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Previous pages: Santorini caldera right after sunset on a clear evening as seen from Fira town where 

the Nea Kameni dacites, the youngest volcanic deposits, have been emplaced in the centre of the caldera. 

The Christiani islands can be seen in the distance. 
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1.  SUBDUCTION ZONE MAGMATISM  

Plate tectonics and associated subduction zone magmatism are the main features that 

distinguish the Earth from the other terrestrial planets. The formation of oceanic lithosphere 

at mid-oceanic spreading centres and its recycling back into the mantle at subduction zones 

provides a mechanism to transport fluids and solids deep into the Earth’s interior and has thus 

significantly contributed towards introducing heterogeneity in the mantle (e.g., White, 2015). 

In addition, altered oceanic crust and the overlying sedimentary pile have the capacity to 

convey water to the mantle and this process has been fundamental in generating continental 

crust at subduction zones since the Archaean (e.g., Arndt, 2013). Hence, a clear 

understanding of magmatic processes in subduction zones – that is, fluid-fluxed melting of 

peridotite mantle and subsequent differentiation and diversification of these melts in the crust 

– is of crucial importance in the quest towards an integrated model for the formation and 

evolution of the continental crust.  

Despite decades of geochemical, geophysical and petrological research, many aspects 

of subduction zone magmatism remain poorly understood. It is generally accepted that the 

presence of water in subduction zones plays a crucial role in generating the characteristic 

calc-alkaline signature of evolved, high-silica magmas that are erupted in island- and 

continental arc volcanoes that overly subduction zones. Indeed, high water contents and a 

calc-alkaline signature are the main features that distinguish arc rocks from mid-oceanic ridge 

and intraplate magmatism. In general, the release of water from the subducting slab into the 

mantle wedge lowers the peridotite solidus and induces partial melting of the mantle. High 

water contents in these partial melts (Plank et al., 2013) result in the early stabilisation and 

fractionating of amphibole, which is instrumental in rapidly driving derivative liquids to felsic 

compositions along a calc-alkaline differentiation trend (e.g., Holloway and Burnham, 1972; 

Cawthorn and O'Hara, 1976). There is, however, an ongoing debate on how and where these 

calc-alkaline rocks magmas with high SiO2 content (>60 wt.%) are formed. Although 

andesites (52-63 wt.% SiO2) are voluminous in most arcs, andesitic melt inclusions are rare 

and most andesites appear to be hybrid rocks formed through mixing of rhyolitic and basaltic 

melts (Reubi and Blundy, 2009; Kent, 2014). The rhyolitic melts required for the hybridisation 

are argued to be generated in a deep crustal hot zone at the base of the arc crust or in the 

upper mantle (Annen et al., 2006, 2015), but a clear understanding of these processes and 

at what timescales they occur is still lacking.  

A second point of debate is the origin of variability in primitive arc magmas. 

Incompatible and fluid mobile elements (e.g., Rb, Ba, Th, La, Pb) are transferred along with 

water from the subducting slab to the mantle wedge while other elements (e.g., Nb, Ta, Ti) 

are preferentially retained, thereby producing the characteristic trace element signature of arc  

volcanic rocks (e.g., Elliott, 2003). The exact mechanisms of how these slab-derived 

components are delivered to the mantle wedge, however, remain enigmatic (e.g., Spandler 

and Pirard, 2013). In addition, despite a plethora of geochemical studies, the relative 

contribution of these elements from subducted (altered) oceanic crust versus the sedimentary 
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pile is a matter of debate in many arcs. The possibility of heterogeneity of the mantle wedge 

prior to subduction metasomatism is often overlooked as this can be severely masked by the 

slab input or crustal differentiation processes. For example, the discussion of the relative 

importance of primary melt heterogeneity versus crustal contamination is still very alive (e.g., 

Davidson and Wilson, 2011; Bezard et al., 2014; Bezard et al., 2015). 

