Biotite (2) 39.73 4.36 14.95 15.54 0.16 15.36 0 0.81 9.1 0 0 

Apatite  (3) 0.23 0 0.01 0.43 0.18 0.09 55.7 0.09 0.03 43.23 0 

Ilmenite (1) 0.53 45.47 0 51.79 0 0.81 0 0 0 0 0 
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Table 7.4: Distribution coefficients for a serie of trace elements in plausible fractionating mineral phases 

for andesitic rocks. Values obtained from the GERM database; http://www.earthref.org/. 

Element/Mineral Plagioclase Hornblende Magnetite Apatite Ilmenite 

K 0.0837     

Rb 0.16 0.14 0.15   

Ba 0.56 0.12 0.12   

Sr 5.28 0.28 0.11   

V 0.07 6.3 8.7   

Cr 0.01 40 93  3 

Ni 0.06  9.6   

Zr 0.15 0.23 0.38 0.636  

Sc 0.01 13 1.7  5.9 

Cu 0.37 7.2 1.6   

La 0.18 0.31 0.22 14.5 7.1 

Ce 0.12 0.22 0.12 21.1 7.8 

Nd 0.09 1.2 0.25 32.8 7.6 

Sm 0.06 0.66 0.29 9.8 6.9 

Eu 0.75 1.9 0.22 25.5 2.5 

Gd 0.017 1.72  43.9  

Dy 0.03 1.7 0.44 34.8 4.9 

Er 0.027 0.484  22.7  

Yb 0.1 2.1 0.24 15.4 4.1 

Y 0.066  0.64  0.2 

  

Table 7.5 displays the results of fractionated crystallization of mafic enclave DPM22 (Methana) to 

acquire the major element composition of samples CR35 (eastern Crommyonia) and CR26 (western 

Crommyonia). None of the obtained models proved to be satisfactory, as indicated by the sum of the 

squared residuals (SSR). This parameter should approximate 0, with values < 1 considered to be 

successful modelling attempts. Additionally, the abundance of crystallizing mineral phases does not 

reflect a realistic representation of the mineral assemblage observed during thin section analysis of 

sample CR35 or CR26, and is an additional argument to reject this hypothesis. The amount of 

remaining melt (i.e. ‘F’ in Table 7.5) did however suffice to allow efficient melt segregation. 

Alternatively, it was attempted to reproduce the major element composition of the Crommyonia host 

rocks through simple mixing of andesitic enclave DPM22 with a peraluminous granitoid from Lavrion 

(LA-2; Stouraiti et al., 2010), a metaluminous granitoid from Serifos (S 133; Altherr & Siebel, 2002), 

a basement biotite-gneiss sample (PR-6; Stouraiti et al., 2010) and a basement orthogneiss (NA-48; 

Pe-Piper, 2000) (Table 7.5). Simple mixing between both magmas should rather be interpreted as 

assimilation due to their differences in temperature and viscosity, which limit mixing/mingling 

processes (see section 7.2.). Although the SSR parameter performs markedly better, the fraction of 

both melts required is somewhat unrealistic. Most models indicate that andesitic enclave DPM22 

should assimilate a large amount of crustal contaminant. However, mixing of DPM22 and the Naxos 

orthogneiss NA-48 reproduces the major element composition fairly well. Trace element contents are 

unfortunately quite deviant. Hence, these results rather support the hypothesis of crustal melting with a 

limited involvement of andesitic subduction-related magma. Major element compositions seem to 

correlate better when the orthogneiss sample is used. 

http://www.earthref.org/


 
 

129 
 

 

Parent                 

and 

contaminant 
Mode: FC/Mixing Plagioclase Hornblende Biotite Apatite Magnetite Ilmenite F SSR Quality 

DPM22  FC to CR35 

15.7% / / / / / 0.84 21.681 x 

17.6% 18.4% / / / / 0.64 7.446 x 

15.9% 16.8% / 1.1% / / 0.66 6.946 x 

22.8% / / 2.7% 3.8% 0.2% 0.70 5.101 x 

DPM22 FC to CR26 

32.3% / / / / / 0.67 34.627 x 

38.8% / 17.9% / / / 0.43 16.667 x 

30.4% / 16.9% 3.7% / / 0.49 9.972 x 

31.2% / / 3.5% 4.5% 0.4% 0.60 7.772 x 

DPM22 x 

LA-2 

Mixing to obtain 

CR35 

34.7% DPM22 x 65.3% LA-2 0.926 x 

DPM22 x              

S 133 
33.4% DPM22 x 66.6% S 133 1.631 x 

DPM22 x  

PR-6 
43.7% DPM22 x 56.3% PR-6 2.444 x 

DPM22 x 

NA-48 
58% DPM22 x 42% NA-48 0.599 x 

DPM22 x 

LA-2 

Mixing to obtain 

CR26 

9.6% DPM22 x 90.4% LA-2 1.230 x 

DPM22 x       

S 133 
6.9% DPM22 x 93.1% S 133 1.672 x 

DPM22 x     

PR-6 
20.6% DPM22 x 79.4% PR-6 2.467 x 

DPM22 x 

NA-48 
42.1% DPM22 x 57.9% NA-48 0.879 x 

Table 7.5: Major element models performed in order to obtain the ‘most mafic’ enclave-bearing host rock composition in eastern (i.e. CR35) and western 

Crommyonia (i.e. CR26) through a variety of models including fractional crystallization, mixing and AFC using andesitic enclave DPM22. Legend: FC: fractionated 

crystallization; F: percentage of melt remaining after  fractional crystallization; SSR: Sum of Squared Residuals (preferentially 0, acceptable below 1); x: bad model. See text 

for sample origin. 
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Table 7.5 

(continued) 

Mode: 

FC/Mixing/AFC 
Plagioclase Hornblende Biotite Apatite Magnetite Ilmenite F SSR Quality 

DPM22 x    

LA-2 

FC + Mixing to 

obtain CR35 

 

11.4% 4.9% / 0.3% / / 0.83 0.175 
x 

10.6% DPM22 x 72.8% LA-2 

DPM22 x      

NA-48 

FC + Mixing to 

obtain CR35 

9.4% 3.8% / 0.1% / / 0.87 0.093 
x 

41.7% DPM22 x 46.3% NA-48 

DPM22 x   

LA-2 

FC + Mixing to 

obtain CR26 

8.5% / / 0.0% / / 0.92 0.673 
x 

2.9%DPM22 x 88.9% LA-2 

DPM22 x   

NA-48 

FC + Mixing to 

obtain CR26 

8% / 0.6% / / / 0.91 0.470 
x 

34.1% DPM22 x 57.2% NA-48 
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Finally, a combination of simple mixing and fractionated crystallization processes are attempted. It 

was decided to narrow down modelling to fractional crystallization of andesitic enclave DPM 22 and 

subsequent mixing with the peraluminous granitoid from Lavrion (LA-2) or Naxos orthogneiss (NA-

48), as these generally provided the best results during simple mixing models (Table 7.5). A limited 

number of fractionating minerals were selected in order to obtain mathematically plausible models. 

Although the SSR parameter and trace element concentrations provide fairly good results, the models 

cannot be deemed successful as mixing proportions are still not satisfactory. Petrographic, 

geochemical and isotopic data on the one hand, and geochemical modelling on the other, do not 

support the substantial involvement of subduction-derived andesitic magma within the petrogenesis of 

the CR. A limited amount of interaction is however illustrated by the exchange of crystals between 

both melts, the ‘more mafic’ composition of samples CR35-37 and the ‘more mantle-related’ isotopic 

signatures of Sr-Nd-Hf (see section 7.2). 

7.4.3.  Equilibrium melting 

 

Crustal anatexis can be replicated by the equilibrium melting module in IgPet. This process recreates 

partial melting of a proposed/hypothesized source rock and requires multiple parameters to constrain 

the behaviour of trace elements:  

1) A suitable source rock is required. As discussed in section 7.3.2., the Miocene I- and S-type 

granitoids and the basement gneiss samples appear to be the most plausible candidates.  

2) It is required to know which minerals are likely to melt and crystallize during the partial melting 

process. This will be further discussed in the section 7.5. 

3) A global distribution coefficient per trace element is required, based on the mineral assemblage and 

mineral abundances within the source rock. However, mineral abundances were not mentioned within 

the consulted literature. Additionally, literature data for distribution coefficients in granitoid and 

gneiss rocks generally appear to be limited. Hence, this precludes a thorough approximation of the 

partial melting process. It was therefore decided not to utilize the equilibrium melting module.  

McLeod et al. (2012 and references therein) even state that equilibrium melting oversimplifies the 

process of crustal anatexis as melt may be segregated from source rocks in a time span of 100-10,000 

years. This would subsequently promote Sr isotopic disequilibrium processes. 

7.4.4.  Crustal assimilation of the Crommyonia magma 

 

The previous sections inferred that the Crommyonia magma was contaminated by a peraluminous, 

sillimanite-bearing lithology during its differentiation and ascent. Figure 7.19 shows a compilation of 

simple mixing models between the most primitive Crommyonia host rocks and basement paragneiss in 

order to test this hypothesis. 

The Sr-Nd isotopic compositions of both Crommyonia sections seem to follow a similar trend towards 

a Sr-enriched end-member, represented by basement paragneiss PR-6 (Fig. 7.19A). The western 

Crommyonia section seems to plot perfectly, whereas the eastern section displays more variability. 

The former region requires ~25-30% of the paragneiss component to reproduce the Sr-Nd isotopic 

compositions of sample CR27 from CR26. Interestingly, sample CR25 (NW-Crommyonia) is more 

closely related to the south-western Crommyonia section. This transitional behaviour was already 
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observed during thin section analysis (section 5.3.) and during the discussion of the geochemical data 

(section 6.4.). The north-western Crommyonia section can be reproduced from sample CR26 through 

simple mixing of ~60% of the paragneiss component. A higher degree of crustal assimilation in the 

north-western Crommyonia section was already suggested in section 7.3.1.3.  

Most samples from the eastern Crommyonia region plot on the simple mixing trend defined by 

samples CR17 - PR-6 (Fig. 7.19A). However, a cluster of samples seem to plot below this trend and 

thus have more depleted Nd isotopic ratios than the remaining Crommyonia samples. These samples 

mainly coincide with petrographic group D (hornblende-lacking; stronger HREE depletion; see section 

5.3.). The reason for their behaviour is currently unknown. Sample CR35 plots at the ‘more primitive’ 

side of the diagram, which is interpreted to be the result of limited geochemical interaction between 

the Crommyonia and the andesitic, subduction-related magma. The most-differentiated samples in the 

eastern Crommyonia section require ~40% of the paragneiss component to produce their Sr-Nd 

isotopic compositions through simple mixing. 

Figure 7.19B displays a graphical representation of the Sr isotopic compositions and Sr contents. This 

diagram seems to indicate similar mixing proportions for both Crommyonia sections as examined in 

Fig. 7.19A. The eastern Crommyonia samples also seem to display a more coherent trend compared to 

the previous simple mixing model. 

Figure 7.19C displays a simple mixing model between the CR and the basement paragneiss for the Zr 

and silica contents. The model reconfirms the requirement of ~ 40% of the paragneiss component to 

reproduce the most-differentiated host rocks from sample CR35 in the eastern Crommyonia section. 

Mixing proportions in the western Crommyonia section are unexpectedly rather similar. This might be 

associated with zircon crystallization in the north-western Crommyonia section, as discussed in 

section 7.1.10. 

Simple mixing models were also produced with the Mixing program and are displayed in Table 7.6. 

The basement paragneiss compositions were reproduced from Stouraiti et al. (2010) and include 

samples NX-17, PR-6 and SER93-52. The most-differentiated samples in the north-western 

Crommyonia section are excellently reproduced through simple mixing of all basement paragneiss 

samples and sample CR21. The mixing proportions generally require ~10-20% of the paragneiss. 

component. Simple mixing models for the south-western Crommyonia section are slightly worse 

compared to the north-western section, but are still acceptable. Only ~10-15% of paragneiss 

component is required, whereas graphical modelling suggested ~20%. Most simple mixing models are 

rather bad for the eastern Crommyonia section, although one model (including NX-17) yielded good 

results. Mixing proportions generally resemble those obtained by graphical modelling (~40%). The 

large variability amongst the eastern Crommyonia models is attributed to the larger silica range 

between the least- and most-differentiated samples, respectively, and the geochemical variability 

amongst the basement paragneiss samples themselves. It may therefore be concluded that geochemical 

modelling does support the assimilation of paragneiss in the petrogenesis of the CR. 

7.4.5.  Preliminary conclusions IV 

 

Major element modelling suggests that the andesitic enclaves are not genetically related to the 

Crommyonia host rocks. Multiple attempts to reproduce the major element composition through 

processes such as fractional crystallization, mixing and a combination of both failed. Results.
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Figure 7.19: Compilation of simple mixing models between the most primitive Crommyonia host rocks and the basement paragneiss. (A) Sr-Nd isotopic 

compositions; (B) Sr isotopic composition versus Sr contents; (C) Zr contents versus SiO2. See text for further discussion. NW: North-western Crommyonia;                        

SW: South-western Crommyonia. 
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Table 7.6: Mixing of  the CR and basement paragneiss as simulation for crustal assimilation. Legend: SSR: Sum of Squared Residuals; v: good model; ≈: acceptable 

model; x: bad model 

 

 

 

 

Mixing products Region Daughter Mixing proportions SSR Quality 

CR21 x NX-17 

NW CR19 

86.2% CR21 x              

13.8% NX-17 
0.036 v 

CR21 x PR-6 
76.9% CR21 x               

23.1% PR-6 
0.269 v 

CR21 x SER93-52 
87.3% CR21 x                

12.2% SER93-52 
0.144 v 

CR26 x NX-17 

SW CR27 

85.4%CR26 x               

14.6% NX-17 
0.497 v 

CR26 x PR-6 
86.9% CR26 x                    

13.1% PR-6 
0.978 ≈ 

CR26 x SER93-52 
88.5% CR26 x                

11.5% SER93-52 
0.731 ≈ 

CR35 x NX-17 

E CR09 

56.6% CR35 x                  

43.4% NX-17  
0.434 v 

CR35 x PR-6 29% CR35 x 71% PR-6 2.081 x 

CR35 x SER93-52 
59.8% CR35 x                

40.2% SER93-52 
1.937 x 
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systematically improved when using the Miocene peraluminous granitoids of Lavrion and the 

orthogneiss sample from Naxos. Equilibrium melting was not attempted due to the high amount of 

uncertainty related to the mineral abundances of the source rock and associated trace element 

distribution coefficients. Geochemical modelling supports the role of basement paragneiss as 

assimilant during the petrogenesis of the CR. 

7.5.  Dynamics and processes controlling crustal anatexis 

 

The presence of andesitic enclaves within several Crommyonia host rocks and the simultaneous 

initiation of volcanism in the western part of the SAAVA (section 2.3.) suggests that the more mafic 

enclave magma was subduction related. As neither previous nor the present study obtained an enclave 

sample large enough for geochemical analysis, their subduction origin cannot be further ascertained. 

Several authors such as Valenzuela et al. (2011), Montanini et al.( 1994), Takanashi et al. (2012), 

amongst others, have ascribed the production of specific dacitic-rhyolitic magmas around the world to 

basaltic underplating. Huppert & Sparks (1988) argued that the latter process could produce anatectic 

melts in a mere time span of 100-1000 years. Anatectic melts are mainly believed to be generated by 

dehydration melting of muscovite and subsequently biotite according to the following reactions 

(McLeod et al., 2012; Stouraiti et al., 2010; Fig. 7.20):  

Muscovite + Plagioclase + Quartz  K-feldspar + Aluminosilicate + Melt (1) 

Biotite + Plagioclase + Aluminosilicate + Quartz  K-feldspar + Garnet + Melt (2) 

Dehydration provides water to the environment and lowers the rock’s solidus (i.e. the blue H2O 

saturated curve in Fig. 7.20). The scarce abundances of muscovite may be attributed to this process, 

although it is more probable that muscovite was inherited during paragneiss assimilation. Additionally, 

Fig. 7.20 indicates that this process only generates a small amount of melt (5-10%). This might 

explain the low volumes of volcanic rock emplacement within the Crommyonia region. The lack of 

resorption features and the high abundances of biotite also contest significant dehydration melting of 

this mineral. If this is indeed the case, then it is inferred that K-feldspar resorption must initiate at 

temperatures well below 900°C, otherwise a far larger degree of melting would have occurred, which 

should be reflected by a strong resorption of inherited biotite crystals. 

