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ABSTRACT 

Geochemical variability in primary arc magmas is almost invariably masked or overprinted by 

crustal differentiation processes. A clear understanding of these crustal processes, such as 

magma mixing and contamination with arc crust, is fundamental in addressing the 

heterogeneity of primary arc magmas and along- or across-arc variations. Here, we present a 

detailed geochemical study of Nisyros, the easternmost active volcano of the Aegean arc, with 

the aim to elucidate its crustal differentiation history in order to allow the assessment of 

magma generation in the eastern Mediterranean. A total of 38 samples from Nisyros, 

complemented with 13 samples of the Aegean arc basement, were analysed for major, trace 

elements and Sr-Nd-Hf-Pb isotope composition. The geochemical data support petrographic 

and field evidence for the co-occurrence of two distinct magmatic suites on Nisyros: the low-

porphyricity andesites (LPA) and the high-porphyricity (rhyo)dacites (HPRD). Although the two 

suites are derived from very similar parental melts, they have been modified by different 

petrogenetic processes. Both suites differentiated predominantly through fractional 

crystallisation, but with distinct fractionating assemblages. The LPA suite can be related to 

primitive basaltic andesites through fractionation of an amphibole-free assemblage, likely as 

a result of a higher temperature and lower H2O contents in a shallow reservoir, while the 

HPRD (rhyo)dacites are generated by amphibole precipitation in a deep crustal hot zone. 

Magma mixing is recorded in one of the HPRD units, but has not been a fundamental process 

in generating the geochemical diversity of the two suites.  

Basaltic andesitic enclaves in the HPRD suite and LPA suite lava flows show a wide range 

in major, trace element and isotope composition. High Mg# (up to 69), Cr, Ni and Sc contents 

in the LPA basaltic andesites (54-57 wt.% SiO2) indicate that these are primitive high-

magnesium andesites (HMA). The HMA samples form a compositional continuum to the 

“ordinary” (Mg# ~60) basaltic andesites, which occur predominantly as enclaves in the HPRD 

suite, and are characterised by higher Ba/Yb (130-200), Th/Yb (0.9-1.8), Th/Ce (0.06-0.10) 

and 87Sr/86Sr (0.7036-0.7042), lower 143Nd/144Nd (0.51282-0.51275) but similar 176Hf/177Hf 

(~0.2830). This suggests that the HMA samples received a larger contribution of a slab-

derived sediment melt that has interacted with mantle peridotite to generate the high-SiO2 

primitive andesites of Nisyros. 

 

 

 

 

 

 

 
Previous pages: Early evening view of Nisyros caldera from the village of Emborio. The Profitis Ilias 

domes (right) have partly filled the caldera and form the highest peaks on the island. On the left, the 

volcanic neck that fed the Nikia lava flow clearly stands out.  
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1.  INTRODUCTION 

A major challenge in the study of arc volcanism is resolving the origin of geochemical variation 

in the erupted products. The generally small proportion of basalts in continental arcs 

demonstrates that (near) primary magmas are rarely erupted and thus valuable information 

on the source of arc magmas is almost invariably obscured by crustal differentiation processes 

(e.g., Davidson et al., 2005). In particular in the case of continental arc volcanism, the crustal 

filter is very effective in homogenising or overprinting any potential variation in primary 

magmas through processes of assimilation and magma mixing (e.g., Hildreth and Moorbath, 

1988). Disentangling and quantifying these crustal differentiation processes on the basis of 

detailed geochemical studies is crucial in order to make inferences on mantle source 

heterogeneity and magma generation in arcs (e.g., Handley et al., 2008; Davidson and 

Wilson, 2011; Bezard et al., 2015).  

The Aegean arc, Greece, is built on thinned continental crust (25-30 km) of Cenozoic 

to Proterozoic age and assimilation of arc crust has been shown to occur (e.g., Zellmer et al., 

2000; Bailey et al., 2009; Elburg et al., 2014). Nisyros, the easternmost volcanic centre of the 

arc, is of particular interest as it displays the most primitive isotope ratios (Francalanci et al., 

2005; Elburg et al., 2014). This suggests that the degree of assimilation is possibly the lowest 

of the Aegean arc and that primitive Nisyros samples could provide an ideal window into the 

sub-arc mantle in the complex geodynamic setting of the Eastern Mediterranean Sea. Basalts, 

however, are absent on Nisyros and its more evolved volcanic products display a large 

compositional variability, suggesting that crustal differentiation processes have added a layer 

of complexity. Previous studies of the petrogenesis of Nisyros have predominantly aimed at 

explaining the total geochemical variation by fractional crystallisation of a homogeneous 

parental magma within a single magmatic system. The most concise model is perhaps that 

presented by Francalanci et al. (1995), who argued that the majority of the variation of the 

volcanic rocks of Nisyros can be explained by fractional crystallisation, crystal retention, 

periodic tapping and refilling of a single magma chamber. Wyers and Barton (1989) 

successfully modelled the derivation of the andesites from a basaltic andesite parent, but were 

unable to reproduce the (rhyo)dacites through fractional crystallisation from an andesitic or 

dacitic parent and concluded that differentiation is a polybaric process at two levels in the arc 

crust. The multitude of magmatic processes operating on Nisyros, including magma mixing 

(e.g., Seymour and Vlassopoulos, 1992; Braschi et al., 2012, 2014; Zouzias and St Seymour, 

2014) and assimilation (e.g., Wyers and Barton, 1989; Francalanci et al., 1995; Zellmer and 

Turner, 2007), stresses that these models are likely oversimplifications. Indeed, Buettner et al. 

(2005) and Zellmer and Turner (2007) argue for the involvement of more than one crustal 

assimilant and possible heterogeneity in the primary magmas of Nisyros. Moreover, the 

petrographic study presented in Chapter 5 indicates that two distinct magmatic suites are 

present, which have evolved along distinct crustal differentiation pathways with no evidence 

for significant hybridisation. These lines of evidence warrant a close evaluation of previous 

models of the petrogenesis of the Nisyros suite. As previous geochemical studies have 
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focussed on selected parts of the stratigraphy (Bachmann et al., 2012; Braschi et al., 2012; 

Spandler et al., 2012; Braschi et al., 2014), included little or no isotope data to constrain 

assimilation processes (Wyers and Barton, 1989; Seymour and Vlassopoulos, 1992; 

Francalanci et al., 1995) or reported results for a relatively small set of samples (Buettner et 

al., 2005; Zellmer and Turner, 2007), a complete model for the magmatic evolution of Nisyros 

is still lacking. 

Here, we present a detailed geochemical study of Nisyros volcano that includes major, 

trace element and Sr-Nd-Hf-Pb isotope data for 38 samples that cover the entire volcanic 

stratigraphy. The whole rock geochemical data serve to further constrain the crustal 

differentiation processes and investigate the temporal evolution of Nisyros. In particular, we 

report the first high-precision double spike Pb isotope data for Nisyros and Aegean arc 

basement samples that us to identify and quantify crustal contamination. Back-stripping the 

effects of crustal differentiation reveals the large compositional variability of primary magmas 

delivered to the base of the arc crust, which can in turn be used to assess mantle source 

heterogeneity and the influence of subducting sediments in the eastern section of the Aegean 

arc. 

 

 

2.  GEOLOGICAL SETTING 

2.1. Nisyros 

The Kos-Nisyros-Yali system forms the easternmost volcanic centre of the <4 Ma Aegean arc 

(e.g., Francalanci et al., 2005; Pe-Piper and Piper, 2005). Nisyros is a cone-shaped, entirely 

volcanic island that has developed ca. 8 km south of the submarine caldera that has been 

linked to the eruption of the rhyolitic Kos Plateau Tuff (KPT; Nomikou, 2004a), at 161 ± 1 ka 

(Smith et al., 1996). The island of Nisyros has a diameter of ca. 8 km. A central caldera of a 

ca. 4 km in diameter has been partly filled by the dacitic Profitis Ilias domes that reach an 

elevation of 698 m above sea level. On the basis of an absence of KPT clasts on Nisyros and 

correlation of the fine-grained tuff underlying the volcanic succession of Nisyros that was 

encountered in hydrothermal wells with the KPT, it is assumed that subaerial volcanism on 

Nisyros postdates the KPT eruption and is thus younger than 161 ka (Volentik et al., 2005b). 

A detailed description of the volcanic history of Nisyros is provided in Chapter 5 and is 

summarised here. We identified the occurrence of two magmatic suites that have evolved 

along distinct crustal differentiation pathways on Nisyros. The low-porphyricity andesite (LPA) 

suite comprises andesites, basaltic andesites and rare dacites that are characterized by low 

crystal contents, a lack of macroscopic evidence for magma mixing and differentiation at mid- 

to upper crustal levels (ca. 10-12 km depth). In contrast, the high-porphyricity (rhyo)dacite 

(HPRD) suite shows abundant features related to magma mixing and is generated at the base 

of the arc crust (ca. 25-27 km depth). These (rhyo)dacites have high crystal contents (>25 

vol.%) and invariably contain mafic enclaves, cumulate nodules and xenocryst clusters, as well 
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as abundant petrographic evidence for disequilibrium and magma mixing (Chapter 5; Braschi 

et al., 2014; Zouzias and St Seymour, 2014). The two suites are intercalated throughout the 

volcanic history of Nisyros, which we divided into three stages (Chapter 5). During the first, 

cone-building stage, a small stratocone was formed by multiple LPA suite lava flows and mildly 

explosive eruptions. The subsequent eccentric activity stage is characterized by explosive and 

extrusive events from numerous mono- and polygenetic eccentric vents and rapid switching 

between LPA and HPRD suite deposits. After this stage, the style of volcanism underwent a 

change to predominantly rhyodacitic Plinian explosive eruptions, dome formation and 

voluminous lava flows during the caldera stage. The HPRD suite is volumetrically most 

abundant during this stage, but intercalated LPA lava flows are also present.  