 

 

2.  AIMS OF THE THESIS  

This thesis present a geochemical study of two Quaternary volcanic centres in the central-

eastern Aegean arc, Greece: Nisyros and the submarine volcano Kolumbo. The aim of this 

study is to address the two main points of discussion introduced above and contribute 

towards:  

 

(1) The understanding of the generation of high-SiO2 (>60 wt.%) calc-alkaline magmas 

in arcs;  

 

(2) Disentangling the relative contributions of source heterogeneity, sediment addition 

and crustal contamination in controlling along-arc geochemical trends as well as 

variations within individual volcanic centres; 

 

(3)  Unravelling the occurrence of different magma types in space and time within 

individual volcanic centres. 

 

The Aegean arc is very well suited for such a study. The arc is built on thinned continental 

crust and several studies have shown that magmas have been affected by crustal 

contamination (e.g., Zellmer et al., 2000; Bailey et al., 2009; Elburg et al., 2014), but these 

effects have not been quantified. Due the extensional regime in the Aegean, upper crustal 

basement is exposed along uplifted basement horst whereas the lower crust is exposed in 

core complexes. This allows sampling of basement lithologies and thus offers the possibility 

of directly testing whether geochemical trends can be explained by crustal contamination. On 

the other hand, the Eastern Mediterranean Sea receives a large influx of sediments, of which 

40-80 % is subducted rather than accreted (Kopf et al., 2003) and thus has the potential to 

contribute to arc magmatism. Lateral variations in the provenance and geochemical 

composition of these sediments are inferred to be the underlying cause of pronounced along-

arc variations in Pb isotopes (e.g., Francalanci et al., 2005; Pe-Piper and Piper, 2005; Elburg 

et al., 2014), but again these effects have not been previously substantiated with actual 

analyses of sediments in the Eastern Mediterranean. Finally, the Aegean arc is situated in a 

complex geodynamical setting near continent-continent collision. The impingement of the 

African continent has led to segmentation of the subduction zones and the opening of 

multiple slab windows. Locking of the subduction zone north of Cyprus, in combination with 
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strong slab retreat in the Aegean, has led to the opening of a slab tear beneath western 

Anatolia (e.g., Biryol et al., 2011). Asthenospheric upwelling through this tear could result in 

the infiltration of subslab mantle material into the Aegean mantle wedge. In the northern 

Aegean and northwest Anatolia, subduction of continental slivers has led to extensive 

metasomatism of the mantle (e.g., Ersoy and Palmer, 2013). Hence, potential geochemical 

heterogeneity of the Aegean mantle wedge also needs to be carefully evaluated. 

In order to constrain these processes, we have analysed a sample set (121 samples) for 

major element, trace element and Sr-Nd-Hf-Pb isotope composition. This sample set includes: 

i) Eastern Mediterranean Sea sediment samples obtained from DSDP/ODP drill cores; ii) 

Aegean basement samples from Santorini and Ios; and iii) volcanic rocks from the central-

eastern volcanoes Santorini, Kolumbo and Nisyros. In particular for Nisyros, a comprehensive 

geochemical study presenting an integrated major, trace element and radiogenic isotope 

dataset for the entire volcanic stratigraphy has not been previously undertaken. Hence, a 

major part of this thesis comprises a detailed petrographic, mineral chemistry and whole rock 

geochemical analysis of Nisyros volcano. These data and observations are also used to address 

research question (1) and (3). 