However, McLeod et al. (2012 and references therein) state that crustal anatexis typically occurs at 

temperatures of 800-1000°C, consistent with K-feldspar resorption. This produces a substantial 

amount of melt which practically consumes all biotite crystals within the source rock. It should 

therefore be concluded that most biotite crystals presumably crystallized from the newly developed 

Crommyonia magma and were partially inherited as xenocrysts during assimilation (e.g. sillimanite-

biotite xenolith).  

The interaction observed between biotite-plagioclase and garnet during thin section analysis most 

likely represents reaction (2). Hence, this should represent dissolution of garnet (core) into biotite-

plagioclase (rim) at lower temperature-pressure conditions (Fig. 5.8B-C). This might occur when 

garnet is incorporated  into a magma which ascends outside the stability field of garnet and remains 

there for a considerable amount of time, allowing the progressive dissolution of garnet into biotite-

plagioclase.  
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Fig. 7.20: Illustration of dehydration melting in a metapelitic rock. Als: Aluminosilicate; Bt: Biotite; Gt: 

Garnet; Kfs: K-feldspar; Liq: Liquid; Pl: Plagioclase; Qz: Quartz. (A) Melt production (orange zone) through 

dehydration melting of muscovite at lower temperatures and biotite at higher temperatures. The blue line 

indicates the H2O saturated solidus curve for granitic rocks. The dashed lines represent multiple geothermal 

gradients. (B) Production of melt in function of biotite and muscovite melting reactions at constant pressure. The 

abbreviation ‘RCMP’ stands for ‘Rheologically critical melt percentage’ which is the amount of melt required to 

produce a granitic composition which behaves as a fluid. See text for further discussion. Image reproduced from 

De Grave (2012). 

7.6.  Petrogenesis of the Crommyonia rhyodacites 

 

Subduction of the African beneath the Eurasian plate initiated the development of subduction-related 

volcanism in the SAAVA during Pliocene times (Pe & Piper, 1972). This resulted in the development 

of basaltic magma through partial melting processes within the mantle wedge. The basaltic magma 

subsequently ascended and differentiated within the crust. This hot, mafic magma induced partial 

melting of a crustal source rock, presumably dioritic-granitoid in composition, through dehydration 

melting of muscovite and/or biotite. Magma interaction was limited to mingling and exchange of 

minerals, but was also inferred to have caused chemical changes, as illustrated by the lower Sr and 

higher Nd-Hf isotopic compositions in enclave-bearing host rocks of the Crommyonia region. Crustal 

anatexis presumably took place within the stability field of garnet-plagioclase-amphibole in the middle 

to lower crust, which marked their HREE depletion. The western Crommyonia magma subsequently 

differentiated and fractionated minerals such as plagioclase, amphibole and zircon. This was 

accompanied by the assimilation of a sillimanite-bearing peraluminous lithology, most likely 

paragneiss, which resulted in the progressive increase of ASI values and Li-Be contents. Hydrothermal 

fluids interacted with the Crommyonia magma within the upper portions of the crust and resulted in 

decoupling of the Pb isotopic compositions from the Sr-Nd-Hf isotopic compositions. These 

hydrothermal fluids were also enriched in LILE (Cs, Rb, K), U, Th, Li and Be (Dotsika et al., 2009) 

and consequently explain their high abundances. The collision of the Aegean-Anatolian microplate 

and African continental crust during early Pliocene times induced important changes in the tectonic 

regime of the Aegean region and subsequently resulted in fault development which allowed the 

migration of magma towards the surface (Piper & Perissoratis, 2003; Pe-Piper & Piper, 2005). The 

first phase of extensive tectonism within the Saronic Gulf region resulted in the development of E-W 

orientated lystric faults, which allowed the western Crommyonia magma to reach the surface at 4.05 – 

3.60 Ma (Bellon et al., 1979; Collier & Dart, 1991). Subduction-related magma was presumably also 

A                 B 
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produced in between both phases of Crommyonia volcanism, but could not ascend towards the surface 

due to the lack of viable pathways. The second phase of volcanism occurred in a more or less 

analogous way at the Pliocene-Quaternary boundary (Schröder, 1976; Fytikas et al., 1976). The source 

rock most likely possessed a granitoid composition and was derived within the stability field of garnet-

plagioclase-amphibole within the middle to lower crust. Differentiation occurred through fractionation 

of plagioclase-amphibole and assimilation of paragneiss. Hydrothermal fluids affected the Pb isotopic 

compositions and abundances of water-soluble elements, analogous to the western Crommyonia 

section. The second phase of extension tectonism, which was related to the continuing convergence of 

the African and Aegean-Anatolian plates (Piper & Perissoratis, 2003; Bornhoff et al., 2001), within 

the Saronic Gulf resulted in the development of NW-SE orientated normal faults which allowed the 

migration of the eastern Crommyonia magma towards the surface (Schröder, 1976; Fytikas et al., 

1976). Tectonic quiescence within the Crommyonia region presumably inhibited additional phases of 

volcanism, although volcanic activity is still illustrated by minor fumarolic activity. Consequently, this 

study discards the hypothesis proposed by Pe-Piper & Piper (2005). 
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CHAPTER 8: PETROGRAPHIC AND GEOCHEMICAL COMPARISON 

BETWEEN CROMMYONIA AND THE SARONIC GULF VOLCANIC 

CENTRES 
 

This chapter will briefly discuss and compare the petrographic observations and geochemical 

compositions of the CR to the petrographic-geochemical data of the Saronic Gulf volcanic rocks 

(SGV). This comparison is carried out to highlight the difference between the characteristics of crustal 

anatexis observed in the Crommyonia region and the volcanic arc-related nature of the Saronic Gulf 

volcanic centres. Data from the latter region are provided by Smet (2014). 

 

8.1.  Fieldwork and petrography 

 

Volcanism within the Crommyonia region distinguishes itself from the Saronic Gulf region by its 

uniform eruption behaviour and limited compositional range of volcanic products (see section 8.2.1). 

A description of both regions has already been provided in section 2.3. Both volcanic regions can be 

discriminated based on their abundance of mafic enclaves and the general mineralogical content of 

their host rocks.  

Whereas all effusive deposits in the Saronic Gulf are enclave-bearing, enclaves are practically absent 

in the Crommyonia region (see section 4.2.2). The scarce and small enclaves encountered in 

Crommyonia have an andesitic composition (see section 5.1.2). This is in contrast to the abundant 

amounts of basaltic to andesitic enclaves in the Saronic Gulf, which range from µm-size to up to 60 

cm large enclaves (Smet, 2014). The small size and near absence of enclaves in Crommyonia was 

interpreted to be the result of a limited magma production rate. This could also be inferred from the 

uniform textures observed in the western Crommyonia enclaves during thin section analysis (see 

section 5.1.2 - 7.2.3). 

Table 8.1 shows a compilation and comparison of the mineralogy observed within host rocks and 

enclaves of both volcanic regions. Due to the large compositional range within the Saronic Gulf 

region, a variety of mafic minerals such as orthopyroxene, clinopyroxene, olivine, amphibole and 

biotite can be observed (Smet, 2014). The majority of these minerals were however not observed 

within the Crommyonia region as the mafic mineralogy there is generally restricted to biotite and/or 

amphibole. The lack of anhydrous mafic minerals such as olivine and pyroxene, which commonly 

crystallize from a more mafic magma, is generally explained by the fact that these are destabilized 

when such a magma mingles with a H2O saturated granitic melt. The anhydrous mafic minerals will 

consequently be converted into hydrous analogues such as biotite and amphibole. This seems to 

reinforce the hypothesis that the CR were derived from a more evolved source rock composition. 

Temperature contrasts and water contents are inferred not to have varied significantly between enclave 

and host rock magmas of the Saronic Gulf volcanic centres.  

Table 8.1 clearly illustrates the strong, crust-related signature of the CR compared to the SGV. The 

former includes minerals such as monazite/xenotime, muscovite and sillimanite, which are thought to 

have been incorporated into the Crommyonia magma during crustal contamination (section 7.1). 

Additionally, most macrophenocrysts of garnet, K-feldspar, quartz, plagioclase, amphibole and to a 
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Table 8.1: Mineralogical content of host rocks and enclaves within the Crommyonia and Saronic Gulf 

region. Saronic Gulf data taken from Smet (2014). The ‘✓’ confirms the presence of the considering mineral. 

Mineral Saronic Gulf East Crommyonia West Crommyonia 

Allanite ✓   

Amphibole ✓ ✓ ✓ 
Apatite ✓ ✓ ✓ 
Biotite ✓ ✓ ✓ 
Clinopyroxene ✓   

Fe-Ti-oxides ✓ ✓ ✓ 
Garnet  ✓  

K-feldspar  ✓ ? 
Monazite/Xenotime  ✓  
Muscovite  ✓ ✓ 
Olivine + Cr-spinel ✓   

Orthopyroxene ✓   

Plagioclase ✓ ✓ ✓ 
Sillimanite   ✓ 
Quartz ✓ ✓ ✓ 
Zircon ✓ ✓ ✓ 

 

lesser extent biotite, are believed to be inherited from crustal contaminants or the Crommyonia source 

rock. These large numbers of crust-derived minerals are clearly lacking in the SGV and illustrate the 

dominant role of crustal lithologies in the petrogenesis of the CR. 

8.2.  Geochemistry 

 

A comparison between the geochemistry of the Crommyonia and the Saronic Gulf region is presented 

in the section below and allows the recognition of different processes within the petrogenesis of both 

regions. No distinct separation is made between the north- and south-western CR in the following 

figures as this chapter mainly focusses on the differences between the Crommyonia and Saronic Gulf 

regions. 

8.2.1. Major element geochemistry 

 

Figure 8.1 presents a number of Harker variation diagrams with the major element compositions of the 

Crommyonia and the Saronic Gulf (Methana, Aegina and Poros) volcanic deposits. The majority of 

SGV plot within the medium-K trend (Fig. 8.1A) defined by Gill (1981). The CR, however, mainly 

plot within the high-K field - possibly reflecting contamination by metapelitic rocks and/or 

hydrothermal fluids (see section 7.3.2). The large silica range (Fig. 8.1B) observed for the SGV 

(basaltic to dacitic) supports the role of primitive magmas which differentiated through a number of 

processes such as assimilation, fractionated crystallization and mixing/mingling of different magmas. 

The narrow silica range observed in the CR, on the other hand, supports a less complex petrogenesis 

which was mainly characterised by partial melting processes (Orozco-Esquivel et al., 2002) and 

subsequent assimilation of crustal materials. The Al2O3 content for the CR seems to follow the main 

trend defined by the SGV (Fig. 8.1C). Hence, the difference in ASI values between the Crommyonia 

region (1.0 - 1.26) and the Saronic Gulf (~ 0.6 – 1) does not necessarily reflect a different petrogenesis 

as it could seemingly result from further differentiation of the felsic SGV magmas. Magnesium  
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Figure 8.1: Compilation and comparison of the major element compositions of the Crommyonia 

rhyodacites (CR) and Saronic Gulf volcanics (SGV). (A) K2O versus SiO2 diagram according to Gill (1981). 

(B) Total-Alkali Silica diagram of Le-Maitre et al. (2002). (C) Al2O3 versus SiO2; (D) Mg number (%) versus 

SiO2; (E) CaO versus SiO2; (F) Fe2O3 versus SiO2; (G) TiO2 versus SiO2; (H) P2O5 versus SiO2. See text for 

further discussion. 
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numbers of the eastern CR mainly follow the trend represented by the SGV (Fig. 8.1D). The western 

CR, however, seem to plot slightly above this trend. This might reflect a combined signature of 

residual garnet, which typically incorporates more Fe (Alonso-Perez et al., 2009; see section 7.1.3), 

and more primitive source rock compositions compared to the eastern CR (see section 7.3.1). The 

effects of Mg-enrichment might be furthermore concealed by metapelitic contamination as the latter 

are commonly depleted in MgO. Concentrations of CaO in the CR more or less continue the trend 

defined by the SGV (Fig. 8.1E). On the contrary, Fe2O3* contents generally plot below the SGV trend 

(Fig. 8.1F). This may again be explained by the preferential retention of Fe in garnet during crustal 

anatexis (see section 7.1.3.) and slightly depleted Fe2O3* contents in the metapelitic contaminant. The 

TiO2 concentrations of the CR plot within the field of the most felsic SGV but behave rather 

differently than the latter as their concentrations remain more or less constant (Fig. 8.1G). This might 

reflect limited fractionation of Ti-bearing minerals in the Crommyonia magma compared to the SGV. 

Figure 8.1H shows that the P2O5 contents of the CR remain more or less constant over the complete 

silica range. This presumably reflects limited amounts of apatite fractionation. A plot of the MnO 

concentrations in both sections was already shown in Fig. 7.2D of section 7.1.3. This supports the role 

of Mn retention within residual garnet during partial melting. 

Geochemical modelling attempts could not relate the major element composition of andesitic enclaves 

to the Crommyonia host rocks (section 7.4), whereas Smet (2014) successfully reproduced major 

element compositions for both enclaves and host rocks of Methana and Aegina. 

8.2.2.  Trace element geochemistry 

 

A comparison of trace element contents in the Crommyonia and Saronic Gulf region is shown in the 

Harker diagrams of Fig. 8.2. Zirconium concentrations in the eastern CR could be interpreted to follow 

the trend of the SGV (Fig. 8.2A). However, at ~ 65 wt% SiO2, zircon is inferred to crystallize within 

the SGV suite. The increase in Zr concentrations observed in the eastern CR therefore suggests a role 

of contamination by a zircon-enriched, crustal lithology (section 7.1.10). This is also suggested by the 

Hf isotopic ratios and geochemical modelling in Fig. 6.9C and Fig. 7.19C, respectively. Zirconium 

contents in the ‘most mafic’ Crommyonia host rocks are also slightly enriched compared to those of 

the SGV. Hence, this might be related to Zr enrichment within the eastern Crommyonia source rock 

itself. The decreasing trend of the Zr concentrations in the western CR might be attributed to a 

combination of zircon crystallization and contamination by a more zircon-depleted, crustal lithology. 

The latter could be reproduced during geochemical modelling (Fig. 7.19C). The Sr concentrations 

appear to display a large variability within the Crommyonia and Saronic Gulf regions, as illustrated by 

the large amount of scatter (Fig 8.2B). The high Sr abundances in the western CR were thereby 

interpreted to represent a limited amount of plagioclase fractionation within the western Crommyonia 

source rock (see section 7.1.1). The main trend defined by the Sr contents of the SGV seems to be 

continued by the eastern CR. However, Fig. 8.2C suggests that the eastern CR and SGV are not related 

to one another due to the pronounced Eu anomaly in the former region. The latter was most likely 

inherited from the eastern Crommyonia source rock and subsequently increased due to the 

fractionation of plagioclase from the Crommyonia magma (see section 7.1.1). Figures 8.2D-E reflects 

strong enrichments of Cs and Be in the CR compared to the SGV. Both elements were presumably 

enriched within the Crommyonia magma due to the interaction with hydrothermally altered wall rock 

and/or hydrothermal fluids in the upper portions of the crust (see section 7.3.2). Cs and Be are also 

enriched in (meta)pelitic rocks and might consequently have been added to the Crommyonia magma 

through crustal assimilation. Hydrothermal fluids are also inferred to play an important role on the  
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Figure 8.2: Harker variation diagrams of trace element abundances in the Crommyonia and Saronic Gulf 

region. (A) Zr versus SiO2; (B) Sr versus SiO2; (C) Eu anomaly versus SiO2; (D) Cs versus SiO2; (E) Be versus 

SiO2; (F) Ga versus SiO2; (G) Y versus SiO2; (H) La/Lu ratio versus SiO2. See text for further discussion. 
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Methana peninsula (Smet, 2014). However, these generally contain lower abundances of Cs and Be 

according to the data of Dotsika et al. (2009).The peraluminous and crust-related composition of the 

CR is illustrated by high abundances of Ga (Fig. 8.2F) due to its similar, geochemical behaviour as Al. 

Y concentrations within the Crommyonia region do not seem to differ much from the decreasing trend 

defined by the SGV (Fig. 8.2G). However, the CR are slightly depleted compared to the latter suite, 

which might reflect the combined signature of residual garnet during crustal anatexis and amphibole 

fractionation during magma differentiation. Both processes also contribute to the overall higher La/Lu 

ratios in the CR compared to the SGV (Fig. 8.2H).  