A major unresolved issue on Nisyros is absolute dating of the volcanic deposits. Due to 

the lack of K-bearing phases and common presence of excess argon, 40Ar/39Ar dating has so 

far proven unsuccessful (Volentik et al., 2005b; Bachmann et al., 2010) and references 

therein). Highly variable and inconsistent ages up to 800 ka have been obtained for Nisyros 

lavas (Volentik et al., 2005b). Apart from the firm maximum age for the subaerial products 

of Nisyros that is provided by the precise 161 ± 1 ka 40Ar/39Ar age for the Kos Plateau Tuff 

(Smith et al., 1996), the most reliable age constraint is an age of ca. 47 ka for the Upper 

Pumice. This age is based on a >44 ka 14C age of charcoal fragments in Upper Pumice surge 

deposits (Limburg and Varekamp, 1991) and correlation with marine ash layers (Margari et 

al., 2007; Aksu et al., 2008; Tomlinson et al., 2012). A recent U/Pb zircon study reports ages 

of 124 ± 35 ka, 111 ± 42 ka and 70 ± 24 ka for the Lower Pumice, Nikia flow and Upper 

Pumice, respectively, based on the youngest zircon U/Pb date in the sample populations 

(Guillong et al., 2014). If these ages are correct, this suggests that the early cone building 

stage occurred within a narrow interval of roughly 40 kyr and that the emplacement of the 

(rhyo)dacites was spread out over a significantly longer timespan.  

 

2.2. Aegean arc basement 

The general structure of the Hellenide complex, which comprises most of Greece and forms 

the basement of the Aegean volcanic arc, is that of a pile of stacked nappes. These nappes 

represent distinct terranes that have been accreted to the Eurasian continent as a result of 

the northward subduction of the African plate since the Jurassic (e.g., van Hinsbergen et al., 

2005; Jolivet and Brun, 2010; Ring et al., 2010). On Santorini, the exposed basement is part 

of the Tripolitza unit, one of the external nappes of the Hellenide complex that consists of a 

metamorphosed carbonate platform of Triassic to Eocene age (Druitt et al., 1999). The 

Tripolitza unit is closely associated with the calc-silicate to schistose phyllite-quartzite unit, 

which is exposed on Santorini together with the Tripolitza marbles. These two units underlie 

the volcanic centres in the central-eastern section of the Aegean arc, including Milos, Kos and 

Nisyros (Bonneau, 1984; Papanikolaou, 2009; Ring et al., 2010) and can hence be considered 

to represent (part of) the upper crust of Nisyros. This is supported by the recovery of Mesozoic 

limestones from geothermal drilling wells on Nisyros (Geotermica Italiana, 1983, 1984). The 
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lower crust of Nisyros is more elusive as it is not exposed in the area. On the island of Ios, ca. 

20 km north of Santorini, pre-Alpine orthogneisses are exposed in a core complex (e.g., 

Thomson et al., 2009). These pre-Alpine gneisses are interpreted as the basement upon which 

the Tripolitza and phyllite-quartzite units were deposited (Bonneau, 1984) and thus likely 

constitute the lower crust of Santorini (Druitt et al., 1999; Kilias et al., 2013). The Tripolitza 

basement that is exposed in the central Cyclades has been correlated with the dominantly 

Proterozoic basement of the Menderes core complex in western Anatolia and the two are 

presumed to be part of the same terrain that was incorporated in the Hellenide complex 

(Jolivet et al., 2013). Thus, given that Nisyros is situated on the same tectonic unit as Santorini 

and that the basement of this unit appears to be continuous to the Menderes complex, we 

infer that the Ios gneisses could be representative for the lower crust beneath Nisyros. 

In order to constrain the geochemical composition of these potential assimilants, the 

Aegean arc basement was sampled on Santorini and Ios (see supplementary material for 

sample locations and descriptions; a map is given in Chapter 4 – Figure 1). On Santorini, the 

marbles of the Tripolitza unit were sampled on Mt. Profitis Ilias and Mt. Mesa Vouno. In the 

saddle between these two hills and along the road to Athinios harbour, samples of the calc-

silicate and metapelite basement of the phyllite-quartzite unit were taken. The pre-Alpine 

basement, consisting of augengneisses and garnet-mica schists, was sampled on Ios from the 

core of the gneiss dome complex. 

 

 

3.  PETROGRAPHY AND THE PLUMBING SYSTEM OF NISYROS  

A detailed description of the petrography of the studied samples and model of the anatomy 

of the magmatic system of Nisyros is provided in Chapter 5 and is summarized here. Two 

distinct magmatic suites that have co-existed for most of Nisyros’ history have been identified. 

The high-porphyricity (rhyo)dacite (HPRD) suite comprises enclave-bearing dacites and 

rhyodacites characterised by a high phenocryst content (25-50 vol. %) and pronounced 

zoning and disequilibrium textures in phenocrysts (Braschi et al., 2014; Zouzias and St 

Seymour, 2014). Plagioclase is the most common phenocryst phase and is generally euhedral 

and strongly zoned, but sub- to anhedral grains with sieve textured, resorbed cores are also 

common. Orthopyroxene, Fe-Ti-oxides, minor clinopyroxene and rare amphibole occur as 

additional equilibrium phenocryst phases. The HPRD (rhyo)dacites invariably contain 1-25 vol. 

% mafic enclaves that range in size from 2 to 50 cm. These enclaves vary from quenched 

textured with acicular plagioclase and amphibole to nearly holocrystalline with coarse 

amphibole grains and interstitial plagioclase. Chilled margins are a common feature of the 

enclaves and, together with the quenched texture, suggests that the enclaves originate 

through magma mixing and mingling (Braschi et al., 2012, 2014). Xenocrysts and cumulate 

fragments that are in disequilibrium with the groundmass, as indicated by strong 

compositional zoning or orthopyroxene reaction rims around olivine, are abundant in the 

(rhyo)dacites and common in the enclaves. These clusters generally represent calcic 
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plagioclase-rich shallow cumulate assemblages that have been entrained in the mafic enclaves 

and (rhyo)dacitic hosts, but rare Al-rich clinopyroxene and forsteritic olivine assemblages 

represent cumulate phases from a hot zone at the Moho beneath Nisyros (ca. 27 km; Tirel et 

al., 2004; Zhu et al., 2006). On the basis of mineral chemistry and textural evidence, we have 

argued in Chapter 5 that the HPRD suite is generated in a deep crustal hot zone at the base 

of the crust. Suppression of plagioclase at high pressure drives derivative melts to a high-

aluminium basalt (HAB) composition. Reaction of the cumulate stack with the melt upon 

cooling leads to the replacement of clinopyroxene with hornblende and this reaction is crucial 

in generating the (rhyo)dacites. These evolved melts ascent and stall at 10-12 km depth were 

degassing-induced crystallization leads to the formation of crystal-rich mushes. The injection 

of hot, mafic melts can reactivate the mushes and cause the eruption of mingled HPRD suite 

domes, lava flows and pyroclastic deposits. Hence, the geochemical variability is believed to 

be largely controlled by deep differentiation, whereas the textural features are acquired in the 

shallow mush systems. 

The low-porphyricity andesite (LPA) suite comprises lava flows and mildly explosive 

pyroclastic and scoria deposits of basaltic-andesitic to dacitic composition that were emplaced 

predominantly during the early cone-building stage in the evolution of Nisyros (Figure 1). The 

majority of the LPA samples form a group of homogeneous andesites with low (0-10 vol. %) 

phenocryst content set in a glassy to microlite groundmass. Plagioclase is the dominant 

phenocryst phase and subhedral olivine is more abundant than clinopyroxene. Fe-Ti-oxides 

are present in most samples and orthopyroxene rare. In the basaltic-andesites, clinopyroxene 

is abundant (up to 20 vol. %) and occurs as up to 5 mm large, euhedral crystals together with 

plagioclase and either olivine or orthopyroxene. Euhedral amphibole, orthopyroxene and 

plagioclase constitute the phenocryst assemblage in the LPA dacites. Plagioclase and 

clinopyroxene in the LPA suite typically display both normal and reverse zoning within a single 

sample, but strong disequilibrium textures are very rare. This is taken as evidence for mixing 

between melts of basaltic to andesitic composition, but without the involvement of more 

evolved melts (Chapter 5; Zouzias and St Seymour, 2014). The petrographic and mineralogical 

evidence suggests that the LPA suite differentiated at mid- to upper crustal levels and that 

the andesites likely formed through shallow fractional crystallisation and not by hybridisation 

of basaltic and HPRD (rhyo)dacitic melts. Clinopyroxene in the LPA basaltic andesites has Mg# 

up to 91 and Cr contents up to 6000 ppm, suggesting that these crystals crystallized from 

primitive melts that have probably bypassed the deep crustal hot zone. 

 

 

4.  ANALYTICAL TECHNIQUES  

The complete volcanic stratigraphy of Nisyros was sampled on the basis of the stratigraphic 

framework and geological map of Volentik et al. (2005a). A total of 38 fresh Nisyros lava and 

pumice samples were analysed for major elements, trace elements and Sr-Nd-Hf-Pb isotope 

composition at the VU University Amsterdam. The sample set was complimented by two new 
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samples of the Kos Plateau Tuff for comparison and 13 Aegean basement samples from 

Santorini and Ios (see section 2.2). Weathered or exposed parts of the samples were removed 

with a diamond saw and all samples were cleaned by repeated washing in an ultrasonic bath 

with deionized water. After drying, the samples were reduced in size using a hardened steel 

jawcrusher and subsequently powdered using an agate shatterbox and planetary ball mill. 