 

 

3.  THE AEGEAN ARC –  A BRIEF INTRODUCTION 

Closure of the Tethys Ocean through northward subduction of the African plate underneath 

Eurasia commenced in the Cenozoic. At present, the subduction zone system is on the verge 

of continent-continent collision and only small patches of abyssal plain underlain by oceanic 

crust remain in the Eastern Mediterranean Sea (Figure 1; e.g., Ring et al., 2010). A ca. 1500 

km long African slab has been imaged by tomography in the Eastern Mediterranean, which 

suggests that subduction was continuous since the Jurassic (van Hinsbergen et al., 2005). As 

a result of the continuous subduction, several continental terrains have been accreted to the 

Eurasian continent and together these constitute the Hellenide Complex in Greece, which has 

the form of a stacked nappe complex (van Hinsbergen et al., 2005; Jolivet and Brun, 2010; 

Ring et al., 2010). Due to incipient continental collision in the Eastern Mediterranean, the 

subduction front shifted to the south at ca. 15 Ma (ten Veen and Kleinspehn, 2003), thereby 

abandoning the Hellenic trench as the active deformation front. Sediments of the Easter 

Mediterranean Sea are presently incorporated in an accretionary prism, the Mediterranean 

Ridge, and form the last nappe to be accreted to the Hellenide complex before continent-

continent collision (Le Pichon et al., 2002). Another effect of the incipient collision is the 

segmentation of the African slab beneath Italy and the Aeolian arc, but also in the eastern 

Mediterranean. Subduction is locked near Cyprus due to the arrival of the Erathosthenes 

seamount and Anaximander Mountains at the trench. In combination with strong slab 

rollback in the Aegean (e.g., Brun and Sokoutis, 2010), this led to substantial shear stress and 

the splitting of the African slab in an Aegean and a Cyprus branch since 15 Ma beneath 

western Anatolia (Biryol et al., 2011; Jolivet et al., 2013). Upwelling of trace  
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Figure 1. a) Map of the Eastern Mediterranean Sea, modified after Klaver et al. (2015), showing the main 

structural features; b) Map of the Aegean arc, modified after Bailey et al. (2009), with the locations of 

the Pliocene-Quaternary volcanic centres. Contours give the depth to the slab at 100 and 170 km and 

crustal thicknesses are shown. 
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element-enriched mantle through this tear has had an increasingly strong influence on 

magmatism in western Anatolia (e.g., Agostini et al., 2007; Dilek and Altunkaynak, 2009, 

2010; Prelević et al., 2012), but is generally believed not to affect Aegean arc volcanism (Ersoy 

and Palmer, 2013). 

Volcanic activity in the present-day Aegean volcanic arc initiated at ca. 4 Ma (see 

Francalanci et al. (2005) for a review). The volcanic centres are situated directly south of the 

Cyclades core complex close to region of the largest crustal thinning and have a depth of ca. 

130-160 km to the Wadati-Benioff zone (Figure 1). The Saronic Gulf cluster in the western 

part of the Aegean arc comprises several small exposures of the Pliocene Crommyonia 

volcanic rocks and the composite volcanoes Aegina, Methana and Poros (Smet, 2014). 

Magmatism on Aegina and Poros is largely Pliocene in age, whereas Methana is substantially 

younger and erupted last in ca. 200 BC. Both Crommyonia and the Saronic Gulf centres show 

geochemical and petrographic evidence for the strong contribution of a crustal component, 

as illustrated by, for instance, the highest 87Sr/86Sr values of the entire arc (up to 0.709; Smet, 

2014). Along the arc to the east, the next volcanic centre is Milos, which is characterised by 

more or less continuous activity since ~3.5 Ma and has erupted a wide range of compositions 

from 55 to 75 wt.% SiO2 (Fytikas et al., 1986; Francalanci et al., 2005).  

