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ABSTRACT 

The composition and textural relationships of mineral phases in arc rocks provide a wealth of 

information that can be used to constrain magma differentiation processes in the arc crust 

that are commonly obscured in whole rock geochemical analyses. Disequilibrium textures are 

a very common feature that suggests that arc rocks are mixtures between different mineral 

and melt components. In order to improve the understanding of magma differentiation in arc 

settings in general, we present a detailed study of the petrography and mineral compositions 

of Nisyros volcano in the Aegean arc, Greece. These data are used to investigate the structure 

of Nisyros’ crustal magmatic system and the differentiation processes responsible for the wide 

range in lava compositions. Two distinct magmatic suites have been identified. The high-

porphyricity (rhyo)dacite (HPRD) suite comprises porphyritic dacites to rhyodacites and basaltic 

andesitic enclaves and preserves a unique mineralogical record of differentiation in a hot zone 

at the base of the arc crust. In contrast, the low-porphyricity andesite (LPA) suite provides 

evidence for differentiation at mid- to upper crustal levels. 

Although numerical modelling and experimental studies have stressed the importance 

of high-pressure differentiation in generating evolved arc rocks, phenocryst and cumulate 

assemblages in arc rocks reflect shallow storage and hybridisation processes. In the HPRD 

suite, the presence of aluminous clinopyroxene in cumulate fragments attests to the 

suppression of plagioclase precipitation in hydrous primary arc melts under high-pressure 

conditions. The reaction of early-formed wehrlite cumulates with melt results in the 

appearance of hornblende as a cumulus phase, as documented in hornblende-plagioclase 

cumulates entrained in the HPRD suite. This reaction is crucial in driving the composition of 

the residual melt to felsic compositions. Shallow (ca. 10-12 km) crystallisation of the 

(rhyo)dacitic melts and minor hybridisation with the mafic enclaves controls most of the 

textural features of the HPRD suite.  

The LPA suite records early plagioclase saturation. High Mg# and Cr contents of basaltic 

andesites in this suite suggest that these primitive melts largely bypass the deep crustal hot 

zone before stalling at shallow depth. Petrographic and mineral composition evidence clearly 

shows that the LPA andesites do not represent hybrid rocks formed through mixing of HPRD 

rhyodacites and primitive basaltic andesites. Instead, the LPA andesites appear to have formed 

through plagioclase-dominant, shallow fractional crystallisation from a basaltic andesitic 

parent. The temporal and spatial intercalation of the LPA and HPRD suites, even within the 

same eruptive sequence, indicates that the two suites have co-existed for most of Nisyros’ 

history and do not represent a temporal change from dominantly shallow to deep 

differentiation.  

 

 

 
Previous pages: Lava flow 8 (lf8) and associated bright red and black scoria deposits (xo) at Aghia Irini, 

Nisyros: an excellent example of an LPA suite deposit. 
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1.  INTRODUCTION 

Arc lavas, domes and pyroclastic deposits typically represent mixtures of multiple distinct 

volatile, melt and mineral components that are not necessarily in equilibrium with each other. 

A wide variety of macro- and microscopic disequilibrium textures is particularly common in 

more evolved arc rocks (andesites, dacites and rhyodacites) and includes, amongst others, 

resorbed or sieve textured phenocrysts, strong compositional zoning, replacement reactions 

and co-occurrence of olivine and quartz (e.g., Eichelberger, 1978; Streck, 2008). In addition 

to textural observations, in situ analyses of minerals provide a wealth of evidence of 

pronounced geochemical heterogeneity in arc rocks. Minor and trace element zoning in 

phenocrysts (e.g., Fe and Ba in plagioclase; Singer et al., 1995; Ginibre et al., 2002, 2007), 

inter- and intra-grain isotopic variations (e.g., 87Sr/86Sr in plagioclase; Davidson and Tepley, 

1997; Davidson et al., 2007a), large ranges in mineral ages (e.g., U/Th in zircon; Charlier et 

al., 2005; Cooper and Reid, 2008) and residence timescales inferred from minor element 

diffusion profiles (e.g., Mg in plagioclase; Costa et al., 2003; Costa et al., 2008) all attest to 

disequilibrium and open-system evolution. In addition, melt inclusions hosted in phenocrysts 

often display a large compositional variation and/or bimodal distribution (e.g., Reubi and 

Blundy, 2009). A wide variety of processes contributes towards this mineral-scale 

heterogeneity, with magma mixing perhaps the best documented. The injection of hotter, 

more mafic magma into a cooler, more evolved reservoir is readily identifiable in the field by 

the occurrence of chilled enclaves (e.g., Eichelberger, 1980) and is commonly invoked as a 

trigger of large explosive eruptions (e.g., Sparks et al., 1977; Murphy et al., 2000). In addition, 

magma mixing and mingling is commonly accompanied by crystal transfer from the enclave 

to the host and vice versa (e.g., Humphreys et al., 2009; Neill et al., 2015). Other processes 

that can induce disequilibrium relationships in arc magmas include re-entrainment of 

cumulate phases, variations in pressure-temperature, loss or gain of volatiles and assimilation 

of wall rock lithologies.  

The overwhelming evidence for mineral and melt heterogeneity in arc rocks underscores 

that any bulk rock analysis will provide an average composition of multiple geochemically 

distinct components and inherently obscures a major part of the variation and complexity of 

a sample (e.g., Reubi and Blundy, 2009). Hence, mineral geochemical analyses provide crucial 

insights that better constrain crustal differentiation processes in arc magmatic suites (e.g., 

Davidson et al., 2005). Furthermore, the general scarcity of primitive (whole rock Mg# >60; 

Mg# = molar Mg/(Mg+Fe) with all Fe as Fe2+) basaltic samples, particularly in continental arcs, 

inhibits a clear understanding of potential source heterogeneity. True primary magmas (whole 

rock Mg# >70) are very rare in arc magmatic suites and a major part of diversification and 

evolution of arc magmas is believed to take place in the lower arc crust (e.g., Annen et al., 

2006, 2015). This conclusion is supported by thick cumulate piles in exposed arc root 

complexes (e.g., DeBari and Coleman, 1989; Jagoutz et al., 2007). Hence, the first stages of 

magma differentiation are rarely recorded in arc lavas, but can be preserved in cumulate 
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fragments and/or minerals that have been entrained in magmas that rise to shallower levels 

of the volcanic plumbing system. 

In order to contribute towards the better understanding of magma differentiation and 

generation of felsic melts in arcs, we have investigated mineral textures and compositions of 

Nisyros volcano in the Aegean arc, Greece. Nisyros is particularly well suited for such a study 

as its erupted products range from basaltic andesites to rhyodacites with a wide variety in 

mineral contents and textures (e.g., Francalanci et al., 1995). In addition, Nisyros volcanic 

products include abundant phenocryst-rich basaltic andesitic lava flows and a wide variety of 

mafic inclusions ranging from magmatic enclaves to cumulate blocks. Hence, the mineral 

record of Nisyros has the potential to elucidate the initial stages of magmatic differentiation 

processes in arcs that are built on thinned continental crust (~25 km). Earlier studies of Nisyros 

have provided representative mineral chemistry data (Di Paola, 1974; Wyers and Barton, 

1989; Seymour and Vlassopoulos, 1992) or were restricted to selected volcanic units (Braschi 

et al., 2014; Zouzias and St Seymour, 2014). Nevertheless, these studies stressed the 

importance of magma mixing in the evolution of Nisyros in order to account for the ubiquity 

of mineral disequilibrium features. In this study, we expand on previous petrographic studies 

and aim to provide a comprehensive and detailed overview of the entire volcanic history of 

Nisyros with the focus on large-scale variations between the two magmatic suites. Following 

previous studies in the Antilles arc (e.g., Arculus and Wills, 1980; Tollan et al., 2012), we use 

the modal abundance, textures and composition of minerals and mafic cumulates and 

enclaves as a window into the crustal differentiation processes. 

 

 

2.  GEOLOGICAL SETTING 

Nisyros is the easternmost volcanic centre of the Aegean arc, which has formed in response 

to the northward subduction of the African plate underneath the Turkish-Aegean microplate. 

Volcanism in the eastern section of the arc started with the emplacement of dacitic to rhyolitic 

domes on Kos from ca. 2.7 to 0.5 Ma (Pe-Piper and Moulton, 2008) and culminated in the 

large explosive eruption that deposited the Kos Plateau Tuff (KPT) at 161 ± 1 ka (Smith et al., 

1996; Bachmann et al., 2007). The entirely volcanic island of Nisyros is situated ca. 20 km to 

the south of Kos and has a diameter of ca. 8 km with a central caldera with a diameter of ca. 

4 km. The subaerial volcanic products of Nisyros are inferred to be younger than 161 ka on 

the basis of the general absence of KPT clasts on Nisyros. In addition, the fine-grained tuff 

immediately overlying the non-volcanic basement that was encountered in hydrothermal 

wells in the Nisyros caldera, has been correlated with the KPT (Volentik et al., 2005a, and 

references therein). A detailed account of the eruptive history of Nisyros is provided by 

Vanderkluysen et al. (2005b) and only a short summary is given here; volcanic units and their 

abbreviations are from Volentik et al. (2005a, b). The oldest volcanic rocks on Nisyros are the 

Holaki pillow lavas and hyaloclastites, which possibly pre-date the KPT eruption, whereas 

subaerial activity started with the construction of a small stratocone composed of basaltic  
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Figure 1. Geological sketch map of Nisyros, adapted from (Volentik et al., 2005a). The stratigraphy has 

been divided into two suites (low-porphyricity andesites – LPA; and high-porphyricity (rhyo)dacites – 

HPRD); see text for further discussion. Sampling localities are indicated. Unit pa comprises pyroclastic 

deposits with rapid switching between layers with HPRD and LPA affinity and is thus transitional between 

the two suites. 
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andesitic to dacitic lava flows and pyroclastic deposits that are exposed in the caldera walls. 

The presence of intercalated lacustrine sediment deposits suggests that small caldera collapses 

were followed by periods of volcanic quiescence. The subsequent phase of activity was 

characterised by the eruption of lava flows and explosive events from multiple different mono- 

and polygenetic eccentric vents, including amongst others the Lies tuff cone on the eastern 

side of the island. Following these paroxysmal events, the style of volcanism on Nisyros 

underwent a rather abrupt change from effusive and mildly explosive activity to the 

predominant emplacement of (rhyo)dacitic domes and lava flows and larger Plinian eruptions. 

These porphyritic (rhyo)dacites are characterised by the conspicuous presence of mafic 

enclaves, wide range in phenocryst compositions and disequilibrium textures, which are 

indicative of magma mingling (Braschi et al., 2012, 2014; Zouzias and St Seymour, 2014). 