The major element composition of the samples was determined by X-ray fluorescence 

spectroscopy (XRF) on fused glass beads (diluted 1:4 with Li2B4O7/LiBO2) using a Panalytical 

MagiX Pro XRF. Oxide concentrations were obtained from interference-corrected spectra 

intensities using a calibration curve consisting of 30 international standards. Loss on ignition 

was determined by heating the samples to 1000 °C for 30 minutes. The results are reported 

with iron concentrations expressed as total ferrous iron (FeO*) on a volatile-free basis. For 

trace element and isotope analysis, 80 mg of sample powder was digested in a HF-HNO3 

mixture in PTFE Parr® bombs at 200 °C for four days. Trace element concentrations were 

determined with a ThermoFisher X-series-II inductively coupled plasma mass spectrometer 

(ICPMS) using a method modified after Eggins et al. (1997) with USGS reference material 

BHVO-2 as a calibration and drift correction standard. The reproducibility as deduced from 

repeated analysis of USGS reference material BCR-2 is better than 10 % (2 RSD) for all 

reported trace elements. Strontium and neodymium were separated from the matrix using 

conventional ion-exchange techniques, after which the isotope composition was measured 

by thermal ionization mass spectrometry (TIMS) in multi-dynamic acquisition mode on a 

Finnigan MAT 262 (Sr) and in static mode on a Thermo Scientific TRITON plus (Nd). 

Instrumental mass fractionation was corrected by normalising to 86Sr/88Sr = 0.1194 and 
146Nd/144Nd = 0.7219 respectively. Standard reference material (SRM) 987 yielded 87Sr/86Sr = 

0.710233 ± 0.000012 (n = 17; 2 SD) over the course of this study. The in-house SIGO Nd 

standard yielded 143Nd/144Nd = 0.511329 ± 0.000008 (n = 18; 2 SD), which is equivalent to a 

value of 143Nd/144Nd = 0.511839 for La Jolla (Griselin et al., 2001). For Sr and Nd, data were 

normalized to 87Sr/86Sr = 0.710245 for SRM 987 and 143Nd/144Nd = 0.511342 for SIGO, 

respectively. Hafnium was separated according to the method by Münker et al. (2001) and 

measured on a Thermo Scientific NEPTUNE multi-collector ICPMS. The results were corrected 

offline for isobaric interference and instrumental mass fractionation (Cecil et al., 2011). The 

JMC-475 standard yielded 176Hf/177Hf = 0.282157 ± 0.000020 (n = 102; 2 SD). Lead isotopes 

 

 
Figure 1. Major element variation in the Nisyros volcanic rocks compared with literature data (grey dots; 

Di Paola, 1974; Wyers and Barton, 1989; Seymour and Vlassopoulos, 1992; Francalanci et al., 1995; 

Buettner et al., 2005; Vanderkluysen et al., 2005a; Zellmer and Turner, 2007; Braschi et al., 2012; 

Spandler et al., 2012). Data are reported on a volatile-free basis, with iron expressed as total ferrous iron 

(FeO*) and normalized to 100%. Samples are grouped on the basis of field evidence and petrography 

into a low-porphyricity andesite (LPA) suite and high-porphyricity (rhyo)dacite (HPRD) suite. The 

composition of the Kos Plateau Tuff is shown for reference. Low-K, med-K and high-K dividing lines after 

Le Maitre et al. (1989). 
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were analysed by TIMS using a 207Pb-204Pb double spike to correct for instrumental mass 

fractionation (Klaver et al., 2016). Over the course of this study, SRM 981 yielded 206Pb/204Pb 

= 16.9408 ± 0.0010, 207Pb/204Pb = 15.4981 ± 0.0011 and 208Pb/204Pb = 37.7208 ± 0.0025 (n 

= 11; 2 SD). Analytical blanks were ≤15 pg for Sr, Pb and Hf, and ≤5 pg for Nd, and thus 

negligible. Results for samples and external standards are listed in the online supplementary 

material. 

 

 

5.  RESULTS  

5.1. Major element composition 

The major element variation of the Nisyros volcanic rocks is shown in Figure 1 and the new 

data are in excellent agreement with previous results. Nisyros displays a wide range in silica 

content from ca. 52 to 72 wt. % SiO2. Most of the Nisyros samples fall in the medium-K field 

of Le Maitre et al. (1989), but HPRD and LPA (rhyo)dacites straddle the boundary with the 

high-K field. Rocks of basaltic composition (<52 wt.% SiO2) are conspicuously lacking and the 

most mafic samples are basaltic-andesitic enclaves in the HPRD suite (rhyo)dacites. The 

basaltic andesitic enclaves are different from LPA suite basaltic andesites in their lower MgO 

and SiO2 content while Na2O, K2O and TiO2 contents are higher. The LPA andesites form a 

tight cluster in major element space at 58-61 wt. % SiO2. These andesites have the highest 

TiO2 content of the entire Nisyros suite and have higher FeO* than the HPRD enclaves and 

LPA basaltic andesites. Dacites and rhyodacites from the LPA and HPRD suites are generally 

similar in major element composition, but HPRD dacites have slightly elevated CaO and lower 

TiO2 contents.  

 

5.2. Trace element composition 

In general, the Nisyros samples have a trace element signature typical of arc volcanic rocks 

with marked large-ion lithophile over high-field strength element enrichment, a negative Nb-

Ta (La/Nb = 1.3-2.3) and positive Pb anomaly (Pb/Ce >0.11). In variation diagrams with SiO2 

content (Figures 2 and 3), the generally compatible elements (Sc, Cr, Sr) display a negative 

correlation with SiO2, whereas Rb, Ba and Th show a positive correlation. Other trace elements 

increase up to ca. 62 wt.% SiO2, but either show more scatter (Zr, Nb, La) or decrease sharply 

(Y, Yb) at higher silica contents. In greater detail, individual sample groups show large 

variations in trace element concentrations. This is best exemplified by the HPRD suite enclaves 

and the LPA basaltic andesites, which show more than a factor two variation in highly 

incompatible element concentrations such as Rb, Nb and Th over a small range in SiO2. The 

variability in compatible elements is even larger and in general the HPRD enclaves have lower 

Cr, Ni and Sc contents than the LPA basaltic andesites. Two samples from each group have 
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Figure 2. Variation of selected trace element concentrations (in ppm) with SiO2 (wt.%). Sources for 

literature data (grey dots) are given in Figure 1. 
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Figure 3. Rare earth element (REE) variation of the Nisyros sample suite; symbols as in Figures 1 and 2. 

Subscript “N” denotes chondrite normalised (McDonough and Sun, 1995) values. The REE diagram shows 

the REE patterns of representative samples for every group; the same representative samples are shown 

in the N-MORB normalised (Sun and McDonough, 1989) multi-element variation diagram. 

 

 

significantly higher Sr contents (900-1100 ppm) compared to the rest of the suite (<700 ppm). 

Apart from two samples that behave irregularly, the LPA andesites form a homogeneous 

group with well-defined correlations of trace elements with SiO2. The HPRD (rhyo)dacites can 

be divided into three groups on the basis of their major and trace element characteristics, 

which is best illustrated by Y, Zr and Nb. Groups 1 and 2 (the HPRD dacites) comprise the 

older, dacitic lava flow 7 and Emborio domes, respectively, while group 3 includes the younger 

Lower- and Upper pumice, Nikia flow and Profitis Ilias domes (the HPRD rhyodacites; Figure 

2). Despite the similarity in silica content between the Emboria and Profitis Ilias domes, the 

latter are included with the Nikia flow and Lower- and Upper pumice HPRD rhyodacites on 
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the basis of the trace element systematics. Both HPRD groups have spoon-shaped REE 

patterns with minima at Dy (Figure 3), but this pattern is more pronounced in the rhyodacites 

as illustrated by lower Dy/Yb and Yb contents. 

 

5.3. Sr-Nd-Hf-Pb isotopes 

The Nisyros sample suite displays a wide variation in Sr-Nd-Hf-Pb isotopes (Figure 4). 

Compared to other Aegean arc volcanic centres, Nisyros has amongst the lowest 87Sr/86Sr 

(0.7036-0.7051) and lower 143Nd/144Nd (0.51283-0.51260) at a given 87Sr/86Sr. The main 

distinguishing feature, however, is the unradiogenic Pb isotope composition of Nisyros: 
206Pb/204Pb = 18.59-18.77 for Nisyros compared to 18.8-19.0 for the other Aegean centres; 
207Pb/204Pb (15.59-15.66) and 208Pb/204Pb (38.42-38.74) are also lower than the other Aegean 

centres (Figure 4). Our new isotope data for Nisyros agree well with Sr-Nd data from Braschi 

et al. (2012), but 143Nd/144Nd data for several samples from Buettner et al. (2005) and Zellmer 

and Turner (2007) deviate significantly from our data and are not included in the comparison. 

The Nisyros samples show a broad negative (143Nd/144Nd and 176Hf/177Hf) or positive (87Sr/86Sr, 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb) correlation with SiO2 content (Figure 4). In general, the 

LPA basaltic andesites and HPRD enclaves show a larger variation in these isotopes than the 

more evolved samples (LPA andesites, HPRD suite). This is best illustrated by the 207Pb/204Pb 

vs. SiO2 diagram: the LPA andesites and the HPRD (rhyo)dacites display a relatively narrow 

range in Pb isotopes at the radiogenic end of the entire Nisyros suite (e.g., 207Pb/204Pb = 15.63-

15.66) while the more primitive samples are less radiogenic but also more variable (e.g.,  

207Pb/204Pb = 15.59-15.66). The HPRD (rhyo)dacites have lower 143Nd/144Nd and 176Hf/177Hf and 

higher 87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb compared to the LPA andesites. In the 

LPA suite, 143Nd/144Nd and 176Hf/177Hf form a well-defined positive correlation to the higher 
176Hf/177Hf side of the terrestrial array (Vervoort et al., 2011). The HPRD (rhyo)dacites form a 

scattered group at the unradiogenic end of this trend, but the HPRD enclaves are generally 

displaced towards the terrestrial array.  

 

 

6.  DISCUSSION 

6.1. The Nisyros suite: a single liquid line of descent?  

Including the new data presented here, a comprehensive dataset with 358 major element 

analyses is available for Nisyros (see Figure 1 for data sources). The large number of data 

points reduces the risk of undersampling and sampling biases and thus it should provide a 

representative overview of the major element variation of the subaerial products of Nisyros. 