Santorini is perhaps the best know volcano of the Aegean arc and has developed, 

together with the Christiana islands and the submarine Kolumbo volcanic chain, along the 

northern margin of a deep basement fault zone, the Santorini-Amorgos ridge (e.g., Druitt et 

al., 1999). Volcanic activity in the Santorini volcanic field probably started on the Christiana 

islands although absolute age constraints are lacking. The earliest activity on Santorini dates 

back to ca. 650 ka, but the most of the volcanic rocks were deposited during two eruptive 

cycles in the last ca. 380 kyr. The last eruptive cycle ended with a large Plinian eruption at 

1627-1620 BC (Friedrich et al., 2006) that led to the re-excavation of the central caldera and 

covered most of the island with over 40 m of pyroclastic deposits: the Minoan Tuff (Druitt et 

al., 1999). The Minoan eruptions has likely been influential in the demise of the Minoan 

civilisation in southern Greece and at least one Minoan city had been found buried in the ash 

on Santorini. Over the last 3 kyr, a new dacitic volcano, Nea Kameni, has formed in the centre 

of Santorini caldera.  

The Kos-Nisyros-Yali volcanic field represents the easternmost extent of the Aegean arc. 

Pliocene magmatism on Kos led to the formation of several dacitic domes (Pe-Piper and 

Moulton, 2008), but Kos was also the source of the largest eruption in the Aegean arc. At 

161 ka (Smith et al., 1996), the Kos Plateau Tuff eruption vented ca. 100 km3 of ash (over 

twice that of the Minoan eruption) and left a large submarine caldera to the east of Yali. The 

subaerial volcanic rocks of Nisyros postdate the Kos Plateau Tuff eruption and, together with 

the rhyolitic domes and pumices of Yali, represents the locus of present-day volcanism in the 

eastern Aegean.  
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4.  SYNOPSIS  

This thesis is, in addition to the introduction, organised in six chapters that are written in the 

form of scientific papers. Chapters 2, 3 and 7 have been published in peer-reviewed journals, 

chapter 4 is in review and the other chapters will also be considered for publication. Each 

chapter has separate introduction and conclusions sections that elaborate on the general 

introduction in Chapter 1. Analytical techniques are also described in the relevant chapters. 

Supplementary material, including all geochemical results of this study, are provided in the 

online data repositories of the respective journals and upon request from the author. A brief 

outline of the chapters is given below. 

 

 

Chapter 2 – Pb isotope analysis of ng sized samples by TIMS equipped with 

a 1013 Ω resistor using a 207Pb-204Pb double spike 

Martijn Klaver, Richard Smeets, Janne Koornneef, Gareth Davies & Pieter Vroon 

Journal of Analytical Atomic Spectrometry (2016), v. 31, p. 171-178 

 

This chapter describes a novel analytical method for high-precision Pb isotope measurements 

of sample sizes down to and below 5 ng Pb. The rationale for the development of this method 

was to improve the reproducibility of Pb isotope measurements of regular sample sizes 

applicable to whole rock arc lava analyses (ca. 50-200 ng Pb). Until this study, Pb isotope 

measurements at the Vrije Universiteit Amsterdam were carried out by multi-collector 

inductively coupled plasma mass spectrometry (MC-ICPMS) using a standard-sample-standard 

bracketing approach to correct for instrumental mass fractionation. This correction method 

is, however, sensitive to blanks and matrix effects and it is difficult to achieve adequate matrix-

matching of samples and standards. In order to obtain higher-precision Pb isotope data than 

could be achieved with the MC-ICPMS method, we implemented a method to measure Pb 

by thermal ionisation mass spectrometry (TIMS) using a double spike to correct for 

instrumental mass fractionation. In addition to applying this method to regular samples – all 

Pb isotope data in this thesis have been obtained with the new method – we expanded its 

applicability to much smaller sample sizes by using a higher resistivity amplifier for the 

collection of 204Pb. The reproducibility of 5 ng Pb standards measured this way is similar to 

the reproducibility normally achieved for >100 ng Pb. 