8.2.3.  Chondrite and Primitive Mantle normalised trace element patterns 

 

Figure 8.3A mainly illustrates the observations made in Fig. 8.2G-H, i.e. a strong depletion of the 

HREE (Er, Tm, Yb and Lu) in the CR compared to the SGV. This was attributed to the presence of 

residual garnet phases within the Crommyonia source rock (see earlier sections). The LREE and 

lightest MREE (i.e. Sm to Dy) have similar abundances in both volcanic regions. This supports the 

absence of monazite/xenotime within the Crommyonia host rocks as these preferentially retain the 

LREE (see discussion 7.1.10). The negative Eu anomalies are less pronounced in the SGV, as 

illustrated in Fig. 8.2C and discussed in section 8.2.2. The stronger depletion of Ho, Y and the HREE 

in the CR might reflect a combination of amphibole fractionation and residual garnet during partial 

melting conditions (see earlier). 

Primitive mantle normalised trace element abundance diagrams of both regions mainly display a very 

similar pattern for the Saronic Gulf and Crommyonia region (Fig. 8.3B). Enrichment of the LILE (Rb, 

Cs, K) in the CR is attributed to the interaction of the Crommyonia magma with hydrothermally 

altered wall rocks and/or hydrothermal fluids in the upper portions of the crust (see earlier). These 

elements may have been incorporated into the Crommyonia magma during crustal assimilation as 

well. Strontium concentrations in the western CR are markedly enriched compared to most volcanic 

rocks from the eastern Crommyonia section and Saronic Gulf region, as discussed in section 8.2.2. 

The overall depletion of Y and the HREE in the CR was discussed above. 

 

 

 

 

Figure 8.3: Chondrite and Primitive Mantle normalised trace elemenet abundances for a selection of CR and dacitic-

rhyodacitic rocks from the remaining Saronic Gulf Centres. Samples CR11-18-33-43 represent the eastern CR, whereas 

samples CR19-24-26-29 were chosen to represent average compositions of the western CR. A selection of samples from 

Methana (IM42, DPM42, IM313) and Aegina (IA97, IA333) represent the Saronic Gulf Centres. (A) Normalization of REE 

abundances to CI chondrites according to the values of Sun & McDonough (1989). (B) Normalization of a variety of major 

and trace element abundances to primitive mantle according to the values of Sun & McDonough (1989). 
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8.3.  Isotope geochemistry 

 

The following section will feature a comparison of the Sr-Nd-Pb-Hf isotopic data from the 

Crommyonia and Saronic Gulf regions. 

Figure 8.4A clearly illustrates the role of assimilation alongside fractionated crystallization processes 

within the petrogenesis of the SGV, i.e. a positive correlation is observed between the 
87

Sr/
86

Sr ratio 

and silica contents. This process is also observed in the CR, although this is not apparent for the north-

western Crommyonia section based on this diagram. The Sr isotopic compositions of the south-

western Crommyonia section appear to be rather primitive compared to the eastern section, placed 

within the perspective of the SGV. This supports the assumption that the western CR were derived 

from a more primitive source rock compared to the eastern CR. However, the presence of andesitic 

(micro-)enclaves most likely complicates this relationship as these were inferred to have influenced 

the geochemistry of the enclave-bearing Crommyonia host rocks (see section 7.2). Additionally, 

micro-enclaves might not have been detected and may have been incorporated into the rock powder 

during geochemical preparation procedures.  

The average slope of Sr isotopic enrichment with increasing silica content is rather steep within the 

CR when compared to the SGV suite. This implies that the former experienced higher degrees of 

assimilation during magma differentiation and subsequent ascent. The process of assimilation and 

fractionated crystallization is also reflected by the progressive depletion of Sr within the differentiating 

SGV suite (Fig. 8.4B). Plagioclase undoubtedly played an important role as fractionating mineral 

phase, which is illustrated by the progressive increase of the Eu anomalies (Fig. 8.2C). These trends 

are also observed in the south-western and eastern Crommyonia sections, but generally follow steeper 

slopes.  

No clear relationship is observed between the Nd-Hf isotopic ratios and silica contents in the Saronic 

Gulf and Crommyonia regions (Fig. 8.4C-E). However, the CR are distinct from the SGV suite and 

clearly indicate a strong crust-related signature. Interestingly, the eastern CR seem to follow a similar 

trend which is defined by the SGV suite in the Sr-Nd isotopic diagram (Fig. 8.4D). This may point 

towards a similar contaminating source, i.e. a metapelitic assimilant. However, it might also be 

considered that the eastern and western Crommyonia sections define a separate trend. The latter option 

seems more likely when considering that the SGV do not display similar contamination signatures 

(e.g. Al-rich minerals such as garnet, muscovite, sillimanite; high Li-Be contents, etc.) as the CR. 

Figure 8.4F clearly illustrates the role of extraneous zircon during crustal assimilation in the Saronic 

Gulf and Crommyonia regions. This process progressively increases the Hf contents in the 

corresponding magma and lowers the Hf isotopic ratios. Hf and Sr isotopic compositions correlate in a 

similar manner as the Nd-Sr isotopic compositions in diagram 8.4D. However, the eastern CR do not 

seem to follow the trend defined by the SGV suite. Instead, it appears that the CR build up a trend of 

their own. This is probably related to a different source rock-crustal contaminant combination in 

comparison with the SGV, and is in agreement with the separate trends observed in the Sr-Nd isotopic 

compositions. The AFC processes inferred for the SGV suite are also clearly displayed within the 

ε(Nd)-ε(Hf) diagram (Fig. 8.4H). Progressive assimilation and crustal contamination results in lower 

Nd-Hf isotopic ratios reflecting a shift towards stronger crustal-related values. The CR continue the 

trend defined by the SGV, with the exception of sample CR21 which did not incorporate a large 

amount of extraneous zircon. 
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Figure 8.4: Comparison of the Sr-Nd-Hf isotopic compositions within the Crommyonia and Saronic Gulf 

regions. The CHUR (CHondritic Uniform Reservoir) values of the Nd-Hf isotopic systems are shown in section 

6.3. The composition of the BSE (Bulk Silicate Earth) has been added as a mean of perspective. (A) 
87

Sr/
86

Sr 

versus SiO2; (B) 
87

Sr/
86

Sr versus Sr; (C) 
143

Nd/
144

Nd versus SiO2; (D) 
143

Nd/
144

Nd versus 
87

Sr/
86

Sr; (E) 
176

Hf/
177

Hf versus SiO2; (F) 
176

Hf/
177

Hf versus Hf; (G) 
176

Hf/
177

Hf versus 
87

Sr/
86

Sr; (H) ε(Hf) versus ε(Nd). See 

text for further discussion. 
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Figure 8.5 presents a compilation of the Pb contents and Pb isotopic compositions of the Crommyonia 

and Saronic Gulf regions. The former region contains rather high Pb abundances compared to the 

latter region (Fig. 8.5A). However, two samples of the SGV (IA97-IA333) appear to possess similar 

Pb contents. Smet (2014) inferred that these pumice deposits were derived from a similar source rock 

as the Crommyonia region, i.e. the Lavrion granitoids. Hence, these high Pb abundances might be 

attributed to Crommyonia source rock itself. The Pb abundances in the eastern Crommyonia section 

appear to display a fractionation trend. Fractionation would however occur within petrographic group 

H, which contained heavily altered samples and was inferred to have experienced post-emplacement 

mobilization processes (see section 7.1.4). Pb may consequently have been leached away during these 

processes. 

The Pb isotopic compositions in the Crommyonia region were already inferred to be decoupled from 

the Sr-Nd-Hf isotopic compositions (see section 7.3.2.1), analogous to the volcanic rocks from 

Methana (Smet, 2014), due to the interaction of the Crommyonia magma with hydrothermally altered 

wall rocks and/or hydrothermal fluids in the upper portions of the crust. The is in accordance with Fig. 

7.15, which indicated that the Crommyonia Pb isotopic compositions plotted in the upper-crust field 

defined by Zartman & Doe (1981). Fig. 8.5B indicates that the 
207

Pb/
204

Pb and 
208

Pb/
204

Pb ratios are 

positively correlated, enriched and follow the trend defined by the SGV. However, both Crommyonia 

regions appear to possess depleted 
206

Pb/
204

Pb ratios. Moreover, the 
206

Pb isotopic ratio seems to be 

decoupled from the 
207

Pb/
204

Pb and 
208

Pb/
204

Pb ratios in the western Crommyonia section, i.e. 

enrichment of the 
206

Pb/
204

Pb ratio is not accompanied by the enrichment of the latter Pb isotopic 

ratios. This would suggest that the western CR were enriched by two different Pb sources. These 

sources are difficult to identify due to the lack of Pb isotopic data from the Crommyonia basement 

rocks. A decoupling of the Pb isotopes themselves is not apparent in the eastern Crommyonia section, 

which displays a similar behaviour as the SGV. 

8.4.  Summary of the principal differences between the Crommyonia and Saronic Gulf regions 

 

Petrographic examination of the CR and the SGV reveals that the former is strongly enriched by 

crustal-derived minerals such as garnet, sillimanite, monazite/xenotime and muscovite. These minerals 

seem to be completely absent within the SGV suite. The latter also appear to contain abundant 

amounts of mafic enclaves which have a large compositional and size variability (Smet, 2014). 

However, mafic enclaves in the Crommyonia region are rather small and restricted.  

Subduction volcanism in the Saronic Gulf was characterized by the emplacement of a variety of 

volcanic products which range from basalts to rhyodacites and experienced a large number of 

differentiation processes such as fractionation, assimilation and mixing/mingling (Smet, 2014). The 

Crommyonia volcanic rocks are mostly restricted to rhyodacites and mainly reflect the process of 

crustal anatexis and assimilation.  

The source region where partial melting was inferred to take place also differs considerably: the SGV 

are thought to have been derived from the mantle wedge at depths of 50-100 km as a result of the 

subduction process (Smet, 2014), whereas the CR are believed to be derived from mid- to lower-

crustal lithologies within the stability field of garnet-amphibole-plagioclase at depths of ~25 km. The 

stability of garnet consequently resulted in the depletion of Y, HREE, Fe2O3 and MnO contents and 

enriched the La/Lu ratio in the CR compared to the SGV. 
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Figure 8.5: Comparison of the Pb concentrations and Pb isotopic compositions within the Crommyonia 

and Saronic Gulf regions. (A) Pb versus SiO2. (B) 
208

Pb/
204

Pb versus 
207

Pb/
204

Pb ratios. (C) 
207

Pb/
204

Pb versus 
206

Pb/
204

Pb ratios. (D) 
208

Pb/
204

Pb versus 
206

Pb/
204

Pb ratios. See text for further discussion. 

Assimilation of the Crommyonia and Saronic Gulf magmas most likely involved different end-

members owing to the different trends in the Sr-Nd-Hf isotopic compositions, the strong peraluminous 

behaviour of the CR compared to the SGV, types of xenocrysts incorporated (e.g. CR: garnet, 

muscovite, sillimanite, monazite/xenotime, quartz, plagioclase, K-feldspar versus SGV: allanite, 

quartz, plagioclase) and element abundances (e.g. Li, Be, Ga). 

Both volcanic regions were influenced by the interaction of hydrothermal activity which consequently 

led to important contributions of LILE, U, Th, Pb and Li. in the Crommyonia magma. The latter 

hereby presumably acquired its high-K trend. Hydrothermal fluids in the Saronic Gulf region have 

different geochemical characteristics which enhances the compositional variability of both volcanic 

regions. The Pb isotopic compositions of the CR and SGV are thought to be acquired by similar 

processes (Smet, 2014). 
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CHAPTER 9: CONCLUSIONS 

 

The goal of this Master thesis was to describe and interpret the petrography and geochemistry of the 

Crommyonia rhyodacites (CR) in order to derive a model for their petrogenesis. The Crommyonia 

volcanic rocks were subsequentially compared to the volcanic deposits of the Saronic Gulf region to 

resolve whether both experienced a similar petrogenesis.  

The Crommyonia region features two groups of volcanic outcrops which are separated both spatially 

and temporally. The older, western group is inferred to have erupted around 4.05 – 3.60 Ma and is 

positioned along E-W orientated listric faults (Collier & Dart, 1991; Bellon et al., 1979; Jackson, 

1994). The younger, eastern group erupted around 2.7 – 2.3 Ma and is located along NW-SE 

orientated normal faults (Fytikas et al., 1976; Schroder, 1976). These reported ages were determined 

through K-Ar dating of biotite, hornblende and sanidine crystals. 

The petrographic study carried out during this MSc project shows that all CR are (vitro)porphyritic 

and characterized by abundant (macro)phenocrysts of plagioclase and biotite. These are mainly 

complemented by (macro)phenocrysts of amphibole and quartz, with the exception of a select group of 

outcrops which lack amphibole. The aforementioned minerals commonly contain euhedral inclusions 

of apatite and zircon, although the latter were also encountered within the groundmass. Accessory 

minerals further include Fe-Ti-oxides and muscovite. A selection of minerals such as garnet 

macrophenocrysts, K-feldspar megacrysts and monazite/xenotime phenocrysts are generally restricted 

to the eastern Crommyonia section, whereas a single occurrence of sillimanite was limited to the 

north-western Crommyonia section. The majority of these macrophenocrysts are interpreted to be 

inherited from one or more crustal lithologies. Smaller phenocrysts and microlites have crystallized 

from the magma itself. 

A small amount of more mafic enclaves was observed within the Crommyonia host rocks and were 

interpreted to be of andesitic composition based on their modal mineralogy of plagioclase, biotite 

and/or amphibole. These enclaves were generally too small to allow a robust geochemical analysis. 

Although the lack of geochemical data precludes direct indications of the enclaves´ petrogenesis, this 

is inferred to have been subduction-related due to the synchronicity of subduction volcanism in the 

Saronic Gulf. Enclaves in the south-western Crommyonia section contain an anhedral coarse-grained 

plagioclase framework with few, but large vesicles. The single enclave observed in the eastern 

Crommyonia section contains a more fine-grained groundmass of euhedral, tabular plagioclase 

microlites and abundant, small vesicles. These enclaves furthermore consist of irregularly shaped 

amphibole and biotite phenocrysts which display high aspect ratios, suggestive of rapid cooling of the 

enclaves during magma mingling with a more felsic magma. The latter magma eventually formed the 

CR. The sole presence of biotite and amphibole in the mafic enclaves was attributed to the instability 

of pyroxene and olivine during magma mingling with the more felsic, water saturated magma. Cooling 

rates were however not sufficiently fast to produce quenching structures, as also illustrated by the lack 

of a substantial amount of volcanic glass. Instead, enclaves were inferred to have partially crystallized 

within a mafic magma intrusion which resided beneath a more felsic crystal mush. Mafic magma 

which was located closer to the mafic-felsic magma boundary experienced higher rates of cooling and 

thus produced a more fine-grained groundmass, whereas magma which was located at greater depths 

and on distances of the mafic-felsic magma boundary produced a coarser-grained, anhedral plagioclase 

framework. The former type efficiently segregates volatile components from the mafic magma, while 

the latter prevents their release. This explains the size and distribution of vesicles within different 
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enclaves. Crystallization and volatile component accumulation subsequently resulted in a density 

inversion of the mafic-felsic magma (Martin et al., 2006a). Mafic magma was dispersed in the felsic 

magma and interacted by exchanging (macro)phenocrysts of plagioclase, biotite and amphibole. Mafic 

magma production rates in the Crommyonia region were inferred to be low based on the scarce 

presence and small size of mafic enclaves. Magma production rates may also be inferred from enclave 

textures (Martin et al., 2006a). Low volumes of mafic magma are thereby interpreted to distribute heat 

more efficiently and equally producing similar enclave textures. This was confirmed for the south-

western Crommyonia section, but could not be verified for the eastern Crommyonia section. Chemical 

interaction is presumed to be limited but did shift the average composition of the enclave-bearing 

Crommyonia host rocks towards mantle-related values, as evidenced by their geochemistry and Sr-Nd 

-Hf isotopic compositions. Subsequent attempts to model the major element composition from similar 

andesitic enclaves within the Saronic Gulf however failed to reproduce the composition of the most 

mafic enclave-bearing host rocks in both eastern and western Crommyonia, owing to a more complex 

process of petrogenesis. 

Instead, petrography supports the role of partial melting of a crustal source lithology. This is illustrated 

by the presence of heavily resorbed quartz (macro)phenocrysts, K-feldspar megacrysts and plagioclase 

(macro)phenocrysts. The latter frequently display a combination of sieve textures and reverse zoning, 

whereas oxyhornblende rims are common on hastingsite (macro)phenocrysts. Additionally, silica 

contents are observed to lie within a narrow range (65 - 71 wt%), an indication of crustal anatexis 

according to Orozco-Esquivel et al. (2002). Trace element abundances show a strong correlation with 

average mid- to upper crustal compositions with even the most mafic Crommyonia host rocks showing 

a strongly crust-related Sr, Nd and Hf isotopic composition. Fumarolic activity, presently still active in 

the area between the eastern and western CR, also indicates a strong crustal-derived He isotopic 

composition, which is far more pronounced compared to the remaining volcanic centres of the Saronic 

Gulf (Shimizu et al., 2005).  