Lava flow 7 (lf7), underlying the Lies tuff cone, is the oldest enclave-bearing porphyritic dacite, 

followed by the Emborio domes and the caldera-forming Lower and Upper Pumice eruptions 

(Limburg and Varekamp, 1991; Vanderkluysen et al., 2005b; Longchamp et al., 2011). The 

latter are separated by the emplacement of a ca. 1 km3 rhyodacitic, highly viscous block lava 

flow that covers the southeast of Nisyros: the Nikia flow (Volentik et al., 2005b). After the 

eruption of the Upper Pumice, the newly formed caldera was partly filled by the emplacement 

of six dacitic domes (the Profitis Ilias domes) that comprise up to 20 vol. % of basaltic-andesite 

enclaves. The island of Yali, ca. 6 km north of Nisyros, comprises a submarine rhyodacitic tuff 

cone (Allen and McPhie, 2000) and obsidian-rich rhyolitic lavas. As the Yali pumices are found 

as a thin layer inside the Nisyros caldera, they likely postdate the Upper Pumice eruption 

(Volentik et al., 2005b; Bachmann et al., 2012). The Profitis Ilias domes on Nisyros are 

estimated to have an age of at least 10 ka on the basis of their degree of weathering (Braschi 

et al., 2012, 2014). There are, however, several lines of evidence that suggest that Nisyros is 

dormant and not extinct: i) the presence of a very active hydrothermal system with a 

magmatic input (Chiodini et al., 2002; Brombach et al., 2003; Marini and Fiebig, 2005; 

Dotsika et al., 2009). A period with multiple phreatic eruptions occurred between 1873 and 

1888; ii) active tectonics and faulting related to bulging of a magma chamber underneath the 

caldera and possibly the movement of magma between Nisyros and Yali (Tibaldi et al., 2008; 

Nomikou and Papanikolaou, 2011); and iii) recent magnetotelluric studies indicate the 

presence of a conductive layer at 8-10 km depth, which possibly represents an area where 

melt is present (Kalisperi et al., 2014).  

 

 

3.  ANALYTICAL TECHNIQUES  

The volcanic deposits that are analysed in this study were sampled on the basis of the 

geological map of Volentik et al. (2005a) and the volcanic units defined therein, with the aim 

to cover most of the volcanic history. Whole rock geochemical data for these volcanic units 

(Chapter 6; Vanderkluysen et al., 2005a) were used to define samples on the basis of their 

SiO2 contents as basaltic andesites (52-57 wt.% SiO2), andesites (57-63 wt.% SiO2), dacites 



NISYROS PETROGRAPHY  |  113 

 

(63-68 wt.% SiO2) and rhyodacites (68-73 wt.% SiO2) on a volatile-free basis (Le Maitre et 

al., 1989). Mineral compositions were measured on carbon-coated polished thick sections 

(~200 µm) by wavelength dispersive electron microprobe (EMP) at the Vrije Universiteit 

Amsterdam. The Jeol JXA 8800M EMP was operated at an acceleration voltage of 15 kV and 

a beam intensity of 25 nA. A focussed beam was used for the analysis of olivine, pyroxene 

and amphibole while plagioclase was analysed with a spot size of 10 µm. All analyses were 

matrix-corrected using the ZAF-method and calibrated against natural and synthetic mineral 

standards. Accuracy of the calibration was tested by regular analysis of mineral standards and 

calibration was accepted in case the standard values were reproduced at least within 1 % 

(RSD) for each element. Mineral compositions were checked for stoichiometry by normalising 

to 4 atom per formula unit (apfu) O for olivine, 6 apfu O for pyroxene and 8 apfu O for 

plagioclase. Analyses were excluded if the sum of cations was <99.5 % or >100.5 % than 

the stoichiometric value (<1 % of the analyses). Amphibole was classified using the Amp-TB 

spreadsheet by Ridolfi et al. (2010) and analysis with VIAl/Altotal >0.21 were excluded from the 

dataset (8 out of 95 analyses). 

 

 

4.  RESULTS 

4.1. Petrography 

Two suites of volcanic rocks can be identified on Nisyros that are easily distinguished on the 

basis of their petrography and mode of emplacement. The main distinguishing feature is the 

clear evidence for magma mixing and/or mingling, such as the abundance of magmatic 

enclaves and disequilibrium textures in the first suite, while the second suite is characterised 

by a lower crystal content and lack of macroscopic evidence for mixing or mingling. These 

two suites have been somewhat haphazardly classified as the “pre-“ and “post-caldera” 

magmatic series by Buettner et al. (2005) and Zellmer and Turner (2007). Although there is a 

general increase in the proportion of the magma-mixing series with time, the two suites occur 

intercalated throughout most of Nisyros’ history. In addition, we have identified multiple units 

that predate the last caldera collapse, including lava flow 7 (lf7), the Emborio domes (emb), 

Nikia flow (nlf), as part the magma-mixing series. Hence, we prefer to classify the two suites 

based on their petrography and field occurrence in a low-porphyricity andesite (LPA) suite and 

high-porphyricity (rhyo)dacite (HPRD) suite (Figure 1). The LPA suite comprises most of the 

oldest volcanic units and is dominated by lava flows and mildly explosive pyroclastic and scoria 

deposits. It includes the succession of lava flows that is exposed in the caldera wall and was 

emplaced during the early cone-building stage in the evolution of Nisyros. After the episode 

of violent eccentric activity following the initial cone building stage, the enclave-bearing HPRD 

suite became the dominant magmatic series, although intercalated with several LPA lava flows 

such as the Aghia Basilei flow (blf) and Lubunia (llf). HPRD units occur as steep domes, 

pyroclastic deposits related to explosive eruptions and viscous block lava flows. 
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Figure 2. Petrographic features of the volcanic rocks of Nisyros. Photomicrographs are in PPL unless 

otherwise stated. a) LPA suite lava flow 8 (lf8) and associated scoria deposits (xo) above and below the 

lava flow that were deposited during the eccentric activity stage at Aghia Irini, backpack (~60 cm) for 

scale; b) Host rock and enclave fragment of the Profitis Ilias domes (pfi), an HPRD enclave-bearing 

rhyodacite. Note the two smaller enclaves in the host rock fragment; c) typical texture of a low-

porphyricity andesite (sample AAN-029 – lf6): very fine microlite groundmass, vesicular and low crystal 

content, sub- to euhedral plagioclase, olivine and clinopyroxene phenocrysts; d) glomeroporphyritic 

aggregate of euhedral, unzoned hornblende, plagioclase, orthopyroxene and Fe-Ti-oxides in a very fine 

grained groundmass: the typical texture of a LPA dacite (sample AAN-031 – unit lf1); e-h) examples of 

high-porphyricity (rhyo)dacite (HPRD) textures, with e) 0.5 cm long, euhedral plagioclase with trapped 

melt pockets (AAN-034 – lf7); f) typical HPRD suite mineral association with euhedral plagioclase, Fe-Ti-

oxides and coarse, euhedral orthopyroxene (AAN-034 – lf7); g) micro-enclave consisting of clinopyroxene, 

plagioclase and trapped interstitial glass (AAN-003 – lf7); h) three types of plagioclase grains (in XPL) in 

a sample from the Profitis Ilias domes (AAN-025a – pfi). Two grains display disequilibrium textures by 

their resorbed, rounded habit and sieve textured core or dusty rim. The larger grain in the top-left is more 
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euhedral and displays strong oscillatory zonation; i-l) textural variation in the enclaves in the HPRD suite. 

i) highly crystalline cumulate with coarse hornblende replacing clinopyroxene, euhedral plagioclase and 

diktytaxitic voids (AAN-007 – enc-nlf); j) transitional enclave with cumulate domains consisting of olivine-

clinopyroxene-coarse plagioclase and quenched domains consisting of acicular hornblende and 

plagioclase (AAN-048 – enc-lf7); k) same as (j), in XPL; l) quenched texture dominated by acicular 

hornblende and plagioclase (AAN-025b – enc-pfi). 

 

 

4.1.1. LPA suite 

The low-porphyricity andesite suite ranges in composition from basaltic-andesite to 

rhyodacite, but the majority of the samples form a group of petrographically homogeneous 

andesites. These vesicular (0-70 vol. % vesicles), low-porphyricity andesites (0-10 vol. % 

phenocrysts) have a glassy to fine-grained, plagioclase-dominated microlite groundmass with 

phenocrysts of plagioclase, olivine, clinopyroxene, Fe-Ti-oxides and rare orthopyroxene (Figure 

2c). Plagioclase is generally euhedral but displays a wide variety of zoning patterns. Rim 

compositions vary largely between and within samples in the range An57-81 and samples often 

contain both normally and reversely zoned plagioclase crystals. Reversely zoned crystals are 

typically more subhedral and contain sieve textured cores of up to An88. Lava flow 3 (lf3) 

contains the most complexly zoned plagioclase crystals with pronounced internal resorption 

boundaries (Figure 3e). After plagioclase, olivine is the most common phenocryst phase, 

although it is absent in lava flow 3 (lf3) sample AAN-015. Olivine is sub- to euhedral and 

normally zoned from homogeneous core compositions (Fo69-74) to variable, more Fe-rich rims. 

Sub- to euhedral clinopyroxene crystals are in general normally zoned from Mg# 85 cores to 

Mg# 69-76 rims, but can also show reverse zoning to Mg# 80 rims. In lava flow 8 (lf8; sample 

AAN-028), Al-rich clinopyroxene overgrows orthopyroxene. Fe-Ti-oxides are present in most 

samples. 