 

 

Chapter 3 – Temporal and spatial variations in provenance of Eastern 

Mediterranean Sea sediments: Implications for Aegean and Aeolian arc 

volcanism 

Martijn Klaver, Thomas Djuly, Stefan de Graaf, Alex Sakes, Jan Wijbrans, Gareth 

Davies & Pieter Vroon 

Geochimica et Cosmochimica Acta (2015), v. 153, p. 149–168 
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In order to constrain the geochemical composition of subducting sediments that potentially 

contribute to the Aegean arc magmatism, we have undertaken a detailed study of 45 Eastern 

Mediterranean Sea sediment samples from DSDP and ODP drill cores. This chapter provides 

thermogravimetric, major element, trace element and Sr-Nd-Hf-Pb isotope data for these 

samples and explores the spatial and temporal variation in their provenance areas. Ratios of 

detrital trace elements are used in combination with isotope data to distinguish four 

provenance areas: Nile sediment and Sahara dust are dominant with minor contributions from 

the chain of Tethyan ophiolites and volcaniclastic sediment from the northern borderlands. 

Although Quaternary sediments are characterised by a strong east-west gradient in 

provenance from Nile-dominated to Sahara dust-dominated, pre-Messinian sediment has a 

strong, homogeneous Nile signature. This temporal change is climate-induced and caused by 

the emergence of the Sahara desert and decreased Nile runoff in the late Pliocene. A simple 

bulk mixing model indicates that the Pb-Nd isotope composition of Santorini can be explained 

by addition of sediment to a depleted MORB mantle wedge. The variations in sediment 

composition are, however, insufficient to account for the anomalously low 206Pb/204Pb 

signature of Nisyros. This topic is revisited in the subsequent chapters. 

 

 

Chapter 4 – A distinct source and differentiation history for Kolumbo 

submarine volcano, Santorini volcanic field, Aegean arc  

Martijn Klaver, Steven Carey, Paraskevi Nomikou, Ingrid Smet, Athanasios Godelitsas 

& Pieter Vroon 

Modified manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

Kolumbo is a submarine volcano situated ca. 7 km northeast of Santorini. It erupted violently 

in 1650 AD, causing significant damage and loss of life on the neighbouring islands. 

Investigations of the inner walls of the central crater, from ca. 20 m b.s.l. to the crater floor 

at 500 m b.s.l., by ROV provided samples of two pumice deposits and several lava bodies 

exposed inside the crater. We report the first detailed geochemical data (major element, trace 

elements and Sr-Nd-Hf-Pb isotopes) for Kolumbo. The Kolumbo pumices are rhyolites (73 wt. 

% SiO2, 4.2 wt. % K2O) whereas the lavas and enclaved in the rhyolitic pumices range from 

52 to 60 wt.% SiO2. Amphibole and biotite are common phenocryst phases in the Kolumbo 

volcanic rocks while these phases are very rare on Santorini. Geochemically, Kolumbo is also 

distinct from Santorini and although Kolumbo pumices show evidence for contamination by 

lower crustal basement, these differences cannot be solely attributed to distinct crustal 

differentiation pathways. Instead, higher Nb/Yb, lower Zr/Nb and in particular lower 
206Pb/204Pb suggest that Kolumbo is derived from a distinct mantle source compared to 

Santorini. Hence, the main conclusion of this study is that pronounced source heterogeneity 

can be manifested in two volcanoes that are closely associated in space and time within the 

same volcanic field. 
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Chapter 5 – Unravelling the anatomy of the crustal magmatic system of an 

arc volcano through mineral and textural analysis: Nisyros, Aegean arc  

Martijn Klaver, Sergei Matveev & Pieter Vroon 

 

In this chapter, we present an extensive dataset of mineral major element data obtained by 

electron microprobe analysis of samples that cover the entire subaerial volcanic stratigraphy 

of Nisyros. These data are used to put constraints on the structure of the magmatic system 

and the differentiation processes responsible for the wide range in lava compositions erupted 

at Nisyros. On the basis of field evidence and petrography, the Nisyros volcanic products are 

divided into two groups. The low-porphyricity andesite (LPA) suite comprises mainly (basaltic) 

andesites that show little evidence for magma mixing and appear to have differentiated 

through plagioclase-dominated fractional crystallisation in a shallow reservoir. In contrast, the 

enclave-bearing high-porphyricity (rhyo)dacite (HPRD) suite shows evidence for high-pressure 

differentiation at the base of the arc crust. The reaction of early-formed clinopyroxene-olivine 

cumulates with the melt to stabilise hornblende is instrumental in rapidly driving up the SiO2 

content of the derivative melt. The (rhyo)dacites are likely formed through this process. 