Source rock compositions for the eastern CR are presumed to be granodioritic-granitic based on the 

abovementioned petrographic observations, whereas a dioritic-tonalitic composition is proposed for 

the western Crommyonia section. The latter suggestion was mainly based on the absence of K-

feldspar, lower quartz contents, more primitive Sr-Nd-Hf isotopic ratios, higher Sr contents and less 

pronounced Eu anomalies. A genetic relationship between both lithologies is plausible, but solid 

evidence to support this hypothesis is currently lacking. A gneissic source rock is considered to be 

unlikely due to the preservation of euhedral, sieve-textured and oscillatory zoned plagioclase and 

euhedral hastingsite macrophenocrysts. Additionally, K-feldspar megacrysts remain more or less 

euhedral despite resorption. Hence, this is counter-intuitive with gneiss formation processes and points 

toward an igneous source rock. 

The Miocene extensional I- and S-type granitoids were identified as the most plausible source rock. 

These were emplaced within the Central Aegean region as a result of slab rollback-induced extension 

from the African plate (e.g. Stouraiti et al., 2010; Iglseder et al., 2009; Karacik et al., 2013; Altherr & 

Siebel, 2002, amongst others). Geochemical data from both granitoid types were selected from the 

island of Serifos and the Lavrion peninsula, i.e. the locations closest to Crommyonia, and provided by 

Stouraiti et al. (2010) and Altherr & Siebel (2002). Major element compositions of the CR generally 

approximate peraluminous granitoids, although trace element abundance patterns closely resemble 

those defined by metaluminous granitoids. Sr and Nd isotopic ratios are very similar and support the 

role of these granitoids as source rock to the Crommyonia volcanic rocks. The south-western 

Crommyonia section seems to possess a more depleted Sr isotopic ratio relative to the eastern section. 

This might be interpreted as the result of a combination between a more primitive source rock 



 

150 
 

composition and mingling with mafic enclaves. Alternatively, this might indicate a more primitive, 

unknown source rock. A major drawback of this hypothesis involves uncertainty on the extent of 

granitoid emplacement within the Aegean region. If present, it is tempting to suggest that partial 

melting could be simplified by residual heat of the pluton, owing to their rather young age (9.10 – 7.75 

Ma – Altherr & Siebel, 2002). Additionally, fault patterns created by the Miocene extensional phase 

could preferentially be used as migration pathways for the ascending hot, mafic subduction-related 

magma. This would also enhance the contact between both magma bodies. If Miocene plutonism 

appears to be absent within the Saronic Gulf region, then it is likely that the CR were derived from a 

similar source as those for the Miocene granitoids.  

Crustal anatexis is considered to be the result of a hot, mafic subduction-related magma which settled 

in the crust and consequently caused the dehydration of muscovite and biotite within surrounding 

crustal lithologies (McLeod et al., 2012) This process could produce anatectic melts in a mere time 

span of 100-1000 years (Huppert & Sparks, 1988). Crustal anatexis is believed to occur at 

temperatures of 800-1000°C (McLeod et al. 2012). This is supported by petrographic evidence which 

suggests temperatures of 800°C or higher, based on the presence of oxyhornblende rims on hastingsite 

(Pichler & Schmitt-Riegraf, 1997). Temperatures exceeding 900°C are inferred by K-feldspar 

resorption (Parker et al., 2005), as observed in the eastern Crommyonia section. The omnipresent 

crystals of biotite are mostly inferred to have crystallized from the newly formed magma and to be 

partially inherited from other crustal lithologies. This conclusion is based on the general absence of 

resorption on biotite crystals and the instability of biotite at temperatures exceeding 800°C (McLeod et 

al., 2012). 

The petrogenesis of the eastern CR is interpreted to have occurred through partial melting (at 

temperatures of 800-900°C or higher) of a slightly metaluminous-peraluminous granitoid source rock. 

This presumably took place in the middle-lower crust within the stability field of garnet (e.g. the 

HREE depletion), plagioclase (resorption and sieve textures) and amphibole (oxyhornblende reaction 

rim). This corresponds to crustal depths of ~25 km (amphibolite-granulite facies). The newly formed 

magma ascends into the overlying crust and mainly fractionates minerals such as plagioclase and 

amphibole. However, this is accompanied by assimilation of a para- or orthogneiss. The former option 

is preferred based on the observed increase in ASI values and Li-Be contents (enriched within pelitic 

rocks). The latter option is also plausible due to the addition of numerous zircon crystals to the 

Crommyonia magma. However, this implies that the orthogneiss should be peraluminous. 

Geochemical models generally seem to favour simple mixing of ~ 40% of the paragneiss component 

with ~60% of the ‘most mafic’ enclave-bearing host rock to produce the most-differentiated host 

rocks. This is also confirmed by the graphical representation of the simple mixing process between the 

CR and the aforementioned paragneiss. These may reproduce the Sr-Nd isotopic compositions of the 

most evolved CR (e.g. CR09) through simple mixing of the ‘most mafic’ CR (i.e. CR35) and ~ 40% of 

paragneiss. The marked abundances of the LILE, U, Th, Pb, Li and Be in the CR is presumably the 

result of interaction with hydrothermally altered wall rock and/or hydrothermal fluids in the upper 

portions of the crust. These appear to have played an important, local role on the Pb isotopic 

composition of the Crommyonia magma as well. This may also clarify the decoupling of Pb isotope 

compositions from the Sr-Nd-Hf isotopic ratios. Eruption eventually took place when fault activity 

allowed the magma to migrate towards the surface. This occurred along NW-SE orientated faults at ca. 

2.7 – 2.3 Ma and was one of the main consequences that were associated with the collision of the 

Aegean-Anatolian microplates with the African continental crust (Collier & Dart, 1991; Bellon et al., 

1979; Piper & Perissoratis, 2003; Bornhoff et al., 2001). 
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Anatexis is presumed to have occurred at similar temperature-depth conditions in the western 

Crommyonia section. However, the source rock is thought to possess a slightly metaluminous-

peraluminous dioritic-tonalitic composition. Although there are less data available for this section,  

hampering the identification of fractionating mineral phases on bivariate diagrams, the inferred 

decrease of Sr contents on the one hand, and the more outspoken Eu anomaly on the other imply that 

plagioclase was an important fractionating phase. Contamination of the western Crommyonia magma 

is also inferred to have occurred during its ascent. This presumably involved assimilation of a similar 

paragneiss as the aforementioned one, illustrated by the increase in ASI values, Li-Be contents and the 

presence of a biotite-sillimanite xenolith. Simple mixing of the least differentiated host rock (i.e. 

CR26) and the paragneiss reproduces the Sr-Nd isotopic composition of the most differentiated (i.e. 

CR19) host rock very well. Geochemical modelling suggests that the south-western Crommyonia 

magma should mix with ~ 20-40% of the paragneiss component in order to obtain its most-

differentiated composition in the south-western Crommyonia section. Paragneiss contributions of ~40-

60% are required to reproduce the Sr-Nd isotopic compositions of the north-western CR. The 

geochemistry of the western CR is also inferred to have been influenced by hydrothermal fluids, 

analogous to the eastern Crommyonia section. Eruption eventually occurred along E-W orientated 

faults at ca. 4.05 – 3.60 Ma and reflects the major role of fault activity and structural fabric (Fytikas et 

al., 1976; Schroder, 1976). 

The petrographic, geochemical and isotopic comparison of the CR and the remaining Saronic Gulf 

volcanic rocks all seem to indicate a significantly more important contribution of crust-related material 

in the former region. On one hand, the limited range of silica contents of the CR suggest that 

differentiation processes were not as pronounced as those which formed the suite of the Saronic Gulf 

volcanic rocks (Smet, 2014). On the other hand, the more complex Saronic Gulf differentiation 

processes clearly did not suffice to acquire similar Sr-Nd-Hf isotopic compositions as the CR, despite 

the assimilation of crustal rocks (Smet, 2014). Hence, the Crommyonia isotopic signatures must have 

been inherited by a crustal source rock. This is emphasized by the peraluminous behaviour of the 

‘most mafic’ enclave-bearing Crommyonia host rock. The Saronic Gulf volcanic rocks are generally 

metaluminous and thus mainly reflect their mantle signature, which supports their subduction-derived 

nature. Thus, the petrogenetic processes of the CR must have solely occurred within the crust. The 

subduction-derived signature of the Saronic Gulf volcanic rocks thereby reflects both mantle and 

crust-related processes. The presence of mafic enclaves clearly points out that subduction magmatism 

was the principal driving mechanism behind crustal anatexis. It is therefore suggested that the 

Crommyonia volcanic region should be regarded as a separate phenomenon, included within the 

SAAVA. 

This dissertation succeeded in acquiring a representative amount of samples which were collected to 

describe the petrography and geochemistry of the Crommyonia volcanic rocks. This data was 

combined to produce a plausible hypothesis for the petrogenesis of the CR. From this it could be 

concluded that the hypothesis of Pe-Piper & Piper (2005) is invalid and should be revised. 

Additionally, the petrographic and geochemical data obtained during this study clearly allowed to 

discriminate the Crommyonia and Saronic Gulf volcanism from one another and constrain the position 

of the Crommyonia volcanic region within the SAAVA. 

Further research should include a characterization of the trace element distribution within garnet using 

e.g. ion microprobe or SEM-EDX in order to derive its origin (i.e. magmatic or metamorphic). A 

similar procedure could be used to identify Ba zonation within K-feldspar megacrysts in order to 

verify their magmatic origin. Additional samples of the western Crommyonia section are required in 

order to obtain a better insight into geochemical trends within this region, if present. It should also be 



 

152 
 

attempted to sample sufficiently large mafic enclaves and xenoliths. The former could be analysed 

with ICP-OES, ICP-Q-MS and MC-ICP-MS in order to verify its subduction-related signature. The 

latter could provide more information on the crustal lithologies with which the magma interacted 

during its ascent. This could be obtained by thin section and geochemical analysis. An additional set of 

amphibole major element data could be acquired to constrain the depth of partial melting and crustal 

differentiation levels according to the method of Ridolfi et al. (2010). Cathodoluminescence could 

identify growth zones within zircon crystals. This may yield interesting information on the origin and 

subsequent growth of zircon crystals, as most were inferred to be inherited from crustal lithologies. 

Finally, U/Pb-dating may be performed in order to obtain crystallization ages, providing that these 

crystallized from the Crommyonia magma itself. 
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NEDERLANDSTALIGE SAMENVATTING 
 

Studiegebied  

 

Crommyonia (ook vaak Sousaki genaamd) is gelokaliseerd op het Griekse vasteland, ten zuidwesten 

van Athene en bestaat uit twee groepen van vulkanische gesteenten die zich van elkaar onderscheiden 

in tijd en ruimte. De westelijke groep is kleiner en ouder (4.05 – 3.60 Ma) dan de jongere (2.7 – 2.3 

Ma) en meer volumineuze oostelijke groep (Collier & Dart, 1991; Bellon et al., 1979; Fytikas et al., 

1976; Schroder et al., 1976). Voorgaande ouderdomsdata werden verkregen door biotiet, hoornblende 

en sanidien K/Ar-dateringen. Het vulkanisme in de Crommyonia regio lijkt verder sterk gerelateerd te 

zijn aan de werking van normaalbreuken. Dit wordt geïllustreerd door het systematisch voorkomen 

van de vulkanische gesteenten langs O-W en NW-ZO georiënteerde breuken in de westelijke en 

oostelijke groepen, respectievelijk (Collier & Dart, 1991; Mettos et al., 1988; Pavlides, 1993; Stiros, 

1995).  

 

Crommyonia wordt samen met Aegina, Methana en Poros traditioneel gegroepeerd tot de vulkanische 

centra van de Saronische Golf. Deze vormt op zijn beurt een onderdeel van de huidige Zuid-Egeïsche 

vulkaanboog (ZEV) en strekt zich uit van de Saronische Golf in het westen, over de centraal-

vulkanische eilanden van Milos-Santorini tot de oostelijke eilanden van Kos-Nisyros in de Egeïsche 

Zee. De ZEV kwam principieel tot stand in het Cenozoïcum door de noordwaartse subductie van de 

Afrikaanse onder de Euraziatische plaat enerzijds, en het slab rollback proces van de Afrikaanse plaat 

anderzijds (Pe & Piper, 1972; Jolivet & Brun, 2010 en referenties daarin). Dit resulteerde in twee 

intensieve fasen van tektonische en vulkanische activiteit die gescheiden werden door een periode van 

relatieve rust. De eerste fase vond voornamelijk plaats in de Saronische Golf vanaf het Vroeg-Plioceen 

en migreerde vervolgens gradueel naar het centrale en oostelijke gedeelte van de ZEV vanaf het 

vroege Quartair (Piper & Perissoratis, 2003). Crommyonia wordt tegenwoordig enkel nog gekenmerkt 

door de aanwezigheid van lichte fumarolische activiteit (Fytikas & Kavouridis, 1985; Georgalas, 

1962).  

 

Momenteel heerst nog steeds onzekerheid omtrent de exacte rol van de Crommyonia vulkanische 

gesteenten in de ZEV en hun petrogenese. Dit is voornamelijk het gevolg van een gebrek aan 

wetenschappelijk onderzoek dat momenteel beperkt is tot enkele verouderde, petrografische 

beschrijvingen en een sterk gelimiteerde geochemische, isotopische en geochronologische dataset.  

 

Doelstelling  

 

Het voornaamste doel van deze dissertatie bestaat erin de petrografische en geochemische 

eigenschappen van de Crommyonia vulkanische gesteenten uit te breiden en nauwkeurig te 

karakteriseren. Hiervoor werd een reeks van 43 stalen bemonsterd tussen 25-31 juli 2014. Uit deze 

selectie werden 36 stalen gekozen voor gedetailleerd petrografisch onderzoek. Whole rock hoofd- en 

spoorelement samenstellingen werden bepaald voor 30 stalen a.d.h.v. Inductief Gekoppeld Plasma – 

Optische Emissie Spectroscopie (ICP-OES) en Quadrupool Inductief Gekoppeld Plasma – 

Massaspectrometrie (ICP-Q-MS), respectievelijk. Hiervan werden vervolgens 16 stalen geselecteerd 

voor Sr-Nd-Pb-Hf isotoop analyses a.d.h.v. de Multicollector – Inductief Gekoppeld Plasma – 

Massaspectrometrie (MC-ICP-MS) procedure. Deze data werden vervolgens geïntegreerd met als doel 

een plausibele petrogenese voor de Crommyonia vulkanische gesteenten op te stellen en deze kritisch 

te testen a.d.h.v. geochemische modellen. 
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Veldwerk  

 

De vulkanische ontsluitingen zijn voornamelijk opgebouwd uit dikke pakketten van breccieuze 

lavastromen en block-and-ash flow afzettingen. Beide types worden vaak samen aangetroffen en 

graderen in elkaar over. Dit is waarschijnlijk gerelateerd aan de afstand van de lavastromen tot hun 

eruptiecentrum, waarbij de breccieuze lavastromen vermoedelijk dichter bij de bron gesitueerd waren. 

Dit kon hier echter niet bevestigd worden aangezien de eruptiecentra nooit herkenbaar waren tijdens 

veldwerk. Handstukken zijn erg kristalrijk en vertonen vaak vloeitexturen die typisch geassocieerd zijn 

met talrijke vesikels. Dit kan aanleiding geven tot de aanwezigheid van flowbanding, waarbij het 

gesteente afwisselend opgebouwd is uit rode, geoxideerde vesikelrijke en grijze, vesikelarme laagjes. 

Verwering is sterk variabel in de Crommyonia vulkanische gesteenten en kan afwezig (bijv. stalen 

CR41-43), intermediair (bijv. stalen CR35-37) of sterk (bijv. stalen CR26-31) zijn. Dit kan doorgaans 

geobserveerd worden door de aanwezigheid van geel-groene verweringsranden en oxidatiepatronen. 

De vulkanische gesteenten uit de Saronische Golf worden gekarakteriseerd door de veelvuldige 

aanwezigheid van mafische enclaves (Smet, 2014). Deze blijken echter zelden geobserveerd te worden 

in de Crommyonia gastgesteenten en zijn voornamelijk beperkt (met uitzondering van één oostelijk 

staal) tot het zuidwestelijk deel van het studiegebied.  