The dacites within the LPA suite contain an equilibrium mineral assemblage of 

plagioclase, amphibole, Fe-Ti-oxides and orthopyroxene (Figure 2d). Apart from opacite 

reactions rims related to decompression, amphibole phenocrysts are euhedral and in 

equilibrium with the matrix. Plagioclase is generally euhedral and shows mild normal zoning 

at An40-45, but a few crystals have resorbed, sieve textured cores. Orthopyroxene is sub- to 

euhedral and homogeneous at Mg# 60-62, and Fe-Ti-oxides are more abundant than in the 

andesites. The rhyodacitic Argos lava flow (alf; sample AAN-019) is characterised by a low 

phenocryst content (ca. 12 vol. %) compared to the high-porphyricity (rhyo)dacites (HPRD 

suite) and contains olivine, clinopyroxene and plagioclase crystals that are in strong 

disequilibrium with the matrix. Olivine is strongly zoned and is often surrounded by an 

orthopyroxene rim of Mg# 67-70. These forsterite-rich olivine crystals frequently occur 

together with high-Mg# clinopyroxene and high-An plagioclase in clusters of crystals that 

represent cumulate fragments that have been entrained in the melt (see Figures 2g and 3f for 

similar micro-enclaves in lava flow 7). These cumulate clusters are common in the HPRD suite, 

but are restricted to the Argos lava flow in the LPA suite. 
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Figure 3. Back-scattered electron (BSE) images showing key petrographic features of the Nisyros sample 

suite. The spots and numbers indicate An.% for plagioclase (pl), Mg# for clinopyroxene (cpx) and Fo.% 

for olivine (ol). a) enclave from lava flow 7 (sample AAN-048 – enc-lf7) displays a complex texture with 

orthopyroxene-plagioclase intergrowths, hexagonal quartz crystals in close proximity to anhedral olivine, 

euhedral orthopyroxene, hornblende with opacite reaction rims, Fe-Ti-oxides and clinopyroxene; b) false-

colour BSE image to highlight the oscillatory zoning in Mg# in a large, euhedral clinopyroxene crystal 

from basaltic-andesitic lava flow 4 (AAN-016 – lf4); c) clinopyroxene crystal with a strongly resorbed, 

normally zoned core and euhedral, higher Mg# rim in the basaltic-andesitic Holaki pillow lavas (AAN-013 

– ho); d) normally zoned, resorbed olivine crystal together with an euhedral plagioclase crystal with a 

normally zoned core and two rims of distinct An.% in the andesitic Lubunia lava flow (AAN-008 – llf); e) 

complexly zoned plagioclase with resorbed, reversely zoned high An.% core set in a fine microlite 

groundmass in the andesitic lava flow 3 (AAN-015 – lf3); f) 1 mm cumulate micro-enclave in HPRD dacite 

lava flow 7 (AAN-034 – lf7) that consists of strongly zoned plagioclase (An90-51), clinopyroxene (Mg# 86 

to 68) and olivine (Fo83-64) with orthopyroxene mantles. The strong zoning in the olivine suggests that the 

cumulate was entrained shortly before eruption. 
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Figure 4. Back-scattered electron (BSE) images of cumulate nodules from the Lies tuff cone. NCX-02 (a) 

represents a holocrystalline plagioclase (pl), clinopyroxene (cpx) and olivine (ol) cumulate with equilibrated 

grain boundaries. All phases are homogeneous and lack compositional zoning. NCX-05 (b) contains 

magnetite (white phases), hornblende (hbl) and quenched interstitial melt in addition to olivine, 

clinopyroxene and plagioclase. Plagioclase is lath-shaped and shows strong compositional bimodality with 

resorbed An80-90 cores and An50-65 rims. Hornblende is sub- to euhedral and does not appear to replace 

clinopyroxene or olivine. 

 

 

The basaltic andesites in the LPA suite are different from the andesites in that they 

generally have a much higher crystal content (20-50 vol. %). Clinopyroxene is the dominant 

Fe-Mg phase and occurs as euhedral, up to 5 mm large normally zoned crystals in lava flow 

4 (lf4) and the Holaki pillow lavas (ho). Core domains of these large crystals are the most 

magnesian of olivine and clinopyroxene in the volcanic deposits of Nisyros (Mg# 91; Figure 

3b). Clinopyroxene in the Holaki pillow lavas (ho) commonly has strongly resorbed, sieve 

textured cores with normal zonation from Mg# 80 to 75 with euhedral rims that are zoned 

from Mg# 85 to 80 (Figure 3c), as also described by Spandler et al. (2012). The basaltic 

andesites either contain olivine, zoned from Fo81-83 cores to Fo70 rims in the Aghia Basilei lava 

flow (blf), or orthopyroxene with Mg# 78-80 in lava flow 4 (lf4) and the Holaki pillow lavas 

(ho), but the two minerals have not been observed together in one thin section. Fe-Ti-oxides 

are very rare in the basaltic andesites. 

 

4.1.2. HPRD suite 

The high-porphyricity dacites and rhyodacites are distinct from the LPA suite by their higher 

crystal content (20-70 vol. %) and on average more felsic composition (>63 wt.% SiO2; 

Vanderkluysen et al., 2005a). The most striking macroscopic feature of the HPRD suite is the 

abundance of enclaves and cumulate fragments in these units. Dacites cannot be easily 

distinguished from rhyodacites on the basis of petrography as they have a common texture 

of coarse plagioclase (up to 1 cm), orthopyroxene, Fe-Ti-oxides, subordinate clinopyroxene 
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and rare amphibole and olivine in a fine grained, plagioclase-dominated microlite groundmass 

(Figure 2e and f). Plagioclase is the most abundant phenocryst phase (10-35 vol. %) and 

shows a large variety of textures, that can be roughly grouped into euhedral equilibrium 

plagioclase and sub- to anhedral disequilibrium plagioclase. Braschi et al. (2014) recognize 

five distinct plagioclase types in the Profitis Ilias domes (pfi) on the basis of crystal habit, zoning 

patterns and presence of sieve textured cores and/or dusty rims. These authors relate the wide 

variety in plagioclase textures to magma mingling and the transfer of plagioclase crystals from 

the host rock to the enclaves and vice versa. Figure 2h shows three different plagioclase types 

in a Profitis Ilias dome sample. Compared to the other HPRD units, plagioclase crystals in the 

Profitis Ilias domes are markedly less euhedral and disequilibrium textures are far more 

common. Euhedral, oscillatory zoned plagioclase is dominant in lava flow 7 (lf7), the Emborio 

domes (emb) and the Nikia flow (nlf; Figure 3e-g). Typical plagioclase rim compositions in the 

HPRD dacites (lf7, emb) are An40-52, compared to ca. An30 in the rhyodacites (nlf, pfi); core 

compositions and zoning patterns are highly variable, with compositions ranging up to An90. 

Orthopyroxene crystals are generally euhedral, commonly associated with Fe-Ti-oxides and 

homogeneous in compositions at Mg# 58-63 (Figure 2f). Clinopyroxene is subordinate to 

orthopyroxene in the HPRD suite and occurs as an- to euhedral isolated grains with Mg# 

between 67 and 73, sometimes with a strong reaction rim. Amphibole is rare as phenocryst 

and occurs almost exclusively in mafic micro-enclaves. A single dacitic pumice from the Lies 

tuff cone contains euhedral, equilibrium amphibole. 

 

4.1.3. Enclaves, cumulates and xenoliths in the HPRD suite 

Mafic enclaves in the HPRD suite are generally rounded in the Nikia flow (nlf), Emboria domes 

(emb) and lava flow 7 (lf7; Figure 2b), but can be more irregular in the Profitis Ilias domes 

(pfi). They range in size from a few cm up to 50 cm, with the largest enclaves and highest 

abundance in the Nikia flow and Profitis Ilias domes. Braschi et al. (2012, 2014) have provided 

a detailed petrographic and geochemical study of the mafic enclaves in the youngest HPRD 

unit on Nisyros, the Profitis Ilias domes. These authors interpret the enclaves as quenched 

fragments of a hotter and more mafic magma that were dispersed in the HPRD host magma 

during magma mingling. The wide variety of textures and zoning patterns of plagioclase is a 

direct result of the mechanical transfer of crystals from the enclaves to the host rock during 

enclave disaggregation and vice versa (Braschi et al., 2014). The textures of the Profitis Ilias 

enclaves are very homogeneous compared to the large textural and mineralogical variation 

displayed by the mafic enclaves in the HPRD suite: the enclaves form a continuum from nearly 

holocrystalline cumulates to quenched melt globules.  

Nearly holocrystalline amphibole-plagioclase cumulates predominate in the Nikia flow. 

The enclaves are rounded but are also characterised by a general absence of chilled margins, 

but sometimes with a vesicle-rich halo around the enclave in the rhyodacitic host rock. 

Euhedral, coarse (up to 1 cm) amphibole constitutes 25-30 vol. % of the minerals. Euhedral, 

lath-shaped plagioclase, Fe-Ti-oxides, interstitial glass and ca. 10 % vesicles fill up the space 
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between the coarse amphibole grains. Amphibole is strongly zoned but lacks an opacite rim 

and is growing at the expense of clinopyroxene (Figure 2i). A similar texture is observed by 

Smith (2014) in amphibole cumulates formed in the lower arc crust. On the other side of the 

enclave spectrum are the quenched enclaves in the Profitis Ilias and Emborio domes. These 

enclaves commonly have chilled margins, contain up to 15 vol. % vesicles and display a fine-

grained texture of occasionally spherulitic acicular amphibole and plagioclase with 

groundmass Fe-Ti-oxides and diktytaxitic voids (Figure 2l), which is commonly interpreted as 

the result of rapid crystallization in response to undercooling of the melt (Bacon, 1986; Braschi 

et al., 2012, 2014). Acicular amphibole reaches 1 cm in length and has opacite rims. 

Phenocrysts phases in the enclaves are defined as crystals that appear to predate the quench 

crystallization. The Profitis Ilias dome enclaves contain less than 5 vol. % of these phenocrysts 

phases, which comprise predominantly dusty, finely sieve textured plagioclase and minor 

olivine and clinopyroxene. In contrast, an enclave from the enclave-rich flow between lava 

flows 5 and 6 (unit xlf) has a highly porphyritic texture with ca. 50 vol. % plagioclase with 

coarse sieve textures and up to 5 mm long euhedral clinopyroxene and olivine (ca. 20 vol. %) 

set in a fine-grained acicular amphibole-plagioclase matrix. Enclaves in lava flow 7 are 

intermediate between the xlf and Profitis Ilias enclaves and show a very complex texture. 

Clinopyroxene, olivine and calcic plagioclase phenocrysts are reasonably abundant (20-30 vol. 

%) and set in a coarse groundmass of acicular amphibole, plagioclase and orthopyroxene 

(Figure 2j and k). Plagioclase phenocrysts are strongly zoned from An87-91 cores to An58-63 rims. 

Olivine also displays strong normal zoning from Fo80 cores to Fo67 rims. Orthopyroxene occurs 

both as acicular crystals in vesicles as well as in complex, vermicular intergrowths with 

plagioclase. Most striking is the occurrence of hexagonal quartz crystals in vesicles, often in 

close contact with olivine (Figure 3a). 

Micro-enclaves and cumulate fragments are abundant in the HPRD suite and comprise 

both amphibole-plagioclase clusters similar to the quenched enclaves and cumulate 

fragments consisting of clinopyroxene, olivine, plagioclase and interstitial glass (Figure 2g). 

The latter typically show strong disequilibrium textures with normal zoning and 

orthopyroxene mantles around olivine (Figure 3f). Cumulate nodules have also been found in 

the pyroclastic deposits of the Lies tuff cone (Figure 4). Two poorly cemented fragments, 

measuring ca. 2 cm in diameter, have been included in the sample set. These cumulate 

nodules consist of an equilibrated and homogeneous clinopyroxene-olive-plagioclase 

cumulate (NCX-02) and a more complex nodule with aligned, euhedral plagioclase with 

interstitial olivine, clinopyroxene, hornblende and Fe-Ti-oxides (NCX-05). In addition to the 

enclaves and cumulates that are present predominantly in the HPRD suite, xenoliths of the 

shallow basement of Nisyros are hosted in most pyroclastic deposits and some lava flows. 