Cumulate fragments in the HPRD suite, however, represent phases that fractionated in a 

shallower reservoir where the (rhyo)dacites are stored and mixed with periodically injected 

mafic melts. Hence, the geochemical composition of the (rhyo)dacites is governed by deep 

(~25 km) fractional crystallisation while their petrographic features are obtained by 

crystallisation and mixing processes during storage at shallower levels (~10-12 km). 

 

 

Chapter 6 – Disentangling source heterogeneity from crustal differentiation 

processes: a geochemical study of Nisyros volcano, Aegean arc  

Martijn Klaver, Jan Wijbrans, Gareth Davies & Pieter Vroon 

 

Here we present major element, trace element and Sr-Nd-Hf-Pb isotope data for 38 selected 

Nisyros samples that cover the entire subaerial volcanic stratigraphy. On the basis of major 

element data, it is evident that the Nisyros suite does not represent a single liquid line of 

descent. Inflections and gaps in major element trends correspond to differences between the 

LPA and HPRD suites that are defined on the basis of petrography in Chapter 5. Basaltic 

andesites represent the most primitive samples and these include LPA lava flows and HPRD 

enclaves. Significant major element variation in these samples is not the result of crystal 

fractionation or accumulation processes, but reflects primary variation. LPA basaltic andesites 

(54-57 wt.% SiO2) have Mg# up to 69 and are thus classified as primitive high-magnesium 

andesites. Higher Ba/Yb, Th/Yb and 87Sr/86Sr, lower Nd/144Nd at constant 176Hf/177Hf compared 

to the regular basaltic andesites suggests that an increased contribution of slab-derived melts 

was key in generating the high-magnesium andesite signature. As already discussed in 

Chapter 5, the LPA and HPRD suites are derived from a similar parental melt, but have evolved 
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along contrasting crustal differentiation pathways. The LPA suite evolved through 

fractionation of plagioclase, clinopyroxene and olivine whereas hornblende exerted the 

dominant control on the differentiation of the HPRD suite.  

 

 

Chapter 7 – Subslab mantle of African provenance infiltrating the Aegean 

mantle wedge  

Martijn Klaver, Gareth Davies & Pieter Vroon 

Geology (2016), v. 44, p. 367-370 

 

The marked trace element and isotope differences between Nisyros and Santorini are not 

caused by: i) along-arc variations in the composition of subducting sediments (Chapter 3), 

and ii) crustal contamination (Chapter 6). In this chapter, we propose an alternative 

explanation for these along-arc variations. Geophysical models have imaged a large tear in 

the African slab beneath Western Anatolia and magmatism in this region has been 

increasingly influenced by a trace element-enriched subslab mantle component since 15 Ma. 

Due to the strong rollback of the Aegean slab and associated suction in the mantle wedge, 

we envisage mantle flow through the slab tear towards the eastern Aegean arc, which is 

supported by mantle anisotropy studies. We use trace element modelling to quantify the 

infiltration of the subslab mantle material and conclude that this component can be traced 

as far west as Santorini. The modelling indicates that a continuum between higher degree 

melts of a depleted mantle component to lower degree melts of an enriched, subslab 

component exist in the central-eastern Aegean, where Nisyros shows the largest contribution 

of the enriched mantle component (up to 10 %). The higher Pb content of the enriched 

mantle provides an efficient buffer to sediment addition and can therefore explain the 

anomalously low 206Pb/204Pb of Nisyros without the need to invoke unsupported variations in 

the composition of subducting sediments. 