From the Harker variation diagrams (Figure 1), it is evident that the Nisyros suite does not 

represent a simple liquid line of descent. None of the major elements show a well-defined 

correlation with SiO2 content, but the trends display scatter, inflections and abundance 
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Figure 4. Sr-Nd-Hf-Pb isotope variation of the Nisyros sample suite; symbols as in Figures 1 and 2. Sr-Nd 

data for the Profitis Ilias domes and enclaves (pfi) from Braschi et al. (2012) are shown for comparison. 

Isotope data from Buettner et al. (2005) and Zellmer and Turner (2007) are not included as they deviate 

significantly from the results of this study and Braschi et al. (2012) for the same volcanic units. In the 
176Hf/177Hf vs 143Nd/144Nd diagram, “TA” represents the terrestrial array of Vervoort et al. (2011). Errors 

are smaller than or equal to symbol size. Note the overlap of the two Kos Plateau Tuff samples (black 

crosses) as an indication of the analytical reproducibility. Data for other Aegean arc volcanic centres 

(Santorini and Methana/Saronic Gulf are from Elburg et al., 2014); Eastern Mediterranean Sea (EMS) 

sediments from Klaver et al. (2015). NHRL represents the Northern Hemisphere Reference Line of Hart 

(1984). 

 

 

 

minima (Figure 5a). At the mafic end of the spectrum (the LPA basaltic andesites and HPRD 

enclaves), major element concentrations vary by ~30 %, far outside analytical uncertainty (±2 

%), at a given SiO2 content. In addition, pronounced inflections and gaps are present in the 

major element trends, as for instance shown by Al2O3 at 60-65 wt.% SiO2 and MgO and CaO 

at ~67 wt.% SiO2. In a K2O – SiO2 diagram (Figure 1), two inflections separate the LPA 

andesites from the basaltic andesites and the HPRD suite. Whereas the latter straddle the 

medium-K to high-K boundary (Le Maitre et al., 1989), the LPA andesites form a more inclined 

trend compared to the dividing lines. These inflections correspond to abundance minima 

between the HPRD dacites and either the LPA andesites or the HPRD rhyodacites (Figure 5b). 

It has been argued whether one or more abundance minima, or compositional gaps, are 

present in the Nisyros suite (Wyers and Barton, 1989; Seymour and Vlassopoulos, 1992; 

Buettner et al., 2005). Although we agree with Francalanci et al. (2007) that undersampling 

is a likely cause of presumed abundance minima in the older studies, the scarcity of data 

between 61 and 63 wt.% SiO2 is real given the large number of analyses available (Figure 

5b). On the basis of the overlap of abundance minima with inflections and gaps in major 

element trends, we argue that these abundance minima are not related to “complex magma 

chamber processes involving convection, mineral crystallisation and retention” (Francalanci et 

al., 2007), but reflect the fundamentally different origin of the LPA suite (largely <61 wt.% 

SiO2) and the HPRD (rhyo)dacites (>63 wt.% SiO2; chapter 5). Perhaps the strongest evidence 

against simple fractional crystallisation as the dominant differentiation mechanism at >60 

wt.% SiO2, is the similarity in Mg# of the LPA andesites and HPRD (rhyo)dacites (shown as 

FeO*/MgO vs. SiO2 in Figure 5a), which strongly contradicts with fractional crystallisation. 

Despite that FeO*/MgO is roughly constant from 58 to 72 wt.% SiO2, the data can be 

grouped in the LPA andesites, the HPRD dacites and the HPRD rhyodacites. The two HPRD 

groups form clusters that fall on mixing lines with HPRD enclaves, which confirms that magma 

mixing was of influence in the (rhyo)dacites (Seymour and Vlassopoulos, 1992; Braschi et al., 

2012; Zouzias and St Seymour, 2014). We will discuss the differences in petrogenesis 

between the LPA andesites and HPRD suite in more detail in section 6.3, but will first address 

the large geochemical variation in the most primitive (~57 wt.% SiO2) Nisyros samples. 
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Figure 5. a) FeO*/MgO – SiO2 diagram of the Nisyros sample suite. For sources of the literature data 

(grey dots), see Figure 1 caption. The thick grey line represents the tholeiitic (TH) – calk-alkaline (CA) 

dividing line of Miyashiro (1974). HMA symbols are representative compositions of high-magnesium 

andesite (HMA) occurrences compiled by Wood and Turner (2009); the grey arrow represents the mantle–

melt reaction proposed by Grove et al. (2003) to generate HMA. Three groups of samples (labelled 1-3) 

can be recognised in the HPRD suite. The two dashed lines are bulk mixing lines of a HPRD dacite (sample 

AAN-034) or HPRD rhyodacites (sample LV11 from Vanderkluysen et al., 2005a) with a mafic enclave 

(sample AAN-041). b) Histogram of the SiO2 content of the Nisyros sample suite including literature data 

(grey bars, number of samples = 358; see Figure 1 for data sources). The peaks in the histogram largely 

overlap with the sample groups in this study. 

 

 

6.2. Primary heterogeneity in the Nisyros suite  

6.2.1. Variation in the basaltic andesites 

One of the most striking features of the major element variation of the Nisyros suite is the 

heterogeneity in the most primitive samples: the HPRD enclaves and the LPA basaltic 

andesites. In general, the enclaves have lower MgO, Mg# (higher FeO*/MgO), Cr and Ni 

contents (Figures 1, 2 and 5), hence suggesting that the enclaves are not primitive melts but 

have undergone differentiation. Evidence from petrography and mineral chemistry indicates 

that these enclaves have fractionated olivine and aluminous clinopyroxene in a deep crustal 

hot zone (see Chapter 5). Lower crustal pressures (~0.7 GPa) and high H2O contents 

effectively suppressed plagioclase crystallisation, thus driving derivative melts to a high-

aluminium basalt (HAB) composition. Enclaves in the Profitis Ilias domes in particular have a 

HAB affinity with Al2O3 contents up to 20.6 wt.% at 54-56 wt.% SiO2. The LPA basaltic 

andesites, on the other hand, appear to be less evolved than the enclaves as they have high 

Mg# (up to 69), high Cr contents (up to 320 ppm) and host primitive clinopyroxene (Mg# 91, 

6000 ppm Cr; Chapter 5). This relationship is opposite to what is expected as the LPA basaltic 

andesites on average have higher SiO2 contents than the HPRD enclaves. Moreover, the two 

groups form a separate trend in an FeO* vs. SiO2 diagram (Figure 1): FeO* contents rapidly 

decrease from the enclaves to the basaltic andesites (from ~7 tot ~5 wt.%) and these are 

separated by a gap from the LPA andesites (~7 wt.% FeO* at 58-61 wt.% SiO2). This 
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relationship is also illustrated in an FeO*/MgO vs. SiO2 diagram (Figure 5a). The HPRD enclaves 

have FeO*/MgO of 1-1.6 (Mg# 63-55) and fall close to the tholeiitic – calc-alkaline dividing 

line (Miyashiro, 1974). The LPA andesites are displaced towards the tholeiite field at higher 

FeO*/MgO, whereas the LPA basaltic andesites have lower FeO*/MgO at higher SiO2 

contents. We argue that the separate trend shown by the HPRD enclaves and LPA basaltic 

andesites is not the result of crystal fractionation or accumulation processes, but reflects 

variation in primary melts for the following reasons:  

i) The LPA basaltic andesite sample with the highest MgO content (AAN-016, lf4) 

contains ~20 vol.% clinopyroxene phenocrysts. Although clinopyroxene accumulation could 

account for the high whole rock MgO and Cr contents, it is nevertheless not a feasible 

process. In particular whole rock CaO content is sensitive to clinopyroxene (19-23 wt.% CaO) 

addition, but Mg#, CaO and TiO2 contents of the clinopyroxene-rich sample are identical to 

similar samples with <5 vol.% clinopyroxene, which suggests that clinopyroxene is a 

phenocryst and not a cumulus phase in the basaltic andesites.  

ii) Fractional crystallisation cannot explain the trend shown by the enclaves and basaltic 

andesites. The decrease in TiO2 with SiO2 content requires the fractionation of a Ti-rich phase 

such as titanomagnetite or amphibole. Least-squares fractional crystallisation modelling 

(IgPet) of a mineral assemblage including a Ti-bearing phase did not yield any acceptable 

solutions that fit the data. Unrealistically large amounts of fractionating amphibole are 

required to account for the increase in SiO2, which is not supported by the similar Dy/Yb of 

the enclaves and basaltic andesites (Figure 4) and is also in strong disagreement with the 

petrography of the latter (Chapter 5). In addition, producing the HPRD enclaves from an LPA 

basaltic andesite parent is also impossible with any realistic fractionating assemblage that 

includes clinopyroxene and olivine.  

iii) Given that the basaltic andesites show no evidence for significant accumulation of 

olivine or clinopyroxene, their high Mg# of up to 69 indicates that they are close to being in 

equilibrium with the mantle (Mg# ~70; Kelemen et al., 2003a). 