These xenoliths predominantly comprise marbles, skarns and fine-grained, quartz-rich clastic 

rocks that are similar to those encountered in the hydrothermal wells directly underlying the 

volcanic deposits and are described by e.g., Di Paola (1974), Francalanci et al. (1995) and 

Spandler et al. (2012).  
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Figure 5. Overview of the mineral compositions of the Nisyros sample suite. The samples have been 

grouped based on petrography and field occurrence in a low-porphyricity andesite (LPA) and high-

porphyricity (rhyo)dacite (HPRD) suite; see text for further discussion. Abbreviations for stratigraphic units 

after Volentik et al. (2005a). Filled symbols denote core compositions, open symbols are rim compositions. 

 

 

 

4.2. Mineral geochemistry 

An overview of the variation in plagioclase, pyroxene and olivine compositions displayed by 

the Nisyros volcanic rocks is shown in Figure 5. The samples have been grouped according to 

their petrographic features in a low-porphyricity andesite (LPA) and high-porphyricity 

rhyodacites (HPRD) suite and further subdivided on the basis of bulk composition. The main 

petrographic features and common mineral assemblages are listed in Table 1. 

 

4.2.1. Clinopyroxene 

Nisyros clinopyroxenes are augites that range in composition from Mg# 91 to 65 and are 

characterised by a wide variation in Al2O3, TiO2, CaO and Cr contents (Figure 6). In general, 

clinopyroxene with the highest Mg# and up to 6000 ppm Cr is restricted to the LPA basaltic 

andesites (Figure 3b), with the exception of high-Cr clinopyroxene in a micro-enclave in the 

Argos lava flow (alf). Clinopyroxene in the enclaves and cumulates in the HPRD suite is less 

primitive than in the LPA basaltic andesites at lower Mg# (85-80) and Cr contents (<1000 

  

 

 

Table 1. Summary of the main petrographic features and mineral assemblages in the HPRD and LPA 

suite. Mineral abbreviations: ol – olivine, pl – plagioclase, cpx – clinopyroxene, opx – orthopyroxene, hbl 

– hornblende, mt – magnetite, NP – not present. 

 

lithology

HP mafic cumulate

HP mafic cumulate

LP mafic cumulate

LP mafic quench

LP (rhyo)dacite

lithology

LP bas. andesite

LP andesite

LP dacite

assemblage

ol+cpx

ol+cpx+melt => hbl

pl+ol+cpx

pl+hbl

pl+opx+cpx+mt

assemblage

pl+cpx±opx±ol

pl+ol+cpx

pl+opx+hbl+mt

plagioclase

NP

An70, med Fe

An90, low Fe

An60, med Fe

An20-50, low Fe

plagioclase

An60-90, high Fe

An60-80, high Fe

An30-50, med Fe

amphibole

NP

Mg# >70

Mg# 65

Mg# 65

Mg# <65

amphibole

NP

NP

Mg# <65

H
P

R
D

 s
u

it
e

LP
A

 s
u

it
e

High-porphyricity (rhyo)dacites with >20 vol.% phenocrysts. Enclave-bearing, contains abundant cumulate fragments 

and xenocrysts; strong evidence for disequilibrium, magma mixing and hybridisation.

Low-porphyricity andesites with generally <20 vol.% phenocrysts. Basaltic andesites comprise 20-40 vol.% phenocrysts. 

No mafic enclaves and no strong macroscopic evidence for magma mixing.

cpx

Mg# >80, high Al

Mg# <85, low Al

xenocrystic

Mg# <75, low Al, low Ti

cpx

Mg# 75-90, low Al

Mg# <75, low Al, high Ti

NP

olivine

Fo85, high Ni

Fo<82, med-low Ni

xenocrystic

xenocrystic

olivine

Fo70-85, high Ni

Fo>75, med-low Ni

NP
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Figure 6. Variation of Al2O3, CaO, TiO2 (wt. %) and Cr (ppm) versus Mg# in Nisyros clinopyroxenes. The 

samples have been grouped based on petrography and field occurrence in a low-porphyricity andesite 

(LPA) and high-porphyricity (rhyo)dacite (HPRD) suite; see text for further discussion. Small grey squares 

represent the total dataset, filled symbols denote core compositions, open symbols are rim compositions 

and crosses depict crystals in micro-enclaves. Mg# is molar Mg / (Mg + Fe*) expressed in percent, with 

Fe* as total iron. 

 

 

Mg #

65 70 75 80 85 90 70 75 80 85 90 95

Mg #

2

4

6

8

2

4

6

8

2

4

6

8

2

4

6

8

10
A

l
O

 w
t.

 %
2

3
A

l
O

 w
t.

 %
2

3
A

l
O

 w
t.

 %
2

3
A

l
O

 w
t.

 %
2

3

18

0 16

20

22

18

20

22

18

20

22

18

20

22

24

C
a
O

 w
t. %

C
a

O
 w

t. %
C

a
O

 w
t. %

C
a
O

 w
t. %

LPA ANDESITES

LPA s. BA ANDESITES

ENCLAVES/CUMULATES

HPRD SUITE

llf (008)

lf3 (015)

lf6 (029)

lf8 (028)

alf (019)

blf (023)

lf4 (016)

ho (013)

enc-lf7 (048a)

enc-pfi (025a)

cum. ( -02)NCX

cum. ( -05)NCX

lf7 (034)

emb (018a)

nlf (001)

pfi (025a)



NISYROS PETROGRAPHY  |  123 

 

 
 

Figure 6. Continued 
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Figure 7. Variation of Al2O3 (wt.%), TiO2 (wt.%), Mg# and Na2O (wt.%) with SiO2 (wt.%) in Nisyros 

amphiboles. The samples have been grouped based on petrography and field occurrence in a low-

porphyricity andesite (LPA) and high-porphyricity (rhyo)dacite (HPRD) suite; see text for further discussion. 

Filled symbols denote core compositions and open symbols are rim compositions. Mg# is molar Mg / (Mg 

+ Fe*) expressed in percent, with Fe* as total iron. 

 

 

ppm). The LPA andesites and HPRD (rhyo)dacites host the most evolved clinopyroxene with  

Mg# generally <80 and Cr contents below the detection limit of the EMP. The TiO2 content 

of clinopyroxene from these two suites is different: LPA andesite clinopyroxene contains 0.5 

to 1.5 wt. % TiO2 while the TiO2 content is <0.5 wt. % in the HPRD suite. At higher Mg#, 

TiO2 forms a well-defined trend that is negatively correlated with Mg#. Aluminium  

concentrations are moderately low in Nisyros clinopyroxene and are mostly <3.5 wt. % Al2O3. 

A clear exception are clinopyroxene crystals in micro-enclaves in lava flow 7 (lf7) and from the 

Profitis Ilias domes (pfi), both from the HPRD suite, in which the Al2O3 content reaches 6.5 

wt. %. The four sample groups display distinct trends in the CaO wt. % vs. Mg# diagram 

(Figure 5). At a given Mg#, enclaves, cumulates and hosts of the HPRD suite have the highest 

CaO content, the LPA andesites are intermediate and the LPA basaltic andesites have the 

lowest CaO concentrations. 
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4.2.2. Amphibole 

Nisyros amphibole displays a relatively small variation in SiO2 and Al2O3 concentrations at the 

low-silica end of the range displayed by amphibole in arc volcanoes (Ridolfi et al., 2010). A 

bimodal amphibole population with low-pressure magnesio-hornblende and high-pressure 

tschermakitic pargasite, which is characteristic for many arc volcanoes (e.g., Mt. Hood, Unzen,  

Soufriére Hills; see Kent, 2014, for a compilation), is not observed in Nisyros amphiboles. 

Instead, amphibole compositions are restricted to high Al/Si magnesiohastingsites and 

tschermakitic pargasites that yield crystallization temperatures and pressures between 920-

1020 °C and 260-700 MPa respectively (Ridolfi et al., 2010). Figure 7 shows the variation of 

Al2O3, TiO2, Na2O and Mg# (assuming all iron as Fe2+) with SiO2 in the Nisyros amphiboles. 

Amphibole in the HPRD suite enclaves is clearly distinct from LPA dacite amphibole. 

Aluminium content and Mg# are higher in amphibole in the enclaves, while TiO2 and Na2O 

wt. % are significantly lower for amphibole in enclaves in the Nikia flow (nlf) and Profitis Ilias 

domes (pfi). Amphibole in the enclave in lava flow 7 (lf7) has a lower Al2O3 content and 

marginally lower Mg#, but is otherwise similar to the other enclave-amphiboles. In addition, 

acicular amphibole in the Emborio dome enclave is very similar to the coarse amphibole in the 

LPA dacites, indicating that the chemical composition of the amphiboles does not correlate 

with their morphology (Figure 2). The Al2O3 content of amphibole in cumulate nodule NCX-

05 is unusually low for its SiO2 concentration. Amphibole in the LPA dacites is highly 

homogeneous in composition. Individual amphibole crystals in the HPRD enclaves, however, 

commonly display a decrease in Al/Si from core to rim, which translates into a higher 

crystallization pressure for the cores according to the Ridolfi et al. (2010) calibration of the 

amphibole thermobarometer. 

 

4.2.3. Plagioclase 

Plagioclase displays a wide range in compositions in the Nisyros sample suite and ranges from 

An24 to An91. High Fe contents (>6000 ppm Fe) in several rim analyses of LPA basaltic andesite 

plagioclase are potentially caused by secondary fluorescence of Fe-rich phases adjacent to the 

plagioclase crystals (Ginibre and Wörner, 2007) and are therefore not included in the 

discussion. Plagioclase K2O contents are negatively correlated with anorthite content, 

consistent with an increasing orthoclase component with decreasing anorthite content, and 

show systematic variations between the sample groups. The LPA basaltic andesites and 

andesites display higher K2O than plagioclase in the HPRD enclaves and hosts in the range 

An50-80, K2O contents overlap at An>80. Iron contents in plagioclase are characterised by more 

complex relationships. The highest Fe contents (3000-6000 ppm) are found in An60-80 

plagioclase in andesites and basaltic andesites of the LPA suite, and the lowest Fe contents in 

the HPRD dacites and rhyodacites (<3000 ppm Fe at An20-50). At An40-60, Fe concentrations are 

positively correlated with An.% as shown by the LPA dacites and LPA andesite sample AAN-

032 (Lakki A pyroclastic sequence). In contrast, Fe does not vary systematically with An.% for 
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Figure 8. Variation of K2O (wt. %) and Fe (ppm) with An content in Nisyros plagioclase. The samples 

have been grouped based on petrography and field occurrence in a low-porphyricity andesite (LPA) and 

high-porphyricity (rhyo)dacite (HPRD) suite; see text for further discussion. Small grey squares represent 

the total dataset, filled symbols denote core compositions, open symbols are rim compositions and 

crosses depict crystals in micro-enclaves. 