 

Resultaten en interpretatie 

 

Petrografie en geochemie van de gastgesteenten  

 

De Crommyonia vulkanische gesteenten kunnen voornamelijk geclassificeerd worden als 

rhyodacieten, waarbij enkele stalen eerder een strikt dacitische (< 68 gew.% SiO2) of strikt 

rhyolitische samenstelling (> 70.5 gew.% SiO2) bezitten. Deze vulkanische gesteenten zijn 

(vitro)porfirisch, aangerijkt in (macro)fenokristen van plagioklaas-biotiet en bevatten in mindere 

mate ook (macro)fenokristen van kwarts en hoornblende. Deze mineralen bevatten frequent 

insluitsels van apatiet en zirkoon, maar laatstgenoemde mineralen worden ook vaak samen met 

andere accessorische mineralen zoals Fe-Ti-oxides en muscoviet in de grondmassa aangetroffen. 

Enkele mineraalfazen zoals granaat macrofenokristen, K-veldspaat megakristen en 

monaziet/xenotiem fenokristen werden uitsluitend geobserveerd in het oostelijke deel van het 

studiegebied, terwijl sillimaniet enkel in het noordwesten werd aangetroffen. Het merendeel van 

deze megakristen en macrofenokristen zijn vermoedelijk overgeërfd uit korstgesteenten, terwijl de 

meeste fenokristen en microlieten rechtstreeks uit het Crommyonia magma zijn gekristalliseerd.  

 

Petrografie van de enclaves  

 

De mafische enclaves blijken een andesitische samenstelling te bezitten o.b.v. hun modale 

mineralogie (plagioklaas, hoornblende en/of biotiet), hoewel dit niet bevestigd kon worden a.d.h.v. 

geochemische analysen wegens hun beperkte dimensies. Hierdoor wordt het moeilijk om de 

bronregio te karakteriseren, maar die wordt wegens zijn synchroniciteit met vulkanisme in de 

Saronische Golf gerelateerd aan subductie vulkanisme. De afwezigheid van ortho- en 

clinopyroxeen is vermoedelijk het gevolg van de interactie tussen het mafische magma enerzijds en 

een waterrijk, felsische smelt anderzijds. Het laatstgenoemde magma zou uiteindelijk aanleiding 

geven tot de eruptie van de Crommyonia rhyodacieten, terwijl het eerstgenoemde magma 

teruggevonden kan worden als mafische enclaves in de gastgesteenten.  
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De onregelmatige vorm en hoge aspectverhoudingen van de biotiet-hoornblende fenokristen wijzen 

op een snelle afkoeling van het mafische magma. Deze was echter niet sterk genoeg om vulkanisch 

glas te vormen. Integendeel, kristallisatie wordt verondersteld gedeeltelijk plaats te hebben 

gevonden in de mafische intrusie. Kristallisatie zal vervolgens leiden tot een accumulatie van 

volatiele bestanddelen en verlaagt de dichtheid van het mafische magma, waardoor naar verloop 

van tijd een densiteitsomwisseling plaatsgrijpt tussen het mafische en felsische magma (Martin et 

al., 2006a). Het mafische magma wordt verspreid in het felsische magma en kan vervolgens 

kristallen uitwisselen, zoals geïllustreerd wordt door de aanwezigheid van plagioklaas, hoornblende 

en biotiet (macro)fenokristen aan de grens van het gastgesteente en de mafische enclave.  

 

De uniforme, petrografische texturen van de westelijke enclaves suggereren dat de productie van 

subductie magma beperkt was (Martin et al., 2006a). Dit lijkt ook logisch aangezien mafische 

enclaves zowel in aantal als in dimensies relatief beperkt waren. Dit kon echter niet bevestigd 

worden voor het oostelijke deel van het studiegebied wegens een gebrek aan mafische enclaves.  

 

De graad van chemische interactie tussen beide magmalichamen wordt verondersteld beperkt te 

zijn en lijkt geverifieerd te worden door geochemische modellen. Daaruit blijkt dat de 

hoofdelement samenstelling van enclave-houdende gastgesteenten niet kan gereproduceerd worden 

vanuit enclaves. Echter, naast de uitwisseling van kristallen blijkt de Sr-Nd-Hf isotopische 

samenstelling van enclave-houdende gastgesteenten doorgaans primitiever te zijn. Hieruit kan 

geconcludeerd worden dat beide magmalichamen wel degelijk een zekere graad van 

mixing/mingling hebben ondergaan.  

 

Korstopsmelting als hoofdproces in de petrogenese van de Crommyonia rhyodacieten  

 

De petrografische analyse wijst diverse argumenten aan die de rol van korstopsmelting lijken te 

bevestigen:  

 

1) Megakristen en macrofenokristen van kwarts, plagioklaas en K-veldspaat zijn vaak (sterk) 

geresorbeerd. 2) Plagioklaas (macro)fenokristen bevatten vaak een combinatie van zeeftexturen en 

inverse zonering. 3) Kristallisatie van een oxyhoornblenderand op hastingsiet hoornblende 

(macro)fenokristen. Deze wijzen allen op een significante temperatuursverhoging (800-900° C of 

meer) in de korst die partiële opsmelting toelaat (Pichler & Schmitt-Riegraf, 1997; Parker et al., 

2005).  

 

Een korstsignatuur is ook sterk terug te vinden in de geochemische samenstelling van de 

Crommyonia rhyodacieten. Zo zijn de spoorelement samenstellingen sterk gelijkaardig aan de 

gemiddelde samenstelling van de midden- en bovenkorst (Rudnick & Fountain, Pe-Piper & Piper, 

2005), terwijl de isotopische samenstellingen van Sr-Nd-Hf-Pb-He duidelijk korst-gerelateerd zijn 

(Shimizu et al., 2005; Pe-Piper & Hatzipanagiotou, 1997). De afwezigheid van primitievere 

gesteenten zoals basalt, basaltische-andesiet en andesiet kan daarbij als extra argument gebruikt 

worden voor het optreden van korstopsmelting volgens Orozco-Esquivel et al. (2002). 

Karakterisering van het brongesteente  

 

De mineralogie van de oostelijke en westelijke Crommyonia rhyodacieten suggereert dat de 

opsmelting van een plutonisch brongesteente aanleiding gaf tot het Crommyonia magma. De 

aanwezigheid van talrijke K-veldspaat megakristen impliceert hierbij een granodioritische-
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granitische samenstelling (Vernon, 1986) voor de oostelijke regio, terwijl de afwezigheid van K-

veldspaat, lagere kwartshoeveelheden, primitievere Sr-Nd-Hf isotoopverhoudingen, hogere Sr 

concentraties en minder uitgesproken Eu-anomalieën wijzen op een intermediair brongesteente 

zoals een dioriet-tonaliet voor de westelijke regio. Een genetische relatie tussen beide 

brongesteenten wordt gesuggereerd o.b.v. het spoorelementgedrag, maar kan momenteel niet 

aangetoond worden.  

 

Diverse mineralogische criteria wijzen erop dat gneis geen brongesteente kan geweest zijn: 1) 

geresorbeerde plagioklaas macrofenokristen vertonen oscillerende zonering; 2) plagioklaas 

macrofenokristen met een duidelijke zeeftextuur zijn doorgaans euhedrisch van kristalvorm; 3) 

hastingsiet hoornblende is voornamelijk subhedrisch-euhedrisch ondanks de ontwikkeling van een 

oxyhoornblenderand die een sterke temperatuurstijging indiceert en 4) K-veldspaat megakristen 

zijn min of meer euhedrisch ondanks resorptie aan de rand van de kristallen. Deze observaties zijn 

contra-intuïtief voor mineralen afkomstig uit gneis.  

 

Identificatie van het brongesteente  

 

De Miocene I- en S-type granitoïden, die voornamelijk ontsluiten op de Centraal-Egeïsche eilanden 

(bijv. Syros en Naxos), blijken de meest plausibele brongesteenten van de Crommyonia 

rhyodacieten te zijn. Dit volgt uit een vergelijking van de Crommyonia spoorelement samenstelling 

met die van metalumineuze en peralumineuze granitoïden uit Serifos en Lavrion (de 

dichtstbijgelegen locaties tot Crommyonia). Deze hypothese wordt ook gesteund door de Sr-Nd 

isotoopsamenstellingen en mineralogie die sterk gelijkaardig zijn aan deze van de Miocene 

granitoïden.  

 

Er is momenteel echter onduidelijkheid omtrent de verspreiding van deze granitoïden in de 

Saronische Golf, waardoor dit bijgevolg het grootste nadeel van deze hypothese is. Indien blijkt dat 

deze granitoïden inderdaad aanwezig zijn, dan is het aannemelijk om te suggereren dat dit de 

brongesteenten zijn o.b.v. de volgende argumenten: 1) De relatief jonge leeftijd van deze 

granitoïden (9.10 – 7.75 Ma – Altherr & Siebel, 2002) suggereert dat deze nog residuele warmte 

kunnen bezitten, waardoor het opsmeltingsproces aanzienlijk vergemakkelijkt zou kunnen worden. 

2) De breukpatronen die gevormd werden in de korst tijdens de Miocene extensiefase kunnen de 

opstijging van primitief, subductie-gerelateerd magma en het daaropvolgende contact met de 

granitoïden faciliteren. Indien blijkt dat de Miocene granitoïden niet verantwoordelijk gehouden 

kunnen worden voor de petrogenese van de Crommyonia rhyodacieten, dan is het mogelijk dat 

gelijkaardige brongesteenten van de granitoïden zelf aanleiding hebben gegeven tot de vorming van 

de Crommyonia rhyodacieten.  

 

Het proces van anatexie  

 

Korstopsmelting is het principieel resultaat van de plaatsing van een warm, mafisch magma in de 

korst dat leidt tot de dehydratatie van mineralen zoals biotiet en muscoviet in granitische 

gesteenten. De toevoeging van water leidt vervolgens tot een verlaging van de solidustemperatuur, 

waardoor het granitisch gesteente makkelijker kan opsmelten. Dit proces kan anatectische smelten 

produceren in een tijdspanne van 100-1000 jaar (Huppert & Sparks, 1988). Korstopsmelting vindt 

doorgaans plaats bij temperaturen tussen 800-1000°C (McLeod et al., 2012) en werd o.a. 

aangetoond door de resorptie van kwarts, plagioklaas en K-veldspaat.  
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De sterke aanwezigheid van euhedrische biotiet kristallen in de Crommyonia rhyodacieten is 

uitzonderlijk gezien hun preferentiële opsmelting tijdens anatexie. Deze kristallen moeten 

bijgevolg waarschijnlijk uit het Crommyonia magma zijn gekristalliseerd en deels zijn opgenomen 

als xenokristen.  

 

Petrogenetische evolutie van de Crommyonia rhyodacieten  

 

Oost-Crommyonia  

 

De petrogenese van de oostelijke Crommyonia rhyodacieten start bij de partiële opsmelting (800-

900°C of hoger) van een vermoedelijke, licht-metalumineuze/peralumineuze granitoid in de 

midden- tot onderkorst binnen het stabiliteitsveld van granaat (verarmde Heavy Rare Earth 

Element (HREE-) signatuur), plagioklaas (aanwezigheid resorptie en zeeftextuur) en allicht 

amfibool (oxyhoornblenderand). Dit komt overeen met een diepte van ~ 25 km in de korst 

(amfiboliet-granuliet faciës). Vervolgens stijgt het nieuwgevormde magma op in de korst en 

ondergaat plagioklaas-hoornblende fractionatie in combinatie met de assimilatie van para- of 

orthogneis. De eerstgenoemde wordt verkozen o.b.v. een algemene stijging van de Aluminium 

Saturation Index (ASI-) waarde en de toevoeging van Li en Be. Een peralumineuze orthogneis 

blijft echter mogelijk wegens de aanwezigheid van talrijke, overgeërfde zirkonen in het 

gecontamineerde magma. Geochemische modellen verkiezen doorgaans paragneis als contaminant. 

Dit wordt ook bevestigd door de goede reproductie van Sr en Nd isotoop samenstellingen tijdens 

simple mixing met de eerdergenoemde paragneis. Hieruit blijkt dat 40% van de paragneis-

component vereist is om de meest gedifferentieerde samenstelling (CR09) te reproduceren uit het 

minst gedifferentieerde gesteente (CR35). De aanrijking van de Large Ion Lithophile Elements 

(LILE), U, Th, Pb, Li en Be is vermoedelijk tot stand gekomen in de bovenkorst door interactie van 

het Crommyonia magma met hydrothermaal verweerde korstgesteenten en/of hydrothermale fluïda 

in de bovenkorst. Deze blijken ook een belangrijke, lokale invloed te spelen op de Pb-isotoop 

samenstelling van het magma. De eruptie neemt uiteindelijk plaats wanneer breukwerking het 

magma aan het oppervlak kan brengen langs NW-ZO georiënteerde breuken rond ca. 2.7 – 2.3 Ma 

(Fytikas et al., 1976; Schröder et al., 1976). Deze breukwerking kan gerelateerd worden aan de 

collisie tussen de Egeïsche-Anatolische microplaten enerzijds en de Afrikaanse continentale korst 

anderzijds vanaf het Vroeg-Plioceen (Piper & Perissoratis, 2003; Bornhoff et al., 2001). 

 

West-Crommyonia 

  

Korstopsmelting neemt vermoedelijk op gelijkaardige dieptes en temperaturen plaats als tijdens de 

petrogenese van de oostelijke rhyodacieten. Het brongesteente wordt hier echter geïnterpreteerd als 

zijnde een metalumineuze-peralumineuze dioriet-tonaliet. Fractionerende mineraalfazen zijn 

moeilijk te onderscheiden uit bivariate diagrammen wegens een gebrek aan datapunten, hoewel 

plagioklaas fractionatie wordt geïmpliceerd door meer uitgesproken Eu-anomalieën. Contaminatie 

in de westelijke Crommyonia regio gaat voornamelijk gepaard met de assimilatie van een 

gelijkaardige paragneis zoals blijkt uit de toename van de ASI-waardes, Li-Be concentraties en de 

aanwezigheid van een biotiet-sillimaniet xenoliet. Strontium en Nd isotoop samenstellingen kunnen 

perfect gereproduceerd en gemodelleerd worden d.m.v. simple mixing tussen het minst-

gedifferentieerde gesteente enerzijds, en paragneis anderzijds. Hieruit blijkt dat de noordwestelijke 

rhyodacieten doorgaans een sterkere mixing component van de paragneis vereisen (40-60%) in 

vergelijking met de zuidwestelijke rhyodacieten (20-40%). De geochemie van de westelijke 

Crommyonia rhyodacieten wijst ook hier op een belangrijke, analoge bijdrage van hydrothermale 
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fluïda in de bovenkorst. De uitbarsting van deze vulkanische gesteenten werd hierbij ook 

gecontroleerd door breukwerking. Eruptie nam uiteindelijk plaats langs O-W georiënteerde 

breuken rond ca. 4.05 – 3.6 Ma (Collier & Dart, 1991; Bellon et al., 1979).  

Vergelijking met de Saronische Golf  

 

De petrografische, geochemische en isotopische vergelijking van de Crommyonia rhyodacieten en 

de resterende Saronische Golf vulkanieten wijzen allen op een sterke aanrijking van 

korstgerelateerde mineralen in de Crommyonia regio. Het beperkte differentiatie-interval van de 

Crommyonia rhyodacieten (65 – 71 gew.%) kan hierbij als argument gebruikt worden voor de 

afwezigheid van lange, vulkanische differentiatiereeksen zoals geïllustreerd wordt voor de 

vulkanische afzettingen van Aegina, Methana en Poros (Smet, 2014). Deze differentiatiereeksen 

zijn niet in staat om de Sr-Nd-Hf isotopische samenstelling van de Crommyonia rhyodacieten te 

repliceren, ondanks de assimilatie van korstmateriaal. Bijgevolg moeten deze isotopische 

signaturen reeds overgeërfd zijn geweest van korstgerelateerde brongesteenten in het geval van de 

Crommyonia rhyodacieten. Dit wordt ook benadrukt door het peralumineuze gedrag van de ‘meest 

mafische’ enclave-houdende Crommyonia rhyodacieten. Dit is in tegenstelling tot het doorgaans 

metalumineuze karakter van de Saronische Golf vulkanieten die hun manteloorsprong reflecteren. 

Bijgevolg kan geconcludeerd worden dat de petrogenetische processen van de Crommyonia 

rhyodacieten enkel hebben plaatsgevonden in de korst. Subductie vulkanisme in de Saronische 

Golf reflecteert daarbij zowel mantel- als korstprocessen. Vulkanisme in de Crommyonia regio kan 

dus strikt gescheiden worden van het subductie vulkanisme in de Saronische Golf, en bij 

uitbreiding de volledige ZEV. Echter, de aanwezigheid van mafische enclaves wijst erop dat 

subductie magmatisme de hoofdoorzaak van korstopsmelting moet geweest zijn. Hierdoor kunnen 

beide vulkanische regio’s niet van elkaar gescheiden worden, maar moet Crommyonia als 

afzonderlijke eenheid binnen de ZEV beschouwd worden.  