On the basis of these lines of evidence, we thus propose that the LPA basaltic andesites 

represent primitive melts that are characterised by an a priori high SiO2 content. On the basis 

of their Mg# >60, these samples can be classified as primitive andesites (Kelemen et al., 

2003a), but we will use the more common term “high-magnesium andesite” (HMA). Indeed, 

the Nisyros LPA basaltic andesites overlap with representative HMA occurrences worldwide 

(Wood and Turner, 2009) in an FeO*/MgO vs. SiO2 diagram (Figure 5a) and share the 

characteristic low TiO2 and FeO* signature. Although Na2O contents are generally higher in 

HMA than in regular arc basalts (Kelemen et al., 2003a), there is no significant difference 

between the LPA basaltic andesites and HPRD enclaves (Figure 1). Nisyros is therefore an 

example of an arc volcano where a continuum between “ordinary” basaltic andesitic and 

HMA magmas has been erupted during its evolution.  
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Figure 6. Th/Yb – Ba/Yb (a), 87Sr/86Sr – Th/Ce (b) and Δ7/4 – Th/Ce (c) diagrams of the HPRD enclaves, 

LPA basaltic andesites and andesites to illustrate the nature of the HMA basaltic andesites. Δ7/4 is the 

vertical deviation in 207Pb/204Pb from the Northern Hemisphere Reference Line (NHRL) of Hart (1984). The 

(rhyo)dacites have been omitted for clarity and scaling purposes and schematic source variation, sediment 

addition and fractional crystallisation (FC) and assimilation-fractional crystallisation (AFC) trends are 

shown. Data for Eastern Mediterranean Sea (EMS) sediments are from Klaver et al. (2015). The coupled 

increase in Ba/Yb and Th/Yb, as well as lower 143Nd/144Nd and higher 87Sr/86Sr, suggest that the LPA 

basaltic andesites with HMA affinity received a larger sediment melt contribution compared to the 

enclaves. Lead isotopes, on the other hand, do not vary systematically between the enclaves and LPA 

basaltic andesites. See text for further discussion. 
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6.2.2. The origin of the high-magnesium andesites  

Three models for the origin of high-magnesium andesites have been proposed in the 

literature. Model 1 is based on the early notion that mantle melting under hydrous conditions 

produces melts that are more quartz-normative (Kushiro, 1969). Recent experimental studies 

have shown that melting of a clinopyroxene-depleted (harzburgitic) mantle in combination 

with high H2O contents and a metasomatic slab component can produce primitive andesites 

with up to 60 wt.% SiO2 (e.g., Grove et al., 2003; Wood and Turner, 2009; Mitchell and 

Grove, 2015). Model 2 emphasizes the requirement of silicic slab-derived melts to transport 

fluid immobile elements into the mantle wedge (e.g., Kelemen, 1995; Tatsumi, 2001; 

Kelemen et al., 2003a; Bryant et al., 2011; Straub et al., 2011). Melts of eclogite-facies 

sediment and/or basalts are inferred to interact extensively with the peridotite mantle and the 

exchange of HREE and Y between peridotite and the silicic melts provides a mechanism to 

suppress the signature of residual garnet, which is a rare feature in HMAs (Kelemen et al., 

2003a). An advantage of this model is that it provides an explanation for the predominant 

occurrence of HMAs in arcs with elevated slab temperatures, for instance in the case of young 

oceanic lithosphere or at slab tears, as higher temperatures favour sediment or slab melting 

(Kelemen et al., 2003a; Bryant et al., 2011). As also noted by Kelemen et al. (2003a), however, 

the distinction between aqueous fluids and hydrous melts diminishes at higher temperature 

and fluid/rock and melt/rock partition coefficients become similar (e.g., Kessel et al., 2005), 

hence implying that models 1 and 2 are in fact endmember situations of the same process. 

While the first two models interpret HMAs as primary melts, model 3 advocates a crustal 

origin through mixing of evolved dacitic and primitive basaltic melts in combination with the 

re-entrainment of cumulate olivine and clinopyroxene (e.g., Streck et al., 2007). 

The combination of “ordinary” basaltic andesites (HPRD enclaves) and HMAs (LPA 

basaltic andesites) offers a unique opportunity to discuss the origin of the HMA melts of 

Nisyros. As argued above, there is no petrographic and geochemical evidence that supports 

mineral accumulation or extensive mixing in the samples with HMA affinity and thus model 

3 is not viable in the case of Nisyros. Therefore, models 1 and 2 are discussed below. In trace 

element vs. SiO2 diagrams (Figure 2), no obvious differences between the samples with and 

without HMA affinity exist, with the exception of higher compatible element (Sc, Cr, Ni) in 

the LPA basaltic andesites. Trace element ratios and radiogenic isotope data, however, do 

reveal systematic variations that are shown in Figure 6. The correlated increase in Ba/Yb and 

Th/Yb from the HPRD enclaves to the LPA basaltic andesites suggests that the latter are 

enriched in incompatible and fluid mobile elements. Ytterbium is selected as denominator in 

favour of La or another LREE because Yb is highly immobile and its mobility is relatively 

independent of the medium (i.e. fluid vs. melt; Kessel et al., 2005). The combined increase in 

Ba/Yb and Th/Yb from the HPRD enclaves to the LPA basaltic andesites (Figure 6a) is parallel 

to fractional crystallisation trends as Yb is the least incompatible of the three elements. On 

the basis of the arguments outlined above, however, it is evident that the LPA andesites have 
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Figure 7. 206Pb/204Pb – Nb/Yb (a), Δ7/4 – 206Pb/204Pb (b) and 176Hf/177Hf – 143Nd/144Nd (c) diagrams of the 

HPRD enclaves, LPA basaltic andesites and andesites to illustrate the effects of assimilation, sediment 

addition and source heterogeneity in the primitive Nisyros samples. The (rhyo)dacites have been omitted 

for clarity and scaling purposes; Δ7/4 is the vertical deviation in 207Pb/204Pb from the Northern Hemisphere 

Reference Line (NHRL) of Hart (1984). Data for Eastern Mediterranean Sea (EMS) sediments are from 

Klaver et al. (2015). The large variation in 206Pb/204Pb at constant Nb/Yb (a) suggest Pb isotope 

heterogeneity in the Aegean mantle source. In (b) and (c), AFC trends (DePaolo, 1981) and two mixing 

models with EMS sediment (samples AMS-001 and AMS-011 of Klaver et al., 2015) are shown with Nikia 

lava flow enclave sample AAN-007 as parental melt/mantle wedge composition. AFC models with a lower 

crustal (LC; Ios gneiss sample ABI-05) and upper crustal (UC; Santorini metapelite sample AAS-015b) 

assimilant overlap in a 176Hf/177Hf vs. 143Nd/144Nd diagram, but are distinct in Pb isotopes. For the sediment 

addition, dots represent 0.5 % sediment/fluid addition; for the AFC curves dots represent 1 % 

crystallisation intervals at r = 0.7. The inset in (c) shows the composition of EMS sediment (shaded green 
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field), Ios gneisses (yellow triangles; including data from Buettner et al., 2005), Santorini metapelites 

(green triangles) and Santorini calc-silicate (light-blue triangles) basement. Several HPRD enclaves are 

highlighted: nlf – Nikia lava flow; pfi – Profitis Ilias domes; lf7 – lava flow 7. See text for further discussion. 

 

 

not undergone significant fractional crystallisation in comparison with the HPRD enclaves,  

which in general have lower Mg#. Hence, the trend defined by the basaltic andesites is not 

likely controlled by fractional crystallisation but reflects a primary signal. Higher 

concentrations of fluid mobile and incompatible elements relative to N-MORB, including Ba 

and Th, in arc lavas are generally interpreted to be derived from subducting sediments and/or 

oceanic crust (e.g., Elliott, 2003). The coupled increase of Ba/Yb with Th/Yb and Th/Ce argues 

against the addition of only a fluid phase from altered oceanic crust or the subducting 

sediments as that would lead to an enrichment in Ba but not readily in Th. Rather, higher 

Th/Yb and Th/Ce in the LPA basaltic andesites are consistent with a the contribution of a 

hydrous melt from the slab (e.g., Johnson and Plank, 1999; Elliott, 2003; Ishizuka et al., 2003). 

The higher Ba/Yb, Th/Yb and Th/Ce in the HMA basaltic andesites correspond with moderately 

lower 143Nd/144Nd and higher 87Sr/86Sr in these samples (Figure 6b), which suggests that the 

source of the Ba and Th enrichment is a partial melt of the sedimentary pile on the subducting 

slab (Klaver et al., 2015) rather than the (altered) oceanic crust. Hence, the larger contribution 

of recycled crustal material in the LPA basaltic andesites compared to the HPRD enclaves 

suggests that the addition of felsic, hydrous melts from the slab could indeed be fundamental 

in generating the HMA signature in the case of Nisyros. Similar correlations between Th and 

Ba have been recognized in HMAs in the Aleutian arc as well, where they are also interpreted 

to result from the interaction of slab derived melts (Kelemen et al., 2003b; Yogodzinski et al., 

2010). There is, however, significant overlap in 87Sr/86Sr and 143Nd/144Nd of the LPA basaltic 

andesites and the HPRD enclaves. Moreover, Pb isotope systematics do not correlate with the 

trace element evidence. Despite that Pb isotopes are one of the most sensitive tracers for 

recycled crustal input (e.g., Elliott, 2003), the LPA basaltic andesites have relatively 

unradiogenic 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb compared to most HPRD enclaves (Figure 

6c). The anomalous behaviour of Pb suggests that variable sediment contribution is not the 

only process responsible for the significant variation of Sr-Nd-Pb-Hf isotopes in the primitive 

Nisyros samples. 

 

6.2.3. Source heterogeneity 

The Sr-Nd-Hf-Pb isotope systematics of the Nisyros suite highlight the substantial variation of 

in particular Pb isotopes in the LPA basaltic andesites and HPRD enclaves. Pb isotopes are not 

correlated with trace element ratios that are not readily affected by sediment addition and 

thus reflect the mantle wedge composition, such as Nb/Yb (Pearce, 2008). As shown in Figure 

7a, the primitive Nisyros samples have a limited range in Nb/Yb while 206Pb/204Pb shows a 

variation from 18.59 to 18.75. Hence, it appears that the mantle wedge underneath Nisyros 
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is homogeneous in conservative trace element systematics, but not in Pb isotopes and possibly 

other radiogenic isotopes.  