 

 

 

An<40 plagioclase in the HPRD suite and An60-85 in the LPA andesites and basaltic andesites. 

Plagioclase in the HPRD enclaves and cumulate nodules is anorthite-rich with An>80 core 

compositions but is clearly distinct from the LPA suite plagioclase in its lower Fe contents 

(3000-4000 ppm). This results in a negative correlation between Fe and An at An>80. Rim 

compositions of these plagioclase crystals are commonly more sodic (An<60) while Fe contents 

are similar. A small group of plagioclase cores in the HPRD enclaves and cumulates have 

moderate An and high Fe contents (ca. An60 and 5500 ppm Fe) that overlap with the LPA 

andesites. 

 

 

 
 

Figure 9. Variation of Ni (ppm) and CaO (wt. %) with forsterite content of Nisyros olivine in the LPA and 

HPRD suites. The samples have been grouped based on petrography and field occurrence in a low-

porphyricity andesite (LPA) and high-porphyricity (rhyo)dacite (HPRD) suite; see text for further discussion. 

Small grey squares represent the total dataset, filled symbols denote core compositions, open symbols 

are rim compositions and crosses depict crystals in micro-enclaves. In the Ni diagram, schematic fractional 

crystallisation (FC) and magma mixing (M) trends – not to scale – are shown for reference. 
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4.2.4. Olivine and orthopyroxene 

Olivine in Nisyros sample suite ranges from Fo85 to Fo60 (Figure 9). The most forsterite-rich 

olivine (Fo85) is found in enclaves and hosts lavas of the Profitis Ilias domes (pfi) and the LPA 

basaltic andesites. Fo content is progressively lower in the HPRD cumulates and LPA andesites. 

Nickel concentrations are variable and show a broad positive correlation with Fo content. At 

Fo72 to Fo82, olivine in the HPRD lavas, enclaves and cumulates generally has a lower Ni content 

compared to olivine in the LPA basaltic andesite sample and xenocrystic olivine in the Argos 

lava flow (alf, AAN-019). The latter is also characterised by lower CaO contents (ca. 0.10 wt. 

%) compared to the majority of Nisyros olivine (0.1-0.2 wt. % CaO). 

Two distinct groups of orthopyroxene compositions can be distinguished that constitute 

a bimodal distribution in Mg# (Figure 5). Orthopyroxene is most abundant in the HPRD suite 

and LPA dacites where it displays a narrow range in Mg# from 60 to 65. Although 

orthopyroxene Mg# in the HPRD and LPA dacites overlaps, the two groups are separated by 

higher Al2O3 and TiO2 in the LPA dacite orthopyroxenes, which is similar to the clinopyroxene 

systematics (Figure 6). Orthopyroxene ranges from Mg# 78 to 83 in the LPA basaltic andesites, 

whereas orthopyroxene in the Argos lavas flow (alf, AAN-019) has Mg# intermediate between 

the two groups. The aluminium content of Nisyros orthopyroxene ranges from 1.0-1.5 wt. % 

in the LPA basaltic andesites to 0.3-1.0 wt. % in the HPRD suite and LPA dacites; TiO2 contents 

are generally lower than 0.4 wt. %. 

 

 

5.  DISCUSSION 

5.1. Polybaric differentiation of arc magmas 

It is increasingly recognised that a major part of the differentiation of primitive arc magmas 

takes place in the lower crust or upper mantle and that shallow fractional crystallization is not 

a viable process to generate large (>1 km3) volumes of intermediate and felsic melts (Annen 

et al., 2006, 2015). The main argument against shallow differentiation of arc magmas is the 

apparent absence of the large complementary pile of mafic cumulates in the upper crust that 

is required to drive the melt to andesitic or more evolved compositions. A model in which arc 

andesites, dacites and rhyolites are generated in the lower arc crust circumvents this problem. 

Up to 15 km thick mafic and ultramafic cumulate piles are exposed in arc root complexes 

(e.g., DeBari and Coleman, 1989; Jagoutz et al., 2007; Jagoutz and Schmidt, 2013), which 

can potentially be recycled back into the mantle through delamination (e.g., Kay and Kay, 

1993). Annen et al. (2006) developed a model in which repeated injection of primary basaltic 

melts in the lower arc crust or upper mantle leads to the development of a deep crustal hot 

zone (DCHZ) where evolved melts are generated through continuous fractionation of the 

mafic magmas, possibly aided by mixing with crustal melts (Hildreth and Moorbath, 1988). 

Depending on the emplacement rate of the mafic sills, andesitic to rhyolitic melts can form 

over timescales ranging from 1 Myr to as short as 10 kyr (Solano et al., 2012). 
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Figure 10. Schematic model of the crustal magmatic system of Nisyros. The LPA and HPRD suites evolve 

along distinct pathways with no evidence for significant hybridisation of the two suites, but this does not 

imply that they are derived from different primary melts. The LPA suite is characterised by differentiation 

in shallow reservoirs and basalt-andesite mixing. In contrast, the HPRD suite acquires most of its variability 

in a deep crustal hot zone but cumulate assemblages predominantly reflect shallow storage and 

hybridisation processes. See text for further discussion. Mineral abbreviations: pl – plagioclase, cpx – 

clinopyroxene, ol – olivine, hbl – hornblende, opx – orthopyroxene, mt – magnetite, q. – quench phase. 

Field of view in the insets is 250-500 µm. 

 

 

Due to the high H2O and low crystal content, these melts have a relatively low viscosity 

and can readily segregate and ascend through the arc crust. Decompression-driven degassing 

at mid- to lower crustal levels (~10 km depth) will lead to rapid crystallisation and stalling of 

the melt to form crystal mushes or plutons (Annen et al., 2006). Mafic recharge can remobilize 

these porphyritic crystal mushes, making them eruptible as domes or explosive eruption  

products depending on volatile contents (e.g., Burgisser and Bergantz, 2011; Cooper and 

Kent, 2014). Recent studies of arc root complexes (e.g., Jagoutz, 2014; Bouilhol et al., 2015) 
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and experimental studies (e.g., Villiger et al., 2007; Alonso-Perez et al., 2009; Melekhova et 

al., 2013; Nandedkar et al., 2014; Melekhova et al., 2015) lend support to a major role for 

differentiation of arc magmas in the lower crust.  

The deep crustal hot zone model provides a solid conceptual framework to discuss the 

petrography and mineral chemistry of the volcanic products of Nisyros and to explore the 

anatomy and evolution of the magmatic system. At first glance, the HPRD suite has multiple 

features that are in good agreement with key aspects of the model. The dacites to rhyodacites 

of the HPRD are porphyritic and contain an equilibrium phenocryst assemblage of plagioclase, 

orthopyroxene and Fe-Ti-oxides that is unlikely to reflect the cumulate composition required 

for the differentiation from a basaltic parent. Moreover, the abundance of quenched mafic 

enclaves, cumulate fragments and xeno- and antecrysts emphasize the important role of 

magma mixing and reactivation through the injection of mafic melts (e.g., Bachmann et al., 

2012; Braschi et al., 2012, 2014). The low crystal content and general absence of features 

ascribed to magma mixing in the low-porphyricity andesitic and dacitic units, however, 

suggests that the LPA suite underwent a drastically different crustal differentiation history. As 

the two suites are clearly not separated in space and time (Figure 1), it is remarkable that 

there is little evidence for hybridisation and interaction between the HRPD and LPA suites. In 

this study, we present an integrated model of the crustal magmatic system of Nisyros in order 

to reconcile textural, petrographic and field observations with mineral chemistry data (Figure 

10). The main features of our model are the importance of differentiation at various crustal 

levels and the rather strict separation of two evolution pathways resulting in the generation 

of the distinct LPA and HPRD suites. In the subsequent sections, we will discuss in detail how 

petrographic observations and mineral chemistry data can be used to constrain the different 

processes that are shown in Figure 10. 

 

 

5.2. Evolution of the HPRD suite 

5.2.1. Differentiation in a lower crustal reservoir 

One of the characteristics of hydrous subduction zone magmatism is the decrease in 

plagioclase stability and a typical clinopyroxene-before-plagioclase crystallization sequence. 

Experimental studies addressing the differentiation of primitive hydrous basalts at pressures 

ranging from 0.2 to 1.3 GPa invariably find olivine, clinopyroxene and spinel as liquidus phases 

over a large temperature interval, while plagioclase is conspicuously absent (Sisson and Grove, 

1993b; Müntener et al., 2001; Müntener and Ulmer, 2006; Pichavant and Macdonald, 2007; 

Nandedkar et al., 2014; Melekhova et al., 2015). Fractionation of clinopyroxene and olivine, 

or clinopyroxene and orthopyroxene in the case of more silica-rich primary melts (Müntener 

et al., 2001), will decrease MgO and FeO contents and Mg# of the melt while SiO2 content is 

roughly constant. The absence of precipitating aluminous phases leads to an increase in Al2O3 

content and the derivative melt will be driven to a high-aluminium basalt (HAB) composition 

(e.g., Sisson and Grove, 1993a). An increase in pressure further destabilizes plagioclase and 
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thus differentiation in the lower arc crust is most favourable for the development of HAB 

(Ulmer, 2007; Melekhova et al., 2015). The suppression of plagioclase crystallization has an 

important effect on the composition of clinopyroxene as it leads to increased Ca-Tschermak’s 

substitution and thus a higher Al2O3 content of clinopyroxene (Sisson and Grove, 1993b; 

Müntener et al., 2001; Villiger et al., 2007; Melekhova et al., 2015). In the case of plagioclase-

free differentiation, clinopyroxene Mg# and Al2O3 content show a strong negative correlation 

in which the Al2O3 concentration can increase up to 10 wt. %. The onset of plagioclase 

precipitation, however, results in an inflection to lower Al2O3 content in clinopyroxene with 

ongoing differentiation (Figure 11). Differentiation of hydrous arc basalts in the deep crustal 

hot zone thus produces an assemblage of high-Mg# olivine or orthopyroxene and aluminous 

cpx (>4 wt. % Al2O3). High-Al clinopyroxene is, however, not commonly present as a 

phenocryst phase in arc lavas.  

In the Nisyros suite, clinopyroxene with Mg# >80 and >3 wt. % Al2O3 is a rare phase in 

enclaves and cumulates fragments of the HPRD suite. The most aluminous clinopyroxene (4-

6.5 wt. % Al2O3) is found in the Profitis Ilias domes and enclaves where it is associated with 

 

 

 

 
Figure 11. Al2O3 (wt. %) versus Mg# diagram for Nisyros clinopyroxenes (small grey squares). 