 

Deze dissertatie is erin geslaagd om een representatieve hoeveelheid stalen te bemonsteren en 

zowel petrografisch als geochemisch te karakteriseren. Deze data werden vervolgens geïntegreerd 

om een plausibele petrogenetische evolutie van de Crommyonia rhyodacieten op te stellen. Hieruit 

blijkt dat de hypothese van Pe-Piper & Piper (2005) niet correct lijkt te zijn en herzien moet 

worden. Deze studie heeft ook duidelijk aangetoond dat het vulkanisme in de Crommyonia en de 

Saronische Golf regio’s van elkaar gescheiden moeten worden, waarbij Crommyonia als een 

afzonderlijke eenheid binnen de ZEV moet beschouwd worden. 

 

Verder onderzoek  

 

 Om de petrogenese in de westelijke Crommyonia regio beter te karakteriseren is het 

aangewezen om de staalname densiteit te verhogen.  

 Staalname van voldoende grote enclaves zou een geochemische analyse toelaten, waaruit een 

mogelijke bronregio kan afgeleid worden. Hierbij kunnen de hoofd- en spoorelement 

samenstellingen bepaald worden a.d.h.v. ICP-OES en ICP-Q-MS, respectievelijk, terwijl de 

Sr-Nd-Pb-Hf isotoop samenstelling verkregen kan worden a.d.h.v. MC-ICP-MS.  

 Staalname van xenolieten laat toe om de interactie tussen het Crommyonia magma en 

naburige korstgesteenten beter in kaart te brengen. Dit kan uitgevoerd worden a.d.h.v. 

petrografische analyse of, indien mogelijk, geochemische analysen.  



 
 

159 
 

 Scanning electron microscope – Energy dispersive X-ray spectroscopy (SEM-EDX) of ion 

microprobe analyse van granaat kan de spoorelementdistributie in kaart brengen, waaruit zijn 

oorsprong (magmatisch of metamorf) kan bepaald worden.  

 SEM-EDX of ion microprobe analyse van K-veldspaat kan de aanwezigheid van Ba-zonering 

al dan niet verifiëren. Hierdoor zou zijn magmatische oorsprong bevestigd kunnen worden.  

 Kennis omtrent de hoofdelement samenstelling van enkele hoornblende kristallen zou een 

betere indicatie kunnen geven omtrent de kristallisatietemperatuur en –diepte van het magma 

waarin deze gevormd werden, volgens de methode van Ridolfi et al. (2010).  

 

 Cathodolumeniscentie van zirkoon kristallen kan de groeiontwikkeling en de oorsprong van 

dit mineraal achterhalen. Dit zou interessante informatie opleveren aangezien de meeste 

kristallen waarschijnlijk werden overgeërfd uit de korst. Kristallisatie ouderdommen kunnen 

verkregen worden a.d.h.v. bv. U-Pb dateringen, op voorwaarde dat deze rechtstreeks uit het 

Crommyonia magma zijn gekristalliseerd.  
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APPENDIX A: Outcrop and hand specimen description 

 

 

 

 

Sample  Outcrop description Macroscopic description 

Geographical location               

(UTM – WGS84 coordinates) 

CR01 

 

N: 37°55'22,7"     E: 23°07'05,0" 

Accuracy: 7 m     Elevation: 29m                            

 

 

 

 

 

Outcrop appears to be more 

massive towards NW and seems 

to transition into a block-and-ash 

flow deposit towards SE; Jointing 

is pronounced 

 

 

 

 

 

 

- Dominantly pinkish to grey matrix 

- Mafic minerals predominantly biotite: black to bronze colour; pseudo-hexagonal to 

elongated crystals;  2 - 3 mm maximum; average abundance 

- Quartz: white to grey colour; macrophenocrysts up to 3 - 4 mm maximum; 

anhedral; large abundance 

- Feldspar: (macro)phenocrysts not well displayed; white colour; subhedral-euhedral 

tabular crystals; 2 - 3 mm maximum; average abundance 

- Red coloured mineral: rounded; twice observed; Garnet?; 3 - 4 mm maximum 

- Weathering average 

- Porphyritic texture 
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CR02 

 

N: 37°55'22,7"     E: 23°07'05,0" 

Accuracy: 7 m     Elevation: 29m                            

 

 

 

 

 

 

 

 

 

 

 

 

Outcrop appears to be more 

massive towards NW and seems 

to transition into a block-and-ash 

flow deposit towards SE; Jointing 

is pronounced 

 

 

 

 

 

 

 

 

 

 

 

 

- Dominantly pinkish to grey matrix 

- Mafic minerals predominantly biotite: black to bronze colour; pseudo-hexagonal to 

elongated crystals; 0.5 mm maximum; average abundance  

- Quartz: grey-purple colour; macrophenocrysts up to 2 - 3 mm maximum; anhedral; 

abundant 

- Feldspar: (macro)phenocrysts abundant; white colour; subhedral-euhedral tabular 

crystals; 0.5 cm maximum 

- Weathering average 

- Porphyritic texture 

CR03 

 

N: 37°55'22,7"     E: 23°07'05,0" 

Accuracy: 7 m     Elevation: 29m                            

- Pronounced pinkish to slightly greyish matrix 

- Mafic minerals predominantly biotite: black to bronze colour; pseudo-hexagonal to 

elongated crystals; generally less abundant  

- Quartz: grey-purple to yellow colour; macrophenocrysts up to 2 - 3 mm maximum; 

anhedral; abundant 

- Feldspar: (macro)phenocrysts up to 2 - 4 mm maximum; subhedral-euhedral tabular 

crystals; white colour 

- Weathering pronounced (including yellow oxidation rims) 

- Porphyritic + Flow texture 
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CR04 

 

N: 37°55'22,7"     E: 23°07'05,0" 

Accuracy: 7 m     Elevation: 29m                            

 

 

 

 

Outcrop appears to be more 

massive towards NW and seems 

to transition into a block-and-ash 

flow deposit towards SE; Jointing 

is pronounced 

- Predominantly grey, slightly pink matrix (more fresh) 

- Mafic minerals predominantly biotite: black to bronze colour; pseudo-hexagonal to 

elongated; high abundance 

- Quartz: purple colour; anhedral; macrophenocrysts up to 4 mm maximum; not very 

abundant 

- Feldspar: macrophenocrysts up to several mm maximum; white colour; subhedral-

euhedral tabular crystals; average to high abundance 

- Porphyritic + Flow texture 

CR05A 

 

N: 37°55'06,2"     E: 23°06'35,4" 

Accuracy: 7 m     Elevation: 40 m 

 

 

 

 

 

 

 

 

Block-and-ash flow deposit; 

Towards NE: sudden transition 

into sedimentary strata (faults?); 

Jointed 

 

 

 

 

 

 

 

- Grey matrix with several darker grey patches 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic 

crystals more abundant than before; pseudo-hexagonal to elongated crystals of biotite; 

macrophenocrysts up to 3 mm maximum; average abundance of both minerals 

- Quartz: grey-purple colour; anhedral; not well displayed; macrophenocrysts up to 

several mm maximum 

- Feldspar: multiple megacrysts up to > 1 cm; white colour; subhedral-euhedral 

tabular crystals; abundant 

- Weathering average to high (including yellow oxidation rims) 

- Porphyritic texture  
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CR05B 

 

N: 37°55'06,2"     E: 23°06'35,4" 

Accuracy: 7 m     Elevation: 40 m 

 

 

 

 

Block-and-ash flow deposit; 

Towards NE: sudden transition 

into sedimentary strata (faults?); 

Jointed 

 

 

 

 

- Grey to dark grey matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic 

crystals more abundant than before; pseudo-hexagonal to elongated crystals of biotite; 

macrophenocrysts up to 3 mm maximum; average abundance of both minerals 

- Quartz: grey to purple colour; anhedral; not very abundant; macrophenocrysts up to 

3 mm maximum 

- Feldspar: megacryst up to > 1.5 cm; white colour; subhedral-euhedral tabular 

crystals; average abundance  

- Weathering average to high (including oxidation rims) 

- Porphyritic texture 

 

 

CR06 

 

N: 37°55'08,2"     E: 23°06'35,8" 

Accuracy: 7 m     Elevation: 40 m 

 

 

 

Brecciated lava; Jointed 

 

 

 

- Grey matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal – elongated crystals; relatively fine-grained; macrophenocrysts up to 2 mm 

maximum; abundant 

- Quartz: not clearly recognizable  

- Feldspar: several megacrysts up to > 1 cm; white colour; subhedral-euhedral tabular 

crystals; generally smaller (macro)phenocrysts; average abundance  

- Weathering average to high (including yellow-green oxidation rims) 
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CR07 

 

N: 37°55'12,4"     E: 23°06'35,1" 

Accuracy: 7 m     Elevation: 32 m 

 

 

 

 

 

 

 

 

 

 

 

 

Sample location is right at the 

transition between lava breccia 

and block-and-ash flow deposit; 

Rounded lava fragments: 

migration downhill during 

eruption?; Jointed 

 

 

 

 

 

 

 

 

 

 

- Grey matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-elongated; macrophenocrysts up to 3 mm maximum; (high) abundance 

- Quartz: grey colour; anhedral; 2-3 mm maximum; average abudance 

- Feldspar: multiple megacrysts up to > 2 cm and quite abundant; white colour; 

subhedral-euhedral tabular crystals; (macro)phenocrysts have average abundance 

- Weathering average to high (including green oxidation rims) 

- Porphyritic + Flow texture 

CR08 

 

N: 37°55'12,4"     E: 23°06'35,1" 

Accuracy: 7 m     Elevation: 32 m 

- Dark grey matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-elongated; macrophenocrysts up to 2 mm maximum; generally not very 

abundant 

- Quartz: purple colour; large crystal aggregate up to > 2.5 cm in size; individual 

macrophenocrysts up to 2 mm maximum; average abundance 

- Feldspar: several megacrysts present up to > 2 cm; subhedral-euhedral tabular 

crystals; white colour; average abundance in general 

- Weathering severe (including yellow and red oxidation rims) 

- Porphyritic texture 
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CR09 

 

N: 37°55'11,2"     E: 23°06'17,2" 

Accuracy: 5 m     Elevation: 54 m 

Brecciated lava; Severely jointed 

- Grey to green matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; flakey-

pseudo-hexagonal-elongated; abundant; macrophenocrysts up to 2 mm maximum 

- Quartz: grey-purple colour; anhedral; megacrysts up to 3 mm maximum; clearly 

present 

- Feldspar: megacrysts up to > 1 cm; macrophenocrysts up to 2-3 mm maximum; 

white colour; subhedral-euhedral tabular crystals; clearly present, but not abundant 

- Weathering severe (including multiple oxidation marks) 

- Porphyritic texture 

CR10 

 

N: 37°55'12,7"     E: 23°06'15,7" 

Accuracy: 5 m     Elevation: 24 m 

 

 

 

 

 

 

 

 

Transition brecciated lava – 

block-and-ash flow deposit; 

Severely jointed 

 

 

 

 

 

 

 

 

- Grey to green matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-elongated; macrophenocrysts up to 3 mm maximum 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 3-4 mm maximum; 

abundant 

- Feldspar: multiple megacrysts up to > 3 cm maximum which are the only 

recognizable feldspar crystals within the rock; white colour, but frequently orange 

coloured due to weathering; macrophenocrysts up to several mm maximum; 

subhedral-euhedral tabular crystals 

- Weathering severe (including oxidation marks) 

- Porphyritic texture 
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CR11 

 

N: 37°55'06,8"     E: 23°06'02,6" 

Accuracy: 6 m     Elevation: 2 m 

Brecciated lava; Severely jointed; 

Secondary mineralisation on joint 

planes 

- Grey-green-orange matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-elongated crystals; mainly biotite; macrophenocrysts up to 3 mm 

maximum; a bit less abundant compared to CR09-10 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to several mm 

maximum; abundant 

- Feldspar: several megacrysts up to > 1 cm; not very pronounced; white colour; 

subhedral-euhedral tabular crystals 

- Weathering severe 

- Porphyritic texture 

CR12 

 

N: 37°55'05,5"     E: 23°06'17,5" 

Accuracy: 5 m     Elevation: 10 m 

 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed 

 

 

 

 

 

 

 

 

- (Dark) Grey to (light) green matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-elongated crystals; macrophenocrysts up to 2 mm maximum; 

mainly biotite 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

average abundance 

- Feldspar: several megacrysts up to > 1 cm maximum; macrophenocrysts generally 

up to 3 mm maximum; white colour; subhedral-euhedral tabular crystals; more clearly 

present compared to previous samples 

- Weathering severe 

- Porphyritic texture 
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CR13 

 

N: 37°55'05,5"     E: 23°06'17,5" 

Accuracy: 5 m     Elevation: 10 m 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed 

 

 

 

- (Dark) grey – (light) green matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-elongated; macrophenocrysts up to 3 mm maximum; mainly biotite; a bit 

more abundant compared to CR12 

- Quartz: grey to slightly purple colour; anhedral; macrophenocrysts up to 2-3 mm 

maximum; quite abundant 

- Feldspar: abundant megacrysts up to > 1 cm; macrophenocrysts up to 2-3 mm 

maximum; white colour; subhedral-euhedral tabular crystals; abundant  

- Weathering average to high  

- Porphyritic texture 

CR14 

 

N: 37°55'07,4"     E: 23°06'26,9" 

Accuracy: 8 m     Elevation: 34 m 

 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed  

 

 

 

 

 

 

 

 

 

- Grey to light green matrix 

- Mafic minerals: both amphibole and biotite: black colour: prismatic to pseudo-

hexagonal-flakey-elongated; macrophenocrysts up to 3 mm maximum; average 

abundance; mainly biotite 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

average abundance 

- Feldspar: only megacrysts are easily recognizable and up to > 1 cm; 

macrophenocrysts generally up to 2-3 mm maximum; white colour; subhedral-

euhedral tabular crystals 

- Weathering average to high (including oxidation marks) 

- Porphyritic + often Vesicular texture 
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CR15 

 

N: 37°55'07,4"     E: 23°06'26,9" 

Accuracy: 8 m     Elevation: 34 m 

 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed 

- Grey to light green matrix  

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-flakey-elongated; macrophenocrysts up to 2-3 mm maximum; 

average abundance; mainly biotite 

- Quartz: grey to purple colour; macrophenocrysts up to 2-3 mm maximum; anhedral; 

clearly recognizable and average abundance 

- Feldspar: multiple megacrysts up to > 1 cm; (macro)phencrysts are not easily 

recognized; white colour; subhedral-euhedral tabular crystals 

- Weathering average to high 

- Porphyritic + often Vesicular texture 

CR16 

 

N: 37°55'55,0"     E: 23°06'13,6" 

Accuracy: 5 m     Elevation: 133 m 

 

 

 

 

 

 

 

 

Lava breccia 

 

 

 

 

 

 

 

 

- Light to dark grey matrix 

- Mafic minerals:both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 2-3 mm 

maximum; mainly biotite; (average) abundance 

- Quartz: light grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm 

maximum 

- Feldspar: multiple megacrysts up to > 1 cm; (macro)phenocrysts are clearly visible 

and have an average abundance in general; white colour; subhedarl-euhedral tabular 

crystals 

- Minor weathering 

- Porphyritic texture 
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CR17 

 

N: 37°55'55,0"     E: 23°06'13,6" 

Accuracy: 5 m     Elevation: 133 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lava breccia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Grey matrix which is slightly brighter coloured than CR16 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 4-5 mm 

maximum; very abundant; mainly biotite 

- Quartz: grey to purple colour; macrophenocrysts up to 2-4 mm maximum; (average) 

abundance 

- Feldspar: multiple megacrysts up to > 1 cm; white colour; subhedral-euhedral 

tabular crystals; (macro)phenocrysts not always very recognizable and up to several 

mm maximum; crystals may be slightly weathered/coloured 

- Minor weathering (including some small oxidation marks) 

- Porphyritic texture 

CR18 

- light grey to light green matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated crystals; macrophenocrysts up to 2-3 mm maximum; poor 

to average abundance 

- Quartz: grey to slightly purple; anhedral; macrophenocrysts up to 2-3 mm 

maximum; average abundance 

- Feldspar: multiple megacrysts up to > 1.5 cm: white colour; subhedral-euhedral 

tabular crystals; macrophenocrysts up to 2-3 mm maximum; clearly present but 

average abundance in general 
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N: 37°55'55,0"     E: 23°06'13,6" 