We will focus on three HPRD enclave samples that span the entire range in Sr-Nd-Hf-Pb 

isotopes and that are highlighted in Figure 7: an enclave from the Nikia lava flow (nlf) with 

the least radiogenic 87Sr/86Sr and Pb isotopes and highest 143Nd/144Nd and 176Hf/177Hf, an 

enclave in lava flow 7 (lf7) with the most crustal-like isotope signature and enclaves in the 

Profitis Ilias domes (pfi) that are intermediate between the other two. Assimilation of arc crust 

can readily alter the Pb isotope composition of arc magmas (e.g., Thirlwall et al., 1996; Bezard 

et al., 2014) and these effects on the more evolved Nisyros samples are discussed in greater 

detail in section 6.3. For the primitive Nisyros samples, assimilation of Aegean basement can 

explain the increase in 87Sr/86Sr and decrease in 143Nd/144Nd and 176Hf/177Hf from the Nikia lava 

flow to the lava flow 7 enclaves (Figure 7c). Elevated Th/Yb, Th/Ce and Δ7/4 (the vertical 

deviation from the NHRL of Hart, 1984) in several HPRD enclaves, including lava flow 7 (Figure 

6), is in agreement with assimilation of arc crust. In contrast, no suitable assimilant in our 

dataset can account for the low 207Pb/204Pb (shown as Δ7/4 in Figure 7b) and 208Pb/204Pb of 

the Profitis Ilias enclaves. Nile-derived Eastern Mediterranean Sea (EMS) sediment has suitably 

low 207Pb/204Pb (Klaver et al., 2015) and the Profitis Ilias enclaves fall on a mixing line with 

such a sedimentary component in Pb isotope space (Figure 7b). This explanation is, however, 

at odds with the Th/Ce, Th/Yb and Ba/Yb, which are similar to the Nikia flow enclave and 

lower than the samples with HMA affinity that were argued to record a higher sediment 

contribution.  

Hafnium isotopes can also be used as a sensitive tracer to distinguish sediment addition 

from assimilation and source heterogeneity. Figure 7c shows a 176Hf/177Hf vs. 143Nd/144Nd 

diagram with sediment addition trends for two endmember EMS sediment samples (Klaver et 

al., 2015) and an assimilation-fractional crystallisation (AFC; DePaolo, 1981) model. Mixing 

curves with subducting sediment are convex-upward and are thus distinct from AFC trends 

and mantle wedge heterogeneity, which are both parallel to the terrestrial array (Vervoort et 

al., 2011) and the broad trend defined by the Nisyros suite. The curvature of these mixing 

lines is partly controlled by fluid/rock and melt/rock partition coefficients that are 

approximately 2-3 times higher for Nd than for Hf (Kessel et al., 2005), but predominantly 

originates from the fractionation of Nd from Hf in marine sediments. Whereas Nd is controlled 

by the detrital clay fraction, zircon is the main host for Hf in sediments. As pelagic sediments 

are depleted in zircon, Hf concentrations of such sediments are low and 176Hf/177Hf is high 

(e.g., Patchett et al., 1984; Carpentier et al., 2009) and this is also, with the exception of 

coarse sediments from the African passive margin, the case for EMS sediment (Klaver et al., 

2015). Hence, the addition of EMS sediment results in a decrease in 143Nd/144Nd that is 

associated with a smaller decrease in 176Hf/177Hf, irrespective of which EMS sediment 

endmember is used (Figure 6f). The LPA basaltic andesites show a wide range in 143Nd/144Nd 

that extents to lower values from the HPRD enclaves while 176Hf/177Hf remains fairly constant, 

which supports our previous arguments that the Nisyros samples with HMA affinity record a 
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larger subducting sediment contribution. The addition of pelagic sediments has also been 

argued to result in roughly constant 176Hf/177Hf at variable 143Nd/144Nd in the case of, for 

instance, the Izu-Bonin-Mariana arc (Chauvel et al., 2009), Aleutian arc (Yogodzinski et al., 

2010) and Java (Handley et al., 2011).  
The variation in the HPRD enclaves is predominantly parallel to the terrestrial array and 

thus different from the sediment addition trend defined by the LPA basaltic andesites. Hf-Nd 

isotope systematics therefore corroborate the trace element evidence and argue against a 

higher sediment input to explain the variation in 206Pb/204Pb in the HPRD enclaves. It is possible 

that, in the case of the Profitis Ilias enclaves, sediments are delivered to the mantle wedge via 

a different mechanism. Dissolution of residual zircon can significantly lower both the 
176Hf/177Hf and Nd/Hf of the sediment melt, thus depressing the curvature of the sediment 

mixing lines in Figure 7c (e.g., Handley et al., 2011; Nebel et al., 2011). This is, however, 

inconsistent with the trace element evidence and we argue that the observed trace element 

and isotope variation of the HPRD enclaves can neither be explained by variable sediment 

addition nor by assimilation, and thus must reflect the unmodified mantle source. Therefore, 

we propose that the large variation in Pb isotopes, as well as more limited variation in Sr-Nd-

Hf, in the HPRD enclaves indicate that Aegean mantle wedge is isotopically heterogeneous. 

 

6.3. Open-system differentiation at Nisyros 

6.3.1 Assimilation of arc crust in the LPA suite and HPRD enclaves 

The LPA andesites (58-61 wt.% SiO2) form coherent trends in major and trace element space 

(Figures 1-3) and show limited and systematic variations in Sr-Nd-Hf-Pb isotopes (Figures 4 

and 6). Wyers and Barton (1989) and Francalanci et al. (1995) argued that the LPA andesites 

could be produced through fractionation of plagioclase, clinopyroxene and olivine from a LPA 

basaltic andesitic parent. Alternatively, many arc andesites appear to be hybrid rocks that 

formed through mixing of basaltic and rhyolitic melts in shallow magma chambers (e.g., Reubi 

and Blundy, 2009), and several studies emphasized the importance of magma mixing on 

Nisyros (Seymour and Vlassopoulos, 1992; Zouzias and St Seymour, 2014). As outlined in 

Chapter 5, the lack of inherited (rhyo)dacitic minerals in the LPA andesites strongly suggests 

that the latter did not form through magma mixing. Geochemical data support this conclusion 

as they show that the LPA andesites do not fall on mixing lines between the HPRD 

(rhyo)dacites and the basaltic andesites. This is best illustrated by TiO2, FeO*, V and Y 

contents, which are all significantly higher in the LPA andesites than in both the more felsic 

and more mafic samples. In addition, the two suites can also be clearly separated in an 

FeO*/MgO vs. SiO2 diagram (Figure 5a) and 143Nd/144Nd is higher at a given 87Sr/86Sr in the 

LPA suite than in the HPRD suite. As Sr-Nd isotope mixing lines are concave-down due to 

decreasing Sr and increasing Nd contents with increasing SiO2, this difference cannot be 

reconciled with magma mixing but was attributed to contamination with different crustal 

rocks by Zellmer and Turner (2007). In contrast, petrographic evidence (Chapter 5) and major 

element modelling (this work; Wyers and Barton, 1989) support the model that the LPA 
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andesites were generated through fractional crystallisation from an LPA basaltic andesitic 

parent. The small compositional gap between the basaltic andesites and andesites, which is 

particularly well visible in an FeO* vs. SiO2 diagram (Figure 1), is attributed to periodic magma 

extraction by Francalanci et al. (1995). Different trace element enrichment factors for highly 

incompatible elements (e.g., Rb, Zr, Th) and variations in Sr-Nd-Hf-Pb isotopes with silica 

content (Figure 4), however, attest to open-system differentiation and contamination of the 

magmas with continental arc crust (Wyers and Barton, 1989; Francalanci et al., 1995; 

Buettner et al., 2005; Zellmer and Turner, 2007).  

We have undertaken inverse assimilation-fractional crystallisation modelling using the 

new Aegean arc basement data, combined with previous data for the Ios gneisses reported 

by Buettner et al. (2005). Instead of the regular method of choosing a parent magma and 

assimilant composition, and subsequently comparing the obtained AFC model curve with the 

data, we adopted an inverse approach. In our model, we made an a priori assumption of 

which samples could form a coherent group that might be related to each other through AFC 

processes on the basis of field, petrographic and geochemical data. For instance, the LPA 

andesites are homogeneous in terms of petrography and show limited but systematic 

geochemical variation, such as well-defined major element trends that can be explained by 

fractional crystallisation, while trace element and isotope systematics suggest that assimilation 

has played a role as well. The inverse AFC model was then applied to find an assimilant 

composition that can explain the observed variation. A parent sample was selected, which 

typically is the sample with the most primitive isotope composition (lowest 87Sr/86Sr) within 

the group. One or more daughter samples are then designated, which are selected on the 

basis of well-defined trends in Sr-Nd-Pb isotope space. We ran a Monte Carlo simulation, 

using a fractionating mineral assemblage obtained from major element modelling, to find an 

assimilant composition that would produce a fit to these daughter magmas. The model is 

based on the AFC equations of DePaolo (1981) with the fractionating mineral assemblage 

and parent composition as fixed parameters, but the r-value is randomised between typically 

0.05-2.0. The composition of the assimilant is also randomly selected from the total range 

 

 

 
Figure 8. Results of the inverse assimilation-fractional crystallisation (AFC) modelling for three selected 

cases, HPRD enclaves, LPA basaltic andesites to andesites and LPA andesites, where each column of 

figures correspond to one model. Best-fit AFC model curves, based on the median of the obtained results, 

are shown in the top two diagrams where samples used for fitting of the AFC model are highlighted (see 

also Table 1). The lowest three diagrams show the Sr-Nd-Pb isotope composition of the Aegean basement 

samples (symbols as in Figure 6; including Ios gneiss data from (Buettner et al., 2005) together with the 

results of the inverse AFC modelling (grey squares). These results represent the isotope composition of a 

hypothetical assimilant that produces an acceptable fit with the data. Median compositions of the 

acceptable fits are shown as a black cross and these have been used to produce the AFC trends in the 

topmost diagrams. See text for further discussion. 