Clinopyroxenes produced in experimental hydrous arc basalt differentiation studies from Sisson and Grove 

(1993b; circles), Müntener et al. (2001; diamonds) and Melekhova et al. (2015; crosses) are shown for 

reference, as well as trends displayed by clinopyroxene in the Tonsina (DeBari and Coleman, 1989) and 

Kohistan (Jagoutz et al., 2007) arc root complexes. Clinopyroxene in the HPRD suite enclaves and 

cumulates (green trend) has high Al2O3 contents that overlap with the experimental data for hydrous 

differentiation in the lower arc crust. The Nisyros LPA basaltic andesite clinopyroxenes (red trend) show 

an inflection to lower Al2O3 content marking the “plagioclase-in” point at Mg# 85, consistent with 

differentiation at shallow levels in the arc crust. 
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Fo85 olivine in clusters of up to 10 grains (Figures 5 and 10). These high-Al clinopyroxene (Mg# 

80-85) and Fo85 olivine grains are clearly not in equilibrium with the dacitic Profitis Ilias dome 

lavas. In addition, the high Al2O3 content of the clinopyroxene precludes a cogenetic 

relationship with the abundant An70-90 plagioclase in the basaltic-andesitic enclaves. Thus, the 

Fo-rich olivine and high-Al clinopyroxene represent xenocrysts in the dome lavas and enclaves 

that must have formed at higher pressure where plagioclase was not stable. A minimum 

pressure of ca. 0.4 GPa appears to be required to suppress plagioclase and generate HAB 

derivative melts (Melekhova et al., 2015). This implies that the aluminous clinopyroxene 

cannot have formed at mid- to upper crustal levels, but must have crystallised in a deep crustal 

hot zone at the base of the arc crust, which is consistent with a crustal thickness of ca. 27 km  

(ca. 0.7 GPa) below Nisyros (Tirel et al., 2004; Zhu et al., 2006). The clusters of olivine and 

high-Al clinopyroxene in the HPRD dacites and enclaves therefore represent relicts of lower 

crustal crystallization that have been entrained in ascending residual melts with a HAB 

composition. Indeed, the enclaves hosting the Al-rich clinopyroxene have a HAB affinity with 

Al2O3 contents of 19.5 to 20.5 wt. % at 54-56 wt. % SiO2 (Chapter 6; Braschi et al., 2012). 

These mafic enclaves therefore do not represent near-primary melts, but have undergone a 

differentiation history in the lower arc crust. In addition, the clinopyroxene-olivine clusters 

constrain the composition of cumulate phases in the lower crustal reservoir of Nisyros to a 

plagioclase-free wehrlite consisting of ~Fo85 olivine and Mg# >80 clinopyroxene, which is 

consistent with the abundance of wehrlite and websterite cumulate assemblages in arc root 

complexes (DeBari and Coleman, 1989; Jagoutz et al., 2007; Jagoutz and Schmidt, 2013; 

Bouilhol et al., 2015). 

The Profitis Ilias enclaves represent one end of a nearly continuous spectrum in HPRD 

suite enclave textures. Enclaves in the rhyodacitic Nikia lava flow form the other endmember 

and have a nearly holocrystalline cumulate texture with coarse, euhedral hornblende and lath-

shaped plagioclase. Hornblende in these enclaves is growing at the expense of clinopyroxene 

(Figure 2i). Similar replacement of clinopyroxene by hornblende has been previously reported 

in arc root complexes (Dessimoz et al., 2012; Bouilhol et al., 2015) and in cumulate nodules 

in arc lavas (Smith, 2014). The low Na2O content, high Al2O3 content and Mg# (Figure 7) of 

hornblende all suggest equilibrium with a mafic melt and a clinopyroxene-replacement origin 

for hornblende in these cumulates. Smith (2014) relates this reaction to cooling of basaltic 

melts and an increase in H2O content as the result of crystallisation of anhydrous phases in a 

deep crustal hot zone, which is consistent with experimental studies (Pichavant and 

Macdonald, 2007; Melekhova et al., 2015). The amphibole-plagioclase cumulates from 

Nisyros also appear to have formed in the lower arc crust and probably as the result of a 

reaction of olivine and Al-rich clinopyroxene with a basaltic melt. Hornblende in the Nikia flow 

cumulate enclaves is compositionally zoned with a general decrease in Al2O3 content towards 

the rim, which could be a consequence of decompression (Ridolfi et al., 2010; Figure 12). A 

recent critical evaluation of the Ridolfi et al. (2010) amphibole barometer emphasised that 

Al/Si in amphibole is strongly correlated with Al/Si in the melt and that this effect can mask 
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the pressure-dependency of the Al2O3 content of amphibole (Erdmann et al., 2014). For the 

Nikia flow cumulate enclaves, the lack of evidence for disequilibrium of the hornblende with 

the melt and 51-54 wt. % SiO2 bulk composition of the enclaves (Chapter 6; Vanderkluysen 

et al., 2005a) suggest that the incorporation in the rhyodacitic host has been a (near-) 

isochemical process. Thus, we argue that the rim-ward decrease in pressure recorded by 

hornblende in these cumulates is in fact the result of decompression. Although the absolute 

pressure obtained for hornblende in the cumulates might not be correct, the rimward 

decrease in pressure likely reflects entrainment of the amphibole cumulates in the rhyodacitic 

host and subsequent rapid ascent to mid- to upper crustal levels. Nevertheless, the maximum 

pressure that is recorded (0.70 GPa; Figure 12) corresponds with the thickness of the arc crust 

below Nisyros (ca. 27 km). Hornblende rim compositions yield pressures overlapping with 

those recorded by hornblende in the LPA dacites and cumulate NCX-05 (Figure 4b). This leads 

to two important conclusions: i) the replacement of clinopyroxene by hornblende is a process 

in the deep crustal hot zone and not at higher crustal levels; and ii) entrainment of these 

cumulates in a rhyodacitic melt also occurs at high pressure, and thus the HPRD rhyodacites 

are generated in the deep crustal hot zone. Indeed, the reaction between clinopyroxene and 

melt to form amphibole is instrumental in driving derivative melts to more silicic compositions. 

Whereas combined olivine and/or clinopyroxene crystallisation has little effect on the silica 

content of the melt, fractionation of SiO2-poor (40-44 wt. %) hornblende can produce liquids 

of andesitic to rhyodacitic composition over a short crystallisation interval (e.g., Holloway and 

Burnham, 1972; Cawthorn and O'Hara, 1976; Foden and Green, 1992; Davidson et al., 

2007b; Bouilhol et al., 2015). Plagioclase follows hornblende as a fractionating phase with 

progressive differentiation and cooling (Dessimoz et al., 2012; Nandedkar et al., 2014) and 

the composition of plagioclase in the hornblende cumulates lends further support to their 

crystallization from a differentiated melt in a deep crustal hot zone. Iron contents are 

intermediate (ca. 3800 ppm), which indicates fractionation from evolved, possibly HAB-type 

melts and an anorthite content between 70 and 73 agrees with a lower crustal pressure 

(Melekhova et al., 2015). 

 

5.2.2. Mush systems in the mid- to upper crust 

The clusters of high-Al clinopyroxene and forsterite-rich olivine that are inferred to have 

formed in a lower crustal reservoir are relatively rare in the HPRD suite. In contrast, crystal 

clots consisting of low-Al clinopyroxene (Al2O3 <4 wt. %, Mg# 75-88), Fo82 to Fo70 olivine, 

An>80 plagioclase and occasional trapped interstitial melt are significantly more abundant in 

the HPRD (rhyo)dacites and enclaves (Figures 2g and 3f). A similar mineralogical composition 

is observed in cumulate nodule NCX-02 (Figure 4a), which consists of very homogeneous An90 

plagioclase, Mg# 83 clinopyroxene and Fo80.5 olivine with equilibrated grain boundaries. In 

another cumulate nodule (NCX-05; Figure 4b) plagioclase is also the most abundant phase, 

but is lath-shaped and has a pronounced bimodal distribution in anorthite content with  
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Figure 12. Amphibole thermobarometry of the Nisyros magmas with estimated error bars for two 

representative samples (Ridolfi et al., 2010); symbols as in Figure 7. Amphibole in the HPRD suite shows 

a core-to-rim decrease in pressure. The high-pressure cores suggest differentiation at the crust-mantle 

boundary (ca. 27 km below Nisyros); see text for further discussion. 

 

 

 

slightly resorbed An90-80 cores and An65-50 rims. Clinopyroxene and olivine in NCX-05 are more 

evolved compared to NCX-02 at Mg# 72 and Fo69, respectively, and hornblende and Fe-Ti-

oxides are also present. A cumulate assemblage and bimodal plagioclase population as seen 

in NCX-05 are also present in enclaves in lava flow 7 (lf7; Figures 2j and 2k).  

The common feature of these crystal clots and cumulate nodules is the abundance of 

An>80 plagioclase that is in equilibrium with clinopyroxene and olivine, which are more evolved 

(Mg# <85 and Fo≤80 respectively) than the Fo85 olivine in the deep cumulates and Mg# <90 

clinopyroxene in the LPA basaltic andesites. The abundance of plagioclase suggests that these 

mineral assemblages have formed at lower pressure where plagioclase is more stable and also 

more calcic in composition (e.g., Tollan et al., 2012; Melekhova et al., 2015). Indeed, it has 

previously been recognised that cumulate assemblages of high-anorthite plagioclase (up to 

An95) with evolved olivine and clinopyroxene that are typical for island arc suites represent 

shallow cumulates that crystallised from melts with a previous differentiation history (e.g., 

Arculus and Wills, 1980; Tollan et al., 2012). In the Nisyros HPRD suite, cumulate nodule NCX-

05 represents the best example as An90 plagioclase cores coexist with Fo70 olivine. Multiple 

lines of evidence indicate that the plagioclase-clinopyroxene-olivine clusters and cumulates in 

the HPRD suite represent minerals that crystallised from differentiated melts at low pressure.  
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First, olivine Mg# is predominantly controlled by the composition of the melt whereas 

pressure, temperature and H2O content have no effect (Roeder and Emslie, 1970). Thus, the 

low Ni contents and Fo<82 composition of olivine in these enclaves (Figure 9) suggest 

crystallization from a melt with lower Mg# compared to the deep Fo85 cumulates.  

Second, the Fe content of plagioclase in these cumulates is ca. 2000 ppm lower than 

plagioclase in primitive LPA basaltic andesite plagioclase (Figure 13b). Fe in plagioclase 

behaves as an incompatible elements and is thus directly related to the composition of the 

melt, although a higher oxygen fugacity favours Fe3+ substitution for Al in plagioclase 

(Humphreys et al., 2006; Ginibre and Wörner, 2007; Ruprecht and Wörner, 2007). Hence, 

the trend of decreasing Fe in plagioclase from An70 to An90 in Figure 13b, which overlaps with 

coarse plagioclase in the Profitis Ilias domes and enclaves, is opposite to that expected for 

equilibrium partitioning as higher Al content favours Fe incorporation. Although this 

relationship could be the result of magma mixing, we find no evidence for that and rather 

relate the increase in anorthite content with melt evolution to an increase pH2O due to 

fractionation of an anhydrous assemblage. The decrease in plagioclase Fe concentrations with 

increasing anorthite content thus represents equilibration with an evolving melt composition. 