Accuracy: 5 m     Elevation: 133 m 

 

 

 

 

 

 

 

 

- Weathering generally minor 

- Porphyritic texture 

CR19 

 

N: 37°56'50,8"     E: 23°00'54,3" 

Accuracy: 5 m     Elevation: 169 m                           

 

 

 

 

 

 

 

 

Brecciated lava 

 

 

 

 

 

 

 

 

- Dark grey, fine-grained matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 3 mm maximum 

but generally < 1 mm, high abundance; mainly biotite 

- Quartz: grey colour, anhedral, generally small (i.e. macrophenocrysts up to 1-2 mm 

maximum); modest abundance 

- Feldspar: NO megacrysts; white colour; subhedral-euhedral tabular crystals; 

macrophenocrysts up to 2 mm maximum; high abundance 

- Minor weathering 

- Porphyritic texture 
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CR20 

 

N: 37°56'50,8"     E: 23°00'54,3" 

Accuracy: 5 m     Elevation: 169 m                           

 

 

 

 

 

 

 

Brecciated lava 

- Grey, fine-grained matrix 

- Mafic minerals: both amphibole and biotite: black to bronze colour; prismatic to 

pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 3 mm 

maximum; mainly biotite; may occasionally look oxidized 

- Quartz: not really observed 

- Feldspar: NO megacrysts; macrophenocrysts up to 3 mm maximum; white colour; 

subhedral-euhedral tabular crystals; clearly present and abundant 

- Weathering bare to none 

- Porphyritic texture 

CR21 

 

N: 37°56'50,2"     E: 23°00'50,3" 

Accuracy: 5 m     Elevation: 182 m 

Brecciated lava 

- Grey, coarser grained matrix  

- Mafic minerals: both amphibole and biotite: dark green colour; prismatic to 

pseudo-hexagonal-elongated crystals; macrophenocrysts up to 0.5 cm maximum; 

average abundance 

- Quartz: not recognized 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; (average) abundance 

- Slightly weathered 

- Porphyritic + Flow + often Vesicular texture 
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CR22 

 

N: 37°56'52,5"     E: 23°00'53,3" 

Accuracy: 6 m     Elevation: 192 m                                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brecciated lava  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Light grey and fine-grained matrix 

- Mafic minerals: both amphibole and biotite: dark green to black colour; prismatic 

to pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 3 mm 

maximum; average abundance 

- Quartz: not recognized 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; average abundance 

- Weathering average 

- Porphyritic texture 

CR23 

 

N: 37°56'52,5"     E: 23°00'53,3" 

Accuracy: 6 m     Elevation: 192 m 

- Light to medium grey and slightly coarser grained matrix 

- Mafic minerals: both amphibole and biotite: dark green colour; prismatic to 

pseudo-hexagonal-flakey-elongated; macrophenocrysts up to 3 mm maximum; 

abundant 

- Quartz: grey colour; barely visible 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; (highly) abundant 

- Weathering average (including several oxidized marks) 

- Porphyritic texture 
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CR24 

 

N: 37°56'42,1"     E:23°00'56,4" 

Accuracy: 6 m     Elevation: 141 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ex-situ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Light to dark grey + slightly coarser grained matrix (compared to CR19-23) 

- Mafic minerals: both amphibole and biotite: dark green colour; prismatic to 

pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up to 0.5 cm 

maximum; average abundance 

- Quartz: not recognizable 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm  maximum; white 

colour; subhedral-euhedral tabular crystals; abundant 

- Weathering bare to none 

- Porphyritic texture 

CR25 

 

N: 37°56'40,6"     E: 23°00'57,0" 

Accuracy: 5 m     Elevation: 145 m 

- Dark grey and slightly coarser grained matrix (compared to CR19-23) 

- Mafic minerals: both amphibole and biotite: dark green colour; dominantly 

prismatic, but pseudo-hexagonal-flakey-elongated crystals occur as well; 

macrophenocrysts up to 0.5 cm maximum; average abundance 

- Quartz: not recognizable  

- Feldspar: NO megacrysts: macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; average abundance 

- Minor weathering 

- Porphyritic texture 
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CR26 

 

N: 37°55'41,3"     E: 23°61'35,0" 

Accuracy: 6 m     Elevation: 28 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed; 

Lavas frequently contain cracks  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Dark grey and coarse-grained matrix  

- Mafic minerals: both amphibole and biotite: dark green to black colour; 

dominantly prismatic, but also pseudo-hexagonal-flakey-elongated crystals; 

macrophenocrysts up to 0.5 cm maximum; average abundance 

- Quartz: grey colour; not very pronounced 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; abundant 

- Weathering average to high (including multiple oxidized patches) 

- Porphyritic texture  

CR27 

 

N: 37°55'42,4"     E: 23°01'33,3" 

Accuracy: 8 m     Elevation: 28 m 

- Light grey to green, coarse-grained matrix 

- Mafic minerals; both amphibole and biotite: dark green colour; dominantly 

prismatic, but also pseudo-hexagonal-flakey-elongated crystals; macrophenocrysts up 

to 0.5 cm maximum; average abundance 

- Quartz: grey colour, not very pronounced 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; subhedral-euhedral tabular crystals; average abundance 

- Weathering average to high 

- Porphyritic + Flow texture 
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CR28 

 

N: 37°55'41,3"     E: 23°61'35,0" 

Accuracy: 6 m     Elevation: 28 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brecciated lava; Severely jointed; 

Lavas frequently contain cracks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Light grey to green matrix 

- Mafic minerals: both amphibole and biotite: dark green to black colour; 

dominantly prismatic, but also pseudo-hexagonal-flakey-elongated crystals; 

macrophenocrysts up to 0.5 cm maximum; average abundance 

- Quartz: not recognizable 

- Feldspar: NO megacrysts; macrophenocrysts up to 2-3 mm maximum; white 

colour; suhbedral-euhedral tabular crystals; abundant 

- Weathering average to high 

- Porphyritic texture 

CR29 

 

N: 37°55'42,4"     E: 23°01'33,3" 

Accuracy: 8 m     Elevation: 28 m 

- Dark grey, coarse-grained matrix 

- Mafic minerals: both amphibole and biotite: dark green; dominantly prismatic, but 

also pseudo-hexagonal-flakey-elongated crystals; megacrysts of amphibole up to > 1 

cm; generally not very abundant 

- Quartz: not recognizable 

- Feldspar: megacrysts up to ± 1 cm; white colour, subhedral-euhedral tabular 

crystals; average abundance 

- Weathering average 

- Porphyritic texture 

CR30 

 

N: 37°55'42,4"     E: 23°01'33,3" 

Accuracy: 8 m     Elevation: 28 m                                  

Dark enclave: 3-3.5 cm diameter; ± 1 cm thickness; black colour; mafic minerals 

and abundant plagioclase present; average weathering; vesicular texture 

CR31 

 

N: 37°55'42,4"     E: 23°01'33,3" 

Accuracy: 8 m     Elevation: 28 m                                  

Pale Enclave: pale, white coloured groundmass with green elongated crystals of 

mafic minerals; abundant mafic minerals and plagioclase 
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CR32 

 

N :37°55'53,8"     E: 23°06'01,1" 

Accuracy: 6 m     Elevation: 133 m 

 

 

 

 

 

 

 

Brecciated lava on top; Lava 

breccia at the bottom of the 

outcrop 

 

 

 

 

 

 

 

- Light to dark grey, coarse grained matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated; macrophenocrysts up to 2 mm maximum; average 

abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 3 mm maximum; 

high abundance 

- Feldspar: megacrysts up to > 1.5 cm; macrophenocrysts are typically several mm 

maximum; white colour; subhedral-euhedral tabular crystals; high abundance 

- Minor weathering 

- Porphyritic + Flow texture 
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CR33 

 

N :37°55'53,8"     E: 23°06'01,1" 

Accuracy: 6 m     Elevation: 133 m 

 

 

 

 

 

 

 

 

 

 

Brecciated lava on top; Lava 

breccia at the bottom of the 

outcrop 

- Light to dominant dark grey, relative coarse grained matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated; macrophenocrysts up to 2 mm maximum; average 

abundance 

- Quartz: grey colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

abundant 

- Feldspar: megacrysts up to > 1 cm; macrophenocrysts up to several mm maximum; 

white colour; subhedral-euhedral tabular crystals; high abundance 

- Weathering minor to average 

- Porphyritic + Flow texture 

CR34 

 

N :37°55'53,8"     E: 23°06'01,1" 

Accuracy: 6 m     Elevation: 133 m 

Mafic enclave or amphibolite from neighbouring ophiolite complex?  
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CR35 

 

N: 37°55'40,2"     E: 23°06'16,9" 

Accuracy: 7 m     Elevation: 159 m 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Partially ex-situ; loose rocks from 

underlying lava flow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Light – dark grey to green, intermediate grained matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated crystals; macrophenocrysts up to 4 mm maximum 

- Quartz: grey to purple; anhedral; macrophenocrysts up to 3 mm maximum 

- Feldspar: megacrysts up to > 1 cm maximum; macrophenocrysts up to 3 mm 

maximum; white colour; subhedral-euhedral tabular crystals; average abundance 

- Garnet: red colour; euhedral 

- Weathering average 

- Porphyritic + Flow texture 

CR36 

 

N: 37°55'39,3"     E: 23°06'17,2" 

Accuracy: 7 m     Elevation: 158 m 

- Dark grey, slightly coarser grained matrix compared to CR35 

-  Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated crystals; macrophenocrysts up to 3-4 mm maximum; 

average abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

average abundance 

- Feldspar: megacrysts up to > 1 cm; macrophenocrysts up to 2-3 mm maximum; 

white colour; subhedral-euhedral tabular crystals; abundant 

- Weathering average to high 

- Porphyritic + Flow texture 
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CR37 

 

N: 37°55'39,6"     E: 23°06'19,8" 

Accuracy: 6 m     Elevation: 154 m 

 

 

 

 

 

 

 

Partially ex-situ; loose rocks from 

underlying lava flow 

- Light grey matrix 

- Mafic minerals: both amphibole and biotite: black colour; prismatic to pseudo-

hexagonal-flakey-elongated crystals; macrophenocrysts up to 3 mm maximum; 

average abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 3 mm maximum; 

average abundance 

- Feldspar: megacrysts up to > 1 cm maximum; macrophenocrysts up to 3 mm 

maximum; white colour; subhedral-euhhedral tabular crystals; average abundance 

- Weathering minor to average (more pronounced along vesicles) 

- Porphyritic + Flow texture 

CR38 

 

N: 37°55'05,5"     E: 23°06'49,4" 

Accuracy: 6 m     Elevation: 8 m 

 

 

 

 

 

 

 

 

 

Ex-situ 

 

 

 

 

 

 

 

 

 

- Dominant pinkish to grey, generally fine-grained matrix 

- Mafic minerals: biotite: black to bronze colour; prismatic to pseudo-hexagonal-

flakey-elongated crystals; macrophenocrysts up to 3 mm maximum; average 

abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum 

- Feldspar: not clearly recognizable; megacrysts seem generally absent; 

macrophenocrysts up to 2-3 mm maximum; white colour; subhedral-euhedral tabular 

crystals; average abundance 

- Weathering average (including oxidation marks) 

- Porphyritic + Flow texture 
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CR39 

 

N: 37°55'05,5"     E: 23°06'49,4" 

Accuracy: 6 m     Elevation: 8 m 

 

 

 

 

 

 

 

 

Ex-situ 

 

 

- Dominant pinkish to grey, fine- to coarse-grained matrix 

- Mafic minerals: biotite: black-bronze colours; pseudo-hexagonal-flakey-elongated 

crystals; macrophenocrysts up to 2-3 mm maximum;  average abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

average abundance 

- Feldspar: megacrysts up to > 1 cm; macrophenocrysts up to 2-3 mm maximum; 

white colour; subhedral-euhedral tabular crystals; average abundance 

- Weathering average 

- Porphyritic + Flow texture 

CR40 

 

N: 37°55'10,1"     E: 23°06'53,7" 

Accuracy: 5 m     Elevation: 20 m 

 

 

 

 

 

 

 

 

 

Partially ex-situ; loose rocks from 

underlying lava flow 

 

 

 

 

 

 

 

 

- Dominant pinkish to grey coarser grained matrix 

- Mafic minerals: biotite: black to bronze colour; pseudo-hexagonal-flakey-elongated 

crystals; macrophenocrysts up to 3 mm maximum; average abundance 

- Quartz: purple colour; anhedral; macrophenocrysts up to 3 mm maximum; abundant 

- Feldspar: no megacrysts in handspecimen; macrophenocrysts up to 3 mm 

maximum; white colour; subhedral-euhhedral tabular crystals; abundant 

- Weathering average (oxidation more pronounced along vesicles) 

- Porphyritic + Flow texture 
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CR41 

 

N: 37°55'32,5"     E: 23°06'53,1" 

Accuracy: 11 m     Elevation: 37 m 

Brecciated lava 

- Light grey, intermediate-grained matrix 

- Mafic minerals: biotite: black colour; pseudo-hexagonal-flakey-elongated crystals; 

macrophenocrysts up to 2-3 mm maximum; abundant 

- Quartz: grey to purple colour; macrophenocrysts up to 2-3 mm maximum; anhedral; 

not very recognizable; average abundance 

- Feldspar: no megacrysts in handspecimen; macrophenocrysts up to 2-3 mm 

maximum; white colour; subhedral-euhedral tabular crystals; not very recognizable 

due to very light coloured matrix 

- Weathering bare to none (including minor oxidation marks) 

- Porphyritic + Flow texture 

CR42 

 

N: 37°55'32,5"     E: 23°06'53,1" 

Accuracy: 11 m     Elevation: 37 m 

 

 

 

 

 

 

 

 

Transition lava breccia – block- 

and-ash flow deposit 

 

 

 

 

 

 

 

 

- Light grey, fine-grained matrix 

- Mafic minerals: biotite: black colour; pseudo-hexagonal-flakey-elongated crystals; 

macrophenocrysts up to 2-3 mm maximum; average abundance 

- Quartz: grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm maximum; 

not very recognizable; average abundance 

- Feldspar: megacrysts absent in handspecimen; macrophenocrysts up to 2-3 mm 

maximum; white colour; subhedral-euhedral tabular crystals; not very recognizable 

due to very light coloured matrix 

- Weathering minor 

- Porphyritic + Flow texture 



 

192 
 

CR43 

 

N: 37°55'31,7"     E: 23°06'55,0" 

Accuracy: 7 m     Elevation: 34 m 

Brecciated lava 

- Light grey, fine-grained matrix 

- Mafic minerals: biotite: black colour; pseudo-hexagonal-flakey-elongated crystals; 

macrophenocrysts up to 2-3 mm maximum; average abundance 

- Quartz: light grey to purple colour; anhedral; macrophenocrysts up to 2-3 mm 

maximum; not very recognizable 

- Feldspar: no megacrysts observed in handspecimen; macrophenocrysts up to 4-5 

mm maximum exceptionally ; macrophenocrysts generally up to 2-3 mm maximum; 

white colour; subhedral-euhedral tabular crystals; not very recognizable 

- Garnet observed in other handspecimens of same outcrop 

- Weathering minor 

- Porphyritic + Flow texture 
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APPENDIX B: Microscopic sample description 

 

Table 5.5 CR19 CR20 CR21 CR23 

Plagioclase * 

xxxx 

* 

xxxxx 

* 

xxxx(x) 

* 

xxxx 

Sieve texture Frequent at 

centre/intermediate 

Frequent at 

centre/intermediate 

Occasionally in centre Abundant at centre; 

sometimes Biotite association  

Anorthite % 55%; 56% 40% 46% 55%; 34%; 55% 

Quartz * 

x(+) 

 

x 

* 

x(+) 

 

x 

Resorption Rounded (edges) Rounded (edges);  

1 heavily resorbed crystal 

Rounded (edges) Rounded (edges) 

K-Feldspar  

? 

 

? 

 

II 

 

? 