NISYROS GEOCHEMISTRY  |  171 

 

 

0.7036 0.7044 0.7052

0.5126

0.5127

0.5128

18.4 18.6 18.8 19.0 18.4 18.6 18.8 19.0

206 204
Pb/ Pb

18.4 18.6 18.8 19.0 19.2

206 204
Pb/ Pb

15.68

15.72

15.76

0.70 0.72 0.74 0.76 0.70 0.72 0.74 0.76
87 86
Sr/ Sr

0.70 0.72 0.74 0.76
87 86
Sr/ Sr

18.4

18.6

18.8

19.0

19.2

0.78

0.5118

0.5120

0.5122

0.5124

0.70 0.72 0.74 0.76 0.70 0.72 0.74 0.76
87 86
Sr/ Sr

0.70 0.72 0.74 0.76 0.78
87 86
Sr/ Sr

18.6 18.7 18.8 18.6 18.7 18.8 18.6 18.7 18.8

15.60

15.64

15.68

206 204
Pb/ Pb

206 204
Pb/ Pb

206 204
Pb/ Pb

2
0
7

2
0
4

P
b

/
P

b
2
0
7

2
0
4

P
b

/
P

b
2
0
6

2
0

4
P

b
/

P
b

1
4
3

1
4
4

N
d

/
N

d

206 204
Pb/ Pb

0.7036 0.7044 0.7052
87 86
Sr/ Sr

87 86
Sr/ Sr

87 86
Sr/ Sr

87 86
Sr/ Sr

87 86
Sr/ Sr

1
4
3

1
4
4

N
d

/
N

d

0.7036 0.7044 0.7052

HPRD enclaves LPA BA  A→ LPA andesites

IOS GNEISSES
LOWER CRUST

METAPELITE
UPPER CRUST

CALC-SILICATE
UPPER CRUST

HPRD enclaves LPA BA  A→ LPA andesites

HPRD enclaves LPA BA  A→ LPA andesites

HPRD enclaves LPA BA  A→ LPA andesites

HPRD enclaves LPA BA  A→ LPA andesites



172  |  CHAPTER 6  

 

displayed by the Aegean basement samples, which is approximated by the axis ranges in the 

assimilant diagrams in Figure 8 for isotope ratios, and 25-700 ppm Sr, 0.2-50 ppm Nd and 0-

65 ppm Pb. The obtained AFC model curve, with the randomised r-value and assimilant 

composition, is then checked against the composition of the daughter samples and for 

consistency in the amount of fractionation required for each isotope system. Satisfactory 

results are assimilant compositions and an r-value that yield minimal residual error for Sr-Nd-

Pb fits with the daughters and amount of fractional crystallisation. By running the model ca. 

10 million times and narrowing down the range of the randomised input parameters in line 

with the initial results, around 30-50 satisfactory results were generally obtained (grey squares 

in Figure 8). These results thus represent assimilant compositions that can explain the 

observed isotopic variation of the modelled group.  

Three groups of samples were investigated for AFC relationships using the inverse 

modelling approach: i) the trend from the Nikia lava flow enclaves to two HPRD enclaves with 

high Th/Yb and Th/Ce (model “HPRD enclaves”); ii) the evolution from basaltic andesites to 

andesites in the LPA suite (model “LPA BA → A”); and iii) the variation within the LPA 

andesites (model “LPA andesites”). Results for these three models are shown in Figure 8. The 

AFC trends shown in Figure 8 represent the medians of the 30-50 satisfactory results (grey 

squares) obtained through the inverse modelling; these median compositions are shown as a 

black cross in the isotope diagrams with the basement data. According to the inverse AFC 

modelling, the upper crustal metapelite basement forms a suitable assimilant to explain the 

Sr-Nd-Pb isotope composition of the high Th/Yb and Th/Ce enclaves (model “HPRD 

enclaves”). Petrographic evidence (Chapter 5) indicates that the HPRD enclaves differentiated 

predominantly at the base of the arc crust, but the high 206Pb/204Pb of these enclaves precludes 

assimilation of the Ios gneisses, which are inferred to form the lower arc crust at Nisyros. 

Given the overlap of the modelled assimilant with upper crust, contamination with arc crust 

either occurred at shallow levels, or an alternative assimilant with i.a. high 207Pb/204Pb that has 

not been sampled is present at the base of the continental arc crust.  

The LPA basaltic andesites and andesites show distinct assimilation trends, even though 

their major element evolution can be modelled through a single fractional crystallisation 

model. From a basaltic andesite parent to an andesite daughter, 87Sr/86Sr and 207Pb/204Pb show 

an increase, 143Nd/144Nd decreases but 206Pb/204Pb remains constant. This puts a firm restriction 

on possible assimilants and only the lower crustal Ios gneisses have sufficiently low 206Pb/204Pb 

to yield an acceptable solution. In contrast, the variation within the LPA andesites is best 

approximated by assimilation of upper crustal lithology. Despite that calc-silicate basement 

present the best isotope fit, the low Sr content of the modelled assimilant (ca. 30 ppm) 

compared to the calc-silicates (50-700 ppm) suggests that the Sr-poor metapelites might be 

a more suitable assimilant. Nevertheless, the inverse AFC modelling reveals distinct assimilants 

and suggests that the evolution stage from basaltic andesite to andesite occurs at a different 

level in the crust than differentiation of the andesites. This is in good agreement with the 

model proposed by Wyers and Barton (1989) and petrographic evidence (Chapter 5). Due to 
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the unknown crustal structure of Nisyros, it is not possible to assign absolute depths to these 

reservoirs. The strong signature of plagioclase fractionation in both whole rock and mineral 

data (Chapter 5), however, places both reservoirs at a pressure of ca. <0.4 GPa, in the mid- 

to upper arc crust (<15 km). 

A general conclusion from the AFC Sr-Nd-Pb isotope modelling presented here, is that 

Pb isotopes are particularly sensitive to crustal contamination. Although there is only a small 

difference in Pb isotope composition between the arc magmas and possible assimilants, the 

large difference in Pb concentrations between the basaltic andesites (2-6 ppm) and assimilants 

(up to 65 ppm) is the reason that only a small fraction of a crustal melt is required to alter the 

isotope composition of the magmas. On the other hand, the concentration of Sr is much 

higher in the magmas (700-1000 ppm) than in the basement (generally <150 ppm), making 
87Sr/86Sr much more robust against crustal contamination. The same applies to Nd and Hf 

whose concentrations in the basement and basaltic andesites largely overlap. Given the 

systematic variations in 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb between the different 

basement lithologies, Pb isotopes constitute a valuable tracer to unravel AFC processes in the 

arc crust of Nisyros.  

 

6.3.2. Generation of the HPRD (rhyo)dacites 

The (rhyo)dacites of the HPRD suite are characterised by a similar Mg# as the LPA andesites 

despite that they are more silicic at 63 to 72 wt.% SiO2. Moreover, the Mg# of the HPRD 

(rhyo)dacites is largely invariant over this range in silica content and any variation appears to 

be related to magma mixing (Figure 5). These characteristics suggest that the HPRD (rhyo)-

dacites are unrelated to the LPA andesites and were generated through different processes. 

In addition to small but systematic variations in Sr-Nd-Hf-Pb isotopes, trace elements also 

emphasize the differences between the two suites (Figure 9). The HPRD (rhyo)dacites have 

higher La/Sm and Dy/Yb at a given La and Yb content, respectively. In addition, Y contents 

are lower and Th is higher at a given Nb concentration in the HPRD (rhyo)dacites. On the basis 

of major element, trace element and isotope relationships, the HPRD (rhyo)dacites can be 

divided into three distinct groups (Figures 5 and 8), from old to young: group 1 comprises 

lava flow 7 and pyroclastic deposits in the Pahia Ammos tuff cone (63-65 wt.% SiO2), group 

 

 

 

Table 1. Input parameters for the inverse AFC modelling. 
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2 the Emborio domes (~67 wt.% SiO2) and group 3 the Lower- and Upper pumice, Nikia lava 

flow and Profitis Ilias domes (67-72 wt.% SiO2). The three groups show a temporal increase 

in SiO2 content whereas Mg# remains constant.  

The presence and textural relationships of plagioclase-hornblende cumulates that are 

hosted in the HPRD (rhyo)dacites were used as evidence to argue that the (rhyo)dacites were 

generated through fractionation of hornblende and plagioclase in a deep crustal hot zone at 

the base of the crust beneath Nisyros (see Chapter 5). The reaction of cumulate clinopyroxene 

and/or olivine with the melt leads to rapidly increasing SiO2 contents of the melt and has been 

proposed as an instrumental process in generating evolved, calk-alkaline arc rocks (Chapter 

5; e.g., Cawthorn and O'Hara, 1976). Although isotope systematics of the HPRD (rhyo)dacites 

attest to significant contamination with crustal lithologies (section 6.3.1; Zellmer and Turner, 

2007), fractional crystallisation modelling (IgPet) reasonably reproduces the HPRD rhyodacites 

from the enclaves through fractionation of plagioclase (~55 %), hornblende (~27 %), 

clinopyroxene (~12 %) and magnetite (~6 %). Amphibole (Mg# ~70) fractionation rapidly 

drives up the SiO2 content of the melt but does not affect the Mg# as much as olivine or 

clinopyroxene (Mg# 80-90). Hence, the involvement of amphibole as a fractionating phase 

can produce rhyodacitic liquids with relatively high Mg# and thus explain the difference 

between the LPA andesites (amphibole-free) and HPRD (rhyo)dacites (amphibole-present 

fractional crystallisation). 