The low pressure cumulates constitute the high-An and low-Fe, evolved endmember of this 

trend (Figure 13b).  

Third, rim compositions of the zoned amphibole in the plagioclase-hornblende 

cumulates yield pressures of ca. 0.3 GPa that overlap with those obtained for hornblende in 

cumulate nodule NCX-05 and equilibrium amphibole in the HPRD (rhyo)dacites (Figure 12). 

In section 5.2.1 we argued that the HRPD (rhyo)dacites were generated in the deep 

crustal hot zone at the crust-mantle boundary below Nisyros. These H2O-rich felsic melts will 

buoyantly rise until they reach the point of water saturation, where degassing-controlled 

crystallization leads to the formation of a crystal-rich mush zone (Annen et al., 2006). In the 

case of Nisyros, the lowest PT estimates from zoned hornblende in the HPRD enclaves 

suggests a depth of ca. 10-12 km (ca. 0.3 GPa) for the mush system, which agrees well with 

the conductive zone at 8-10 km depth inferred from magnetotelluric studies (Kalisperi et al., 

2014). Petrography of the HRPD (rhyo)dacites indicates that An40-20 plagioclase, Mg# 60 

orthopyroxene, Mg# 65-75 clinopyroxene and Fe-Ti-oxides are equilibrium phenocryst 

phases. Hornblende is a rare phase in the (rhyo)dacites and predominantly originates from 

the disintegration of mafic enclaves. The presence of quenched enclaves provides direct 

evidence that the HPRD (rhyo)dacitic mushes have been reactivated through the injection of 

mafic melts (Bachmann et al., 2012; Braschi et al., 2012). Interaction between (rhyo)dacitic 

hosts and the injected mafic melts is indicated by whole rock geochemical evidence for minor 

hybridisation (Braschi et al., 2012) and by the transfer of phenocrysts from the enclaves to 

the hosts and vice versa (Braschi et al., 2014; Zouzias and St Seymour, 2014). Our results are 

consistent with these findings and in particular the presence of low-An plagioclase in the 

HPRD enclaves and high-An plagioclase in the (rhyo)dacites indicate crystal transfer. As these 

processes have been described in detail in Braschi et al. (2014) and Zouzias and St Seymour 
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(2014), we will only briefly touch upon this subject in relation to mafic cumulates in our 

preferred petrogenetic model for the evolution of the HPRD suite at upper- to mid-crustal 

pressures (Figure 10). 

Given that shallow (10-12 km), degassing-induced crystallisation of (rhyo)dacitic melts 

that have been generated in the deep crustal hot zone will produce crystal-rich mush zones, 

mafic melts that are injected in this mush zone will likely pond at its base due to the density 

contrast with the felsic mush. Upon cooling, these already differentiated, possibly HAB-type 

melts will fractionation An90-80 plagioclase, low-Al clinopyroxene and Fo<82 olivine (e.g., 

cumulate nodule NCX-02; Figure 10). The repeated injection of mafic melts, which possibly 

contain a crystal cargo from the deep crustal hot zone such as the high-Al clinopyroxene in 

the Profitis Ilias enclaves, leads to hybridisation of the mafic melts at the base of the mush 

zone as well as the reactivation and stirring of the cumulate pile (Braschi et al., 2012, 2014). 

This scenario is exemplified by the reaction textures and An60 rims in plagioclase in cumulate 

nodule NCX-05 and the enclave in lava flow 7. Although core compositions of coarse 

plagioclase in these samples are homogeneous and similar to cumulate nodule NCX-02, Fe 

contents in plagioclase rims are highly variable, attesting to interaction with melts with a 

variable degree of evolution (Figure 13b). As soon as these heterogeneous mafic melts and 

cumulate fragments mingle with the cooler (rhyo)dacitic host, the increase in H2O pressure 

and decrease in temperature will cause quench crystallisation of plagioclase and hornblende. 

In response to a lower temperature and possibly aided by minor hybridisation with the felsic 

melt, plagioclase will have a more albite-rich composition (Humphreys et al., 2006). Indeed, 

quench-textured plagioclase in the Profitis Ilias domes (Braschi et al., 2014), as well as 

plagioclase rims in Nikia flow enclaves and cumulate nodule NCX-05, have an An50-60 

composition. Quench-textured plagioclase and plagioclase rims in the lava flow 7 enclave 

have higher Fe content, suggesting rapid crystallisation from a less evolved melt with a higher 

Fe concentration (Figure 13b). Crystals and crystal clots originating from the mafic enclaves 

are released in the (rhyo)dacitic host through enclave crumbling and disintegration 

(Humphreys et al., 2009; Braschi et al., 2014). Orthopyroxene mantles around olivine suggest 

that the crystal clots have reacted with the felsic melt, but the strong zoning profile indicates 

that cooling was sufficiently rapid to inhibit complete re-equilibration (Figure 3f). Diffusion 

modelling of Mg-Fe zoning in olivine can be used to constrain time scales of magma mixing 

(e.g., Costa and Dungan, 2005; Turner and Costa, 2007), but this was not undertaken due 

the scarcity of suitable olivine grains. Nevertheless, a timescale of <1 kyr between mixing and 

eruption can safely be assumed based on the pronounced zoning in olivine in these micro-

enclaves. Similar zoned olivines from the Nea Kameni dacites, Santorini, suggest that less than 

1 yr has elapsed between mingling of the mafic melt into the (rhyo)dacitic host and eruption 

(Martin et al., 2008). 
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Figure 13. Schematic diagram showing the variation of Fe content with An.% for LPA (a) and HPRD (b) 

suite plagioclase based on the data shown in Figure 8. Both LPA and HPRD suite plagioclase displays a 

trend of decreasing Fe with increasing An.% at An>60 (grey arrow), which is related to melt differentiation 

and increase in H2O content. In addition, LPA suite plagioclase displays limited variation in Fe content 

over a large range in An.%, consistent with a change in intensive variables instead of a compositional 

change of the melt. The HPRD suite plagioclase crystals show more complex variations that are discussed 

in detail in the text. 

 

 

5.3. Evolution of the LPA suite 

5.3.1. Low pressure differentiation of the LPA suite 

In comparison to the large variation in textures and mineral relationships of the HPRD suite 

mafic enclaves, the LPA basaltic andesites, andesites and dacites have less complex textures. 

The basaltic andesites have a typical mineral assemblage of Mg# 91-78 clinopyroxene, An89 

to An55 plagioclase and either Ni-rich, Fo80 olivine or Mg# 80 orthopyroxene. All phases display 

normal zoning in An.%, Fo.% or Mg#; clinopyroxene is typically oscillatory zoned but with 
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an overall rim-ward decrease in Mg# (Figure 3b). Clinopyroxene in the LPA suite invariably 

has <3.5 wt. % Al2O3 and is thus clearly distinct from the HPRD suite (Figure 11). The  

aluminium content is negatively correlated with Mg# at Mg# 85-92, whereas at Mg# <85, 

clinopyroxene shows a positive correlation with Al2O3 content. This inflection marks an early 

“plagioclase-in” point in the evolution of the basaltic andesites. As discussed in section 5.2,  

early plagioclase saturation is not compatible with high-pressure differentiation in a deep 

crustal hot zone and thus implies that the LPA basaltic andesites have evolved largely at lower 

pressures. Clinopyroxene in the basaltic andesites has discrete zones with very high Mg# (up  

to 91) and Cr-contents (up to 6000; Figure 6), which suggests that these zones crystallised 

from primitive, potentially near-primary melts. Crystals with such high Mg# have not been 

observed in the HPRD suite, with the exception of xenocrystic clinopyroxene in the Argos lava 

flow (up to 5500 ppm Cr at Mg# 85). In contrast, the shallow HPRD cumulate nodules all 

contain significantly more evolved clinopyroxene (Mg# 85-75, <1000 ppm Cr), in line with 

the reasoning that these cumulates fractionate from melts with an earlier differentiation  

history. Thus, it appears that the LPA basaltic andesites represent primitive melts that have 

passed through or bypassed the deep crustal hot zone without significant differentiation. 

Upon stalling at lower pressure in the mid- to upper crust, the basaltic andesites fractionated 

clinopyroxene and minor olivine or orthopyroxene, which was subsequently followed by 

plagioclase. This is supported by the lower CaO content of clinopyroxene in the basaltic 

andesites compared to the HPRD suite (Figure 6) as saturation in calcic plagioclase mitigates 

the uptake of Ca in clinopyroxene. In addition, CaO in clinopyroxene appears to be positively 

correlated with the H2O content of the melt as well as being temperature dependant (Di Carlo 

et al., 2006; Pichavant and Macdonald, 2007). On this basis, the lower CaO content of 

clinopyroxene in the LPA suite compared to the HPRD suite can be attributed to a combination 

of early plagioclase saturation and crystallization from a more primitive melt with higher 

temperature and lower pH2O. In the absence of reliable barometers for these basaltic systems, 

the absolute pressure at which the basaltic andesites differentiated is unclear, but the stability 

of plagioclase provides a tentative maximum pressure of ca. 0.4 GPa (Melekhova et al., 2015). 

 

5.3.2. Petrogenesis of the LPA suite 

The main distinguishing feature of the LPA andesites is their low crystal content (2-10 vol. %) 

compared to the HPRD suite. In combination with the relatively simple and homogeneous 

textural features, this likely attests to a different origin and differentiation history. On the 

basis of petrography and mineral compositions, it is evident that the LPA andesites cannot 

easily be related to the HPRD (rhyo)dacites through mixing, crystal fractionation or 

accumulation processes. 

Hybridisation of mafic and felsic melts that are generated in the deep crustal hot zone 

is a popular model to reconcile the abundance of arc lavas with a bulk andesitic composition 

with the scarcity of andesitic melt inclusions. A bimodal basaltic and rhyolitic melt inclusion 

distribution strongly suggests that many porphyritic arc andesites are hybrid rocks that formed 
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through extensive mixing (Reubi and Blundy, 2009; Kent, 2014). This scenario, however, is 

not tenable for the LPA andesites of Nisyros for multiple reasons. First, mixing between a felsic 

and a mafic melt will invariably lead to undercooling and crystallization of the mafic melt, 

which is incompatible with the low phenocryst content of the LPA andesites. Second, if the 

HPRD rhyodacites represent the felsic mixing component, it is striking that there is no 

mineralogical evidence for the involvement of the (rhyo)dacites. Clinopyroxene, plagioclase 

and olivine can be clearly separated in groups corresponding to the LPA andesites and HPRD 

suite on the basis of their composition. In the LPA andesites, clinopyroxene has a higher TiO2 

content (Figure 6), plagioclase has higher An and Fe contents (Figure 8) and olivine has lower 

Mg# (Figure 9) compared to the HPRD suite. Apart from a single plagioclase (An30, 1600 ppm 

Fe) and clinopyroxene (Mg# 69, 0.36 wt. % TiO2) crystal in lava flow 8 (AAN-028; lf8), no 

minerals with a HPRD suite composition or artefacts thereof have been found in the LPA 

andesites. These crystals in lava flow 8 are isolated crystals rather than zones in composite 

crystals, and thus they probably represent xenocrysts incorporated in the andesite at shallow 

levels. Iron contents in plagioclase and Ti in clinopyroxene behave as incompatible trace 

elements that are relatively insensitive to changes in P, T, fO2 or H2O content, but 

predominantly reflect the Fe and Ti concentration of the melt. The pronounced difference in 

Ti in clinopyroxene and Fe in plagioclase therefore strongly suggests that the mineral 

assemblages in the LPA andesites and HPRD (rhyo)dacites crystallised from different melts. 

Most notably, the TiO2 contents of clinopyroxene (>0.5 wt.%) and Fe concentrations in 

plagioclase (>4500 ppm) in the LPA andesites are clearly higher than those in both the LPA 

basaltic andesites and HPRD (rhyo)dacites (Figures 6 and 8). This precludes simple mixing 

between these two components, but is in good agreement with the LPA andesite whole rock 

TiO2 and FeO contents that are the highest in the entire Nisyros suite, while whole rock Mg# 

is similar for the LPA andesites and HPRD dacites (Wyers and Barton, 1989; Francalanci et al., 

1995; Vanderkluysen et al., 2005a). And third, radiogenic isotope systematics of the andesites 

rule out simple mixing between the basaltic andesites and the HPRD rhyodacites (Chapter 6; 

Zellmer and Turner, 2007). 

On the basis of the mineralogical evidence, it is thus highly unlikely that the LPA 

andesites represent the products of magma hybridisation and a different origin has to be 

proposed. Wyers and Barton (1989) successfully modelled the formation of the Nisyros 

andesites through fractional crystallisation of plagioclase (67 %), clinopyroxene (27 %), 

olivine (3 %) and Ti-magnetite (3 %) from a basaltic andesite parent. This mineral assemblage 

agrees with the observed phenocryst assemblage in the crystal-rich basaltic andesites and thus 

suggests that fractional crystallisation is a plausible mechanism for the generation of the LPA 

andesites. The dominant involvement of plagioclase as a fractionating phase again indicates 

differentiation in one or multiple mid- to upper crustal reservoirs. Another observation that 

supports a genetic link between the andesites and the basaltic andesites is the common 

presence of low-Fe, high-An cores in plagioclase (Figure 13). These resorbed cores that occur, 

for instance, in lava flows 3 (LPA andesite) and 4 (LPA basaltic andesite) typically display 
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continuous reverse zoning (Figures 3e). Reverse zoning can be attributed to an increase in 

H2O pressure during crystallisation, which decreases plagioclase stability and leads to 

precipitation of more calcic plagioclase (e.g., Arculus and Wills, 1980). The resorbed, high-An 

plagioclase cores probably represent evolved crystals that fractionated from a different batch 

of melt and were incorporated in an ascending more primitive and hotter melt. The resultant 

decrease in pressure is responsible for the resorption and crystallisation of more sodic 

plagioclase (e.g., Ginibre and Wörner, 2007). Reactivation of more evolved plagioclase crystals 

by a more primitive melt is consistent with an increase in Fe content from these resorbed 

cores to the central domains. A striking feature of plagioclase in the LPA suite is the large 

variation in anorthite content at roughly constant Fe concentrations (ca. 4000 ppm in the 

basaltic andesites and ca. 5000 ppm in the andesites; Figure 13). As an example, core-to-rim 

traverses in plagioclase from lava flow 4 suggest the presence of three distinct domains (Figure 

14): i) the resorbed core domain of An89-87 and ca. 3500 ppm Fe; ii) the central domain of the 

plagioclase crystals, which is characterised by smoothly decreasing anorthite content (An85 to 

An55) towards the rim while Fe contents are near constant at 4000 ppm; and iii) a more calcic 

rim domain (up to An70) with Fe contents up to 6500 ppm (Figure 14). Apart from an increase 

in Fe content close to rim domain due to minor diffusional equilibration between the Fe-rich 

rims and the central part of the crystals, Fe contents in the central domain are constant and 

do not show systematic variations. This suggests that the rim-ward decrease in An.% is caused 

by an isochemical process and does not reflect significant changes in melt composition. 

Instead, the decrease in anorthite content is likely the result of a combination of cooling and 

decrease of pH2O due to degassing. Both processes enhance the stability of plagioclase and 

will lead to the crystallisation of more sodic compositions, even if the melt composition is 

largely invariant (Ginibre and Wörner, 2007). Hence, individual zones of phenocrysts in the 

LPA suite record crystallization at equilibrium conditions without significant changes in melt 

composition, which is in sharp contrast with the abundant evidence for open-system 

differentiation and decompression-driven crystallisation in the HPRD suite. 

 

5.3.3. Mixing processes in the LPA suite 

There are, nevertheless, clear signs that magma mixing and hybridisation did in fact play a 

minor role in the petrogenesis of the LPA andesites. In contrast with the HPRD suite, which is 

characterised by mixing between basaltic andesites and (rhyo)dacites, mixing components in 

the LPA suite are restricted to more primitive compositions leading to the development of less 

pronounced disequilibrium features than those seen in the HPRD suite. Subtle traces of mixing 

between variably evolved but still relatively primitive melts can be recognised in the LPA suite 

as well. A clear example is the increase in anorthite and Fe contents in plagioclase rims (Figure 

14), which suggests that plagioclase was entrained in a more primitive melt and crystallised a 

more calcic rim. Clinopyroxene and plagioclase in the LPA andesites show both normal, 

reverse and oscillatory zoning in Mg# and An.% respectively, which is also attributed to 
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Figure 14. Core to rim variation (not to scale) of anorthite (blue) and Fe content (red) in four plagioclase 

grains in LPA basaltic andesite sample AAN-016 (lava flow 4). On the basis of An, three distinct domains 

can be recognised: i) slightly resorbed An88-90 cores with 3000-3500 ppm Fe; ii) a main growth domain 

with decreasing An towards the rim (An85 to An55). The Fe concentration is constant at ca. 4000 ppm but 

with an increase near the rim; and iii) a rim domain characterised by variable but generally higher An 

content and up to 6500 ppm Fe. The constant Fe content in the main growth domain suggests that the 

large variation in An content is the result of changes in T and/or pH2O, rather than a compositional change 

of the melt. 

 

mixing of mafic melts by Zouzias and St Seymour (2014). Although rim compositions are fairly 

homogeneous, the interiors of the crystals have both higher and lower Mg# and An.% 

compared to the rims, suggesting that different populations of clinopyroxene and plagioclase 

are incorporated in the melt. Plagioclase in lava flow 3 (lf3, AAN-015) provides a good 

example for a multi-stage history as four distinct zones can be recognised with sharp changes 

in An.% across the boundaries (Figure 3e). Olivine, on the other hand, is characterised by 

homogeneous core compositions and invariantly shows continuous core-to-rim decreases in 

Fo.% (Figure 5), but Ni systematics do support magma mixing. Nickel is highly compatible in 

olivine and hence fractional crystallisation will lead to an exponential decrease in Ni content 

in both the melt and olivine, as shown by olivine in the HPRD suite (Figure 9). In the LPA suite, 

however, Ni contents in olivine show a roughly linear correlation with Fo.% and this trend is 

more consistent between mixing between primitive and more evolved mafic melts. In 

particular olivine in the Aghia Basilei flow (blf, AAN-023) has high Ni contents that are 

inconsistent with fractional crystallisation alone (Figure 9). Similar behaviour is shown by Cr 

contents in clinopyroxene (Figure 6), which are high (>2000 ppm) over a range in Mg# (82-

91). Hence, it appears that the homogeneous LPA andesites are tapped from a slowly cooling 

and crystallising reservoir that is periodically recharged by a more primitive, basaltic andesitic 

melt. Due to the limited difference in viscosity and temperature of the melts, mixing is very 

efficient and no macroscopic evidence for magma mingling, such as the presence of enclaves, 

is observed. Recharge events are recorded as abrupt changes in, for instance, anorthite and 
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Fe contents in plagioclase and Mg# and Cr concentrations in clinopyroxene. In contrast, 

periods between recharge events are characterised by equilibrium crystallisation in response 

to cooling and degassing with only marginal variations in melt composition. Individual crystals 

can record multiple cycles of recharge and cooling before being entrained in an erupted batch 

of magma. 

The dacites in the LPA suite form a distinct group that shows no overlap in mineral 

compositions with the LPA andesites and basaltic andesites. On the basis of their low crystal 

content (5-10 vol. %), fine-grained groundmass and lack of petrographic evidence for magma 

mixing and inter-mineral disequilibrium, they more closely resemble the LPA suite than the 

porphyritic HPRD dacites. The LPA dacites have an equilibrium mineral assemblage of An50-40 

plagioclase, Mg# 61 orthopyroxene, hornblende and Ti-magnetite (Figure 2d). A sufficiently 

low temperature and high pH2O are required in order to stabilize hornblende, but the 

presence of hornblende also puts a firm lower limit of ca. 0.1 GPa (e.g., Cottrell et al., 1999) 

on the depth of crystallisation of these dacites. Pressure-temperature estimates of hornblende 

in the LPA dacites using the amphibole thermobarometer of Ridolfi et al. (2010) indicate a 

pressure of ca. 300 MPa (10-12 km depth) at 900-950 °C (Figure 12), which overlaps with 

the lowest values recorded by amphibole in the HPRD suite enclaves. Cumulate nodule NCX-

05 yields a similar pressure, but slightly higher temperatures (950-990 °C). On the basis of 

the low anorthite and Fe contents of plagioclase and low Mg# in hornblende and 

orthopyroxene we infer that the LPA dacites crystallised from a more evolved melt than the 

LPA andesites. Given their overall strong similarities in petrography, it is plausible that the 

dacites represent crystal free, evolved melt that was expelled from an andesitic reservoir, 

possibly through filter pressing (e.g., Bachmann and Bergantz, 2004). Due to the absence of 

LPA andesite or basaltic andesite crystals in the dacites, this interpretation cannot be 

substantiated and further (whole rock) geochemical data are required to investigate the 

relationship of the LPA dacites to either the LPA andesites or the HPRD (rhyo)dacites. 

 

5.4. Anatomy of the magmatic system of Nisyros 

The schematic representation of the magmatic system of Nisyros presented in Figure 10 

provides a refinement of the current models for magma differentiation in the eastern section 

of the Aegean arc. Our