Feldspar (not specifiable) ** **** ** *** 
Biotite ** 

xxxxx 

* 

xxxxx 

*** 

xxxx(x) 

* 

xxxxx 

Colour Red-Brown (dominantly) to 

Yellow-Brown 

Yellow-Brown to Red-Brown 

(slightly more dominant) 

Greenish-Brown 

(Dominantly) to Yellow-

Brown to Red-Brown 

Yellow-(Dark)brown 

Alteration Oxidation rim absent, 

occasionally coated by 

oxides 

Sometimes slight oxidation 

rim; occasionally coated by 

oxides 

Oxidation rim generally 

absent; occasionally coated 

by oxides 

Oxidation rim may be clear 

Amphibole ** 

xxxx 

* 

xxx 

** 

xxx 

* 

xxx(x) 

Colour Yellow-Brown Yellow-Brown Pale Yellow-Green Pale Yellow-Green 

Alteration Slight oxidized rim Type-2 reaction rim 

Type-3 reaction rim 

Type-1 reaction rim 

 

Type-1 reaction rim 

Type-3 reaction rim 

Fe-Ti-oxides  

xxxx 

 

xxx(x) 

 

xxxx 

 

xxx 

Garnet No No No No 

Biotite-Feldspar reaction rim No No No No 

Muscovite No III IIII No 

Sillimanite No No Yes No 

Monazite/Xenotime No No No No 
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Table 5.5 (continued) 

 

CR24 

 

CR25 

 

CR26 

 

CR27 

 

CR29 

Plagioclase * 

xxxxx 

* 

xxxxx 

** 

xxxx 

* 

xxx 

** 

xxxx 

Sieve texture Frequent at centre; 

Biotite association 

Abundant at centre; 

Biotite association 

Frequent at centre of 

crystal 

Scarce-occasional at 

centre 

Scarce but both at rim 

and centre 

Anorthite % 65% 38%; 54%; 38%; 42% Not measured 70% 70%; 32%; 43% 

Quartz ** 

xxx(x) 

* 

xxx 

** 

xxx(x) 

* 

xxx(x) 

** 

xxx 

Resorption Rounded (edges); 

Several heavily 

resorbed crystals 

Rounded (edges); 

Several heavily 

resorbed crystals 

Rounded (edges) + 

several heavily resorped 

crystals 

Rounded (edges) + 

Several heavily 

resorped crystals 

Rounded (edges) + 

Several heavily 

resorped crystals 

K-Feldspar  

? 

 

? 

I 

? 

 

? 

 

? 

Feldspar                         

(not specifiable) 

** *** * **** * 

Biotite ** 

xxxxx 

** 

xxxxx 

*** 

xxx 

** 

xxx 

** 

xxx 

Colour Red-Brown 

(Dominantly) to  

Yellow-Brown 

Red-Brown Yellow-Greenish-

Brown 

(crystals much smaller) 

Yellow-Brown to 

Brown-Dark brown 

(more common) 

Yellow-Brown to 

Brown-Dark brown 

Alteration Sometimes slight 

oxidation rim; minor 

oxide coating 

Slight oxidized rim, 

minor oxide coating 

Oxidation rim slight to 

pronounced; oxide 

coating common 

Oxidation rim not 

pronounced; oxide 

coating common 

Slight oxidation rim; 

extensive oxide coating 

Amphibole *** 

xxx(x) 

*** 

xxx(x) 

**** 

xxxx 

* 

xxx(x) 

**** 

xxx(x) 

Colour Yellow-Brown to 

Yellow-Greenish 

Yellow-Brown to 

Yellow-Greenish 

Pale Yellow-Green Green (almost no 

crystals remaining) 

Pale Yellow-Green to 

Green 

Alteration Type-1 reaction rim 

Type-2 reaction rim 

Type-3 reaction rim 

Type-2 reaction rim 

Type-3 reaction rim 

Type-1 reaction rim 

frequent  

Type-3 reaction rim 

Type-4 reaction rim 

(very common and 

leaving cavities behind) 

 

Type-1 reaction rim 

common 

Type-3 reaction rim 

Type-4 reaction rim 

(very common and 

leaving both cavities 

and groundmass-like 

material behind) 

 

Type-1 reaction rim  

(frequent)  

Type-3 reaction rim 

(dominant) 

Type-4 reaction rim 

(common and leaving 

cavities behind) 
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Fe-Ti-oxides 

 

xxx 

 

xxx 

 

xxxx 

 

xxx 

 

xxxx 

Garnet No No No No No 

Biotite-Feldspar 

reaction rim 

No No No No No 

Muscovite I No No No No 

Sillimanite No No No No No 

Monazite/Xenotime No No No No No 

 

Table 5.5 (continued) CR01 CR03 CR04 CR39 

Plagioclase ** 
xxxxx 

*** 
xxxx(x) 

** 
xxxxx 

*** 
xxxxx 

Sieve texture Frequent at centre Occasionally at centre; 
Biotite association 

Occasionally to frequently at 
centre 

Occasionally at centre 

Anorthite % 45%; 46% 64% 42%; 40%; 55%; 42%; 55% Not measured 
Quartz * 

xxx 
*** 
xxxx 

* 
xxxx 

** 
xxx 

Resorption Rounded (edges) Rounded (edges);  
1 heavily resorped crystal 

Rounded (edges); 
multiple heavily resorped 

crystals 

Rounded (edges) 

K-Feldspar I 
? 

I 
I 

 
? 

I 
IIII 

Feldspar (not specifiable)  ** * ** * 
Biotite * 

xxxx 
** 

xxxx 
*** 

xxxxx 
*** 
xxxx 

Colour Red-Brown (dominant) to 
Yellow-Brown 

Red-Brown to Yellow-Brown 
(both common) 

Red-Brown to Yellow-Brown 
to Black (all common) 

Red-Brown to Yellow-Brown 
to Black (Black > Red > 

Yellow) 
Alteration None None None None 

Amphibole * 
 

 
x 

Not observed 
 

 
x 

Colour Yellow-Brown Yellow-Brown / Yellow-Brown 
Alteration None Type-1 or Type-2 reaction 

rim? 
/ None 
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Fe-Ti-oxides 

 
x? 

 
xx(x)? 

 
xx(x)? 

 
x 

Garnet I No No No 
Biotite-Feldspar reaction rim Yes Yes Yes Yes 
Muscovite No I No No 
Sillimanite No No No No 
Monazite/Xenotime No II No No 

 

Table 5.5 (continued) CR40 CR41 CR42 CR43 

Plagioclase ** 
xxxxx 

** 
xxxx(x) 

** 
xxxxx 

** 
xxxxx 

Sieve texture Frequent at centre;  
scarce at rim 

Frequently at centre; 
 Biotite association 

Frequently at centre; 
sometimes biotite 

association 

Occasionally at centre 

Anorthite % 64% Not measured Not measured 57%; 42% 
Quartz * 

xxx 
** 

x(+) 
** 
xxx 

* 
xx(x)? 

Resorption Rounded (edges) Not pronounced Sometimes rounded (edges) Sometimes rounded (edges) 
K-Feldspar I 

III 
 

? 
 

? 
III 
? 

Feldspar (not specifiable) *** * * *** 
Biotite ** 

xxxxx 
**** 

xxxx(x) 
*** 

xxxx(x) 
** 

xxxx(x) 
Colour Red-Brown to Yellow-Brown 

to Black 
Yellow-Brown Yellow-Brown (dominant) to 

Brown-Dark Brown to Black 
Yellow-Brown (Dominant) to 

Black 
Alteration None None None None 

Amphibole  
x 

Not observed 
 

Not observed Not observed 

Colour Yellow-Brown / / / 
Alteration Type-1 or Type-2 reaction 

rim? 
/ / / 

Fe-Ti-oxides  
x 

 
? 

 
? 

 
? 
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Garnet No No No No 
Biotite-Feldspar reaction rim Yes No Yes Yes 

Muscovite No No II II 
Sillimanite No No No No 
Monazite/Xenotime No No No I 

 

Table 5.5 (continued) CR35 CR36 CR37 CR32 CR33 

Plagioclase * 

xxxx 

** 

xxxx 

*** 

xxx(x) 

*** 

xxxx 

*** 

xxxx 

Sieve texture Frequently at centre or 

rim; Sometimes biotite 

association 

Frequently at centre or 

rim 

Frequently at centre or 

intermediate; Biotite 

association 

Frequently at centre     

or rim 

Frequent at centre; 

occasionally at rim 

Anorthite % 55% Not measured Not measured Not measured 38%; 65%; 44%; 53% 

Quartz *** 

xx(x)? 

**** 

xx(x) 

*** 

xxx 

** 

xx(x) 

*** 

xx(x) 

Resorption Rounded (edges) Rounded (edges) Rounded (edges) Rounded (edges) Rounded (edges) 

K-Feldspar IIII 

? 

IIII 

? 

I 

I 

X 

I 

III 

? 

Feldspar                         

(not specifiable) 

* *  ** 

 

*** 

Biotite **** 

xx(x) 

** 

xxx 

** 

xxx 

**** 

xxxx 

*** 

xxx(x) 

Colour Yellow-Brown to 

Brown-Dark brown to 

Black (Black > Brown 

> Yellow) 

Black Brown-Dark brown 

(dominant) to Black 

Yellow-Brown to 

Brown-Dark brown to 

Black 

Yellow-Brown to 

Brown-Dark Brown 

(Dominant) to Black 

Alteration None None Minor oxide coating None None 

Amphibole *** 

xxx(x) 

***** 

xxx 

* 

xxx 

 

xx 

* 

xxx 

Colour Yellow-Greenish Yellow-Greenish-

Brown 

Pale Yellow-Yellow-

Greenish-Brown 

Pale Yellow-Yellow-

Greenish 

Pale Yellow-Yellow-

Greenish 

Alteration Type-1 reaction rim 

Slight oxidation rim 

Type-1 reaction rim 

frequent 

Type-1 oxidation rim 

Slight oxidation rim 

Type-1 reaction rim All crystals have     

Type-1 reaction rim 

Fe-Ti-oxides  

x 

 

xxx 

 

xx? 

 

xxx 

 

xxx 
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Garnet No No No No No 

Biotite-Feldspar 

reaction rim 

No Yes No No No 

Muscovite I I No No No 

Sillimanite No No No No No 

Monazite/Xenotime I I No No No 

 

Table 5.5 (continued) CR17 CR18 CR05B CR06 CR07 

Plagioclase **** 

xxxx 

***** 

xxxxx 

**** 

xxxx 

**** 

xxxx 

** 

xxx 

Sieve texture Occasionally at centre Frequent at centre or 

rim 

Generally absent Generally absent Generally absent 

Anorthite % Not measured 42%; 40% 55%; 55%; 56% Not measured Not measured 

Quartz **** 

xxxx 

***** 

xxxxx 

*** 

xxx(x) 

**** 

xxx(x) 

***** 

xxx 

Resorption Rounded (edges) Rounded (edges) Rounded (edges); 

Multiple heavily 

resorbed crystals 

Rounded (edges) Rounded (edges) 

K-Feldspar VI 

? 

IIII 

? 

II 

II 

 

III 

II 

? 

Feldspar                          

(not specifiable) 

*   

 

 ** 

Biotite ** 

xxx(x) 

*** 

xxx(x) 

**** 

xxxx 

** 

xxxx 

** 

xxx(x) 

Colour Brown-Dark Brown to 

Black (both common) 

Brown-Dark Brown to 

Black (both common) 

Yellow-(Dark) brown 

to Black 

Yellow-Brown to 

Brown-Dark brown 

Yellow-(Dark) brown 

to Greenish-Brown 

Alteration None Minor oxide coating Sometimes slight 

oxidation rim, minor 

oxide coating 

Sometimes slight 

oxidation rim, minor 

oxide coating 

Slight to absent 

oxidation rim 

Amphibole  

xxx(x) 

 

xxx 

* 

xxxx 

** 

xxxx 

* 

xxx 

Colour Yellow-Brown Yellow-Brown Light green-Green Pale yellow-light green Pale yellow-light green 

Alteration Type-4 reaction rim 

(crystals may be 

lacking and replaced by 

Type-4 reaction rim 

(crystals may be 

partially lacking and 

Type-1 reaction rim Type-1 reaction rim Type-1 reaction rim 
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groundmass-like 

material) 

replaced by 

groundmass-like 

material or leave a 

cavity behind) 

 

 

Fe-Ti-oxides  

xxxx 

 

xxx 

 

xxxx 

 

xxxx 

 

xxxx 

Garnet No No No No No 

Biotite-Feldspar 

reaction rim 

No No No No No 

Muscovite No No No No II 

Sillimanite No No No No No 

Monazite/Xenotime III I No I No 

 

Table 5.5 (continued) CR08 CR09 CR11 CR13 CR14 

Plagioclase ***** 

xxxx 

*** 

xxx 

**** 

xxxx 

*** 

xxx(x) 

** 

xxx 

Sieve texture Generally absent Not observed Generally absent Generally absent Generally absent 

Anorthite % 65%; 44%; 35% 40%; 42% 40% 58%; 36% 55%; 53%; 42%; 45% 

Quartz **** 

xxx(x) 

**** 

xxx 

**** 

xxx(x) 

***** 

xxx 

**** 

xxx(x) 

Resorption Rounded (edges) Rounded (edges); 1 

heavily resorbed crystal 

Rounded (edges); 1 

heavily resorbed crystal 

Rounded (edges) Rounded (edges) 

K-Feldspar V 

? 

V 

? 

 

? 

V 

II 

IIII 

III 

Feldspar                      

(not specifiable) 

*** ***** *** *** ** 

Biotite *** 

xx(x) 

*** 

xxx 

***** 

xxx(x) 

** 

xxx 

* 

xxx 

Colour Brown-Dark brown Brown-Dark brown Yellow-(Dark) brown Yellow-(Dark) brown Yellow-(Dark) brown 

Alteration Severe oxidation rim; 

Oxides may completely 

coat the surface; 

Groundmass-like 

Slight oxidation rim; 

Minor oxide coating 

Clear oxidation rim; 

Moderate oxide coating 

Slight oxidation rim; 

Minor oxide coating 

Slight to more 

pronounced oxidation 

rim; Moderate oxide 

coating 
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material may fill in 

cavities 

Amphibole  

xxx(x) 

* 

xxx 

 

xxx 

* 

xxxx 

* 

xxx 

Colour Colourless-Light green Not observable Not observable Not observable Not observable 

Alteration Type-4 reaction rim 

(crystals generally lack 

and cavities are 

replaced by 

groundmass-like 

material) 

Type-4 reaction rim 

(crystals generally lack 

and cavities are 

replaced by 

groundmass-like 

material) 

 

 

Type-4 reaction rim 

(crystals generally lack 

and cavities are 

replaced by 

groundmass-like 

material); Yellow 

oxidation rims 

Type-4 reaction rim 

(crystals generally lack 

and cavities are 

replaced by 

groundmass-like 

material); Yellow 

oxidation rims 

Type-4 reaction rim 

(crystals generally lack 

and cavities are 

replaced by 

groundmass-like 

material) 

Fe-Ti-oxides  

xxxx 

 

xxx(x) 

 

xxxx 

 

xxxx 

 

xxxxx 

Garnet No No No No No 

Biotite-Feldspar 

reaction rim 

No No No No No 

Muscovite No No No No No 

Sillimanite No No No No No 

Monazite/Xenotime No II No No No 
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Macrophenocrysts (1 mm and larger): The macrophenocryst abundances are absolute and reflect a more accurate reflection of the true mineral assemblage. 

Pl: * 1-15 ** 16-30 *** 31-45 **** 46-60 ***** +60 crystals 

Feldspar: * 1-3 ** 4-6 *** 7-9 **** 10-12 ***** +12 crystals 

Bt: * 1-3 ** 4-6 *** 7-9 **** 10-12 ***** +12 crystals 

Amp: * 1-2 ** 3-4 *** 5-7 **** 8-10 ***** +10 crystals 

Qtz: * 1-4 ** 5-8 *** 9-14 **** 15-20 ***** +20 crystals 

 

Phenocrysts (smaller than 1 mm and larger than the average microlite size in groundmass): Phenocryst abundances were estimated qualitatively and will be 

less accurate with regard to the true mineral assemblage compared to the observed macrophenocryst abundances. Hence, there is a larger uncertainty on 

phenocryst abundance. 

x – Scarce; xx – Occasional; xxx – Frequent; xxxx – Abundant; xxxxx – Very abundant 

(+): Indicates the likelihood that more crystals of a mineral are present: e.g. Qtz x(+) means that at least 1-4 quartz crystals are present and probably even 

more. 

(?): Indicates uncertainty concerning the mineral’s presence or abundance 

Notes:   

 The abundances of zircon and apatite were more difficult to estimate, but as a rule of thumb it is proposed that apatite is more or less constant in the 

Crommyonia volcanic rocks, while zircon tends to be enriched in the eastern outcrops (see also Table 5.2). 

 Roman numerals indicate the number of crystal factually observed of a certain mineral that was encountered during thin section analysis. These 

mainly concern rare minerals such as garnet, sillimanite, muscovite, monazite/xenotime or minerals of which their abundance appears to be difficult to 

estimate (e.g. K-Feldspar). 

 

 