We have undertaken trace element fractional crystallisation modelling to test the 

hypothesis that the HPRD (rhyo)dacites were produced by fractionation of a plagioclase-

amphibole cumulate assemblage, the results of which are shown in Figure 9. The trend shown 

by the LPA andesites can be explained by fractionation of plagioclase, clinopyroxene and 

olivine (fractional crystallisation model (a)), as already inferred from major element variations 

(section 6.3.1) and petrography (Chapter 5). Fractional crystallisation model (a) successfully 

reproduces the roughly constant La/Sm and Dy/Yb at variable REE concentrations of the LPA 

suite, as well as the stronger increase in Y and Nb compared to the HPRD suite. In addition, 

the LPA dacites fall on the same fractional crystallisation trend as the LPA andesites, apart 

from the Argos lava flow (alf). Slightly lower Dy/Yb in the LPA dacites suggests minor 

amphibole fractionation, consistent with the presence of hornblende phenocrysts, but in 

general the trace element systematics confirm that the dacites are genetically related to the 

LPA suite and not to the HPRD (rhyo)dacites. Including hornblende as fractionating phase at 

the expense of olivine and clinopyroxene (fractional crystallisation model (b)) has a significant 

effect on the REE patterns. Amphibole fractionation depletes the melt in MREE and Y and 

produces a characteristic spoon-shaped REE pattern with high La/Sm, low Dy/Yb and low Y 

contents (Figure 9; Davidson et al., 2007b). Fractional crystallisation model (b) reproduces the 

distinctive REE pattern of the HPRD (rhyo)dacites, as well as the low Y contents and smaller 

increase in Nb with Th (Figure 9). Hence, major- and trace element systematics supports the 

petrographic observations that the HPRD (rhyo)dacites are generated through plagioclase- 

and amphibole-dominated fractionation in a deep crustal hot zone. Moreover, the distinct 
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trace element patterns confirm that the LPA and HPRD suites were produced by different 

processes in separate crustal reservoirs, likely at different depths in the arc crust. The 

geochemical data indicate that both suites are derived from very similar and arguably the 

same parental melts and have co-occurred throughout most of Nisyros’ history. Thus, 

differences in intensive parameters are probably fundamental in generating the two suites. A 

higher temperature and lower H2O content, possibly due to enhanced degassing from a 

shallower reservoir (Chapter 5), suppressed amphibole precipitation in the LPA suite, whereas 

a cooling melt could react with the cumulate pile under high H2O conditions in the deep 

crustal hot zone to generate the HPRD suite.  

 

 

 

 
 

Figure 9. Trace element discrimination diagrams that highlight the differences between the LPA andesites 

and HPRD (rhyo)dacites. Subscript “N” denotes chondrite normalised (McDonough and Sun, 1995) values. 

The HPRD (rhyo)dacites have been divided into three groups based on FeO*/MgO vs. SiO2 systematics 

(Figure 5), from old to young: 1) lava flow 7 (pa) and Pahia Ammos Tuff cone (pa); 2) Emborio domes 

(emb) and 3) Lower- and Upper pumice (lp and up), Nikia lava flow (nlf) and Profitis Ilias domes (pfi). Two 

fractional crystallisation trends are added: a) plagioclase, clinopyroxene and olivine; b) plagioclase, 

hornblende and magnetite. The Profitis Ilias rhyodacites (pfi) fall on a mixing line “c” between a Nikia lava 

flow sample (AAN-006) and an enclave (AAN-041). An LPA dacite sample from the Argos lava flow (alf) 

overlaps with the HPRD suite. Details on the fractional crystallisation modelling are given in Table 2; see 

text for further discussion. 
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The isotope data support the conclusion that the HPRD and LPA suites are generated in 

different reservoirs as the HPRD (rhyo)dacites are characterised by on average lower 
143Nd/144Nd at a given 87Sr/86Sr and more radiogenic Pb isotope compositions. AFC modelling 

has shown that the LPA suite can be reproduced by assimilation of predominantly upper 

crustal basement (section 6.3.1.). Several HPRD enclaves overlap with the (rhyo)dacites and 

their isotopic variation requires an assimilant that also resembles upper crust but is distinct 

from that of the LPA andesites (Figure 8). The involvement of different crustal assimilants in 

the generation of the HPRD and LPA suites is in agreement with the observations of Buettner 

et al. (2005) and Zellmer and Turner (2007). Petrographic evidence and major and trace 

element relationships indicate that the HPRD (rhyo)dacites are generated in a deep crustal hot 

zone, which conflicts with required upper crustal assimilant composition. As the crustal 

structure of Nisyros is poorly constrained, it is possible that the Tripolitza marbles and 

metapelites constitute the lower arc crust at Nisyros as they are stacked below a cover of the 

Pindos nappe on Tilos (20 km south of Nisyros; e.g., Bonneau, 1984). Alternatively, metabasic 

lower crustal basement could represent the assimilant responsible for the isotopic variation of 

the HPRD (rhyo)dacites. This is consistent with the conclusions of Zellmer and Turner (2007) 

that a young igneous assimilant is required. The high 207Pb/204Pb and moderate 206Pb/204Pb of 

the modelled assimilant for the HPRD enclaves (Figure 8) could point to the involvement of 

gabbroic lower crust extracted from a metasomatised lithospheric mantle (Chapter 7), but 

due to the lack of direct observations, the nature of this assimilant remains enigmatic. 

 

 

 

Table 2. Input parameters for the fractional crystallisation modelling. Partition coefficients estimated from 

representative mineral-whole rock pairs of crystal-poor (<10 vol.%) Nisyros (basaltic) andesites and 

dacites. 

 

 

 

model parent

Pl Cpx Hbl Ol-Opx-Ox

(a) AAN-016 0.575 0.285 0 0.14

(b) AAN-048a 0.548 0.124 0.264 0.063

partition coefficients Pl Cpx Hbl Ol-Opx-Ox

Y 0.010 1.14 3.78 0

Zr 0.004 0.204 0.50 0

Nb 0.002 0.005 1.63 0

La 0.114 0.128 0.61 0

Sm 0.043 1.01 4.13 0

Dy 0.014 1.42 5.17 0

Yb 0.004 1.17 3.34 0

Th 0.001 0.007 0.026 0

fractionating assemblage
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6.3.3. Temporal evolution of the HPRD (rhyo)dacites 

The three HPRD (rhyo)dacite groups display a temporal trend of increasing SiO2 content from 

group 1 to group 3, which is also reflected in the trace element systematics and to a lesser 

extent in Sr-Nd-Hf-Pb isotopes. Model (b) reproduces the youngest HPRD samples (group 3) 

well, but group 1 and 2 have higher La, Yb and Y contents. These two groups do define a 

trend parallel to the fractional crystallisation model (b), suggesting that they formed through 

the same process with an important role for amphibole fractionation, but from a parental 

melt composition that overlaps with the LPA andesites. We propose the following scenario 

for the generation of the HPRD (rhyo)dacites on Nisyros: the initial stages of magmatic activity 

of Nisyros were dominated by the LPA suite and characterised by a lack of amphibole 

fractionation. Derivative melts thus followed the LPA fractional crystallisation trend (a). A deep 

crustal hot zone developed at the base of the crust and after a certain amount of time, H2O 

contents were sufficiently high in the hot zone to stabilise amphibole. LPA derivative, andesitic 

melts reacted with the cumulate pile to precipitate amphibole and developed further along a 

HPRD trend similar to (b) to generate the group 1 and 2 HPRD (rhyo)dacites. With time, 

progressively more primitive melts interacted with the cumulates and derivative melts would 

follow an amphibole-present trend (b) without significant previous differentiation to produce 

the group 3 (rhyo)dacites.  

The youngest HPRD unit, the Profitis Ilias domes, are displaced from the other group 3 

samples. Although mingling with mafic enclaves is a ubiquitous process in the HPRD suite and 

has likely been an eruption trigger, significant hybridisation between the two melts is not 

always obvious. Only the Profitis Ilias dacites show clear geochemical evidence for magma 

mixing through their higher Ni and Sr contents (Figure 2), higher Dy/Yb and lower La/Sm 

(Figure 9), as well as isotopic evidence (Zellmer and Turner, 2007; Braschi et al., 2012). This is 

illustrated by the mixing line (c) between a group 3 rhyodacite sample and an enclave hosted 

in the Profitis Ilias domes in Figure 9. The degree of hybridisation is, however, limited and 

mixing has not been fundamental in generating the geochemical signature of the HPRD suite. 

Hence, although abundant petrographic evidence for magma mixing is present on Nisyros 

(Chapter 5; Braschi et al., 2014; Zouzias and St Seymour, 2014), magma mixing has not been 

as important a differentiation process on Nisyros as proposed by Seymour and Vlassopoulos 

(1992). Instead, two distinct fractional crystallisation pathways have governed the 

differentiation of primary magmas, resulting in two distinct magmatic suites on Nisyros. 

 

 

7.  CONCLUSIONS 

We have presented a new comprehensive, high-precision geochemical dataset for Nisyros. 

These new data were used to refine the current models of magma differentiation at Nisyros 

and to disentangle crustal differentiation processes from primary melt heterogeneity. The 

results of this study can be summarised as follows: 
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1) The total Nisyros sample suite does not represent a single liquid line of descent. Two 

distinct suites of evolved (andesite to rhyodacites) rocks can be recognised: the LPA 

and HPRD suites. Primitive Nisyros samples (basaltic andesites) show substantial 

variation that cannot be attributed to fractional crystallisation or magma mixing 

alone. 

2) The most primitive samples range from “ordinary” basaltic andesites to primitive 

high-magnesium andesites (HMA). On the basis of higher incompatible trace 

element concentrations and isotope systematics, we conclude that a higher 

contribution of slab-derived sediment melts was fundamental in generating the 

samples with HMA affinity on Nisyros. Additional variations in radiogenic isotopes 

cannot be explained by sediment addition and require an isotopically heterogeneous 

mantle wedge. 

3) Contamination of the magmas with basement has influenced their trace element 

and isotope composition. Due to the contrast in Pb contents between the magmas 

and basement rocks, Pb isotopes are most sensitive to assimilation. By using inverse 

AFC modelling, we were able to show that multiple distinct assimilants, including 

upper and lower crust, are required to explain the Sr-Nd-Pb isotope variation of 

Nisyros volcanic rocks. 

4) The LPA suite evolved through fractional crystallisation of plagioclase, clinopyroxene 

and olivine in the mid- to upper arc crust, and the andesites are clearly not hybrids 

between basaltic andesites and the HPRD rhyodacites. The latter show a strong 

amphibole fractionation signature and their major and trace element composition 

confirms that these rocks are generated by plagioclase-amphibole fractionation in a 

deep crustal hot zone. 
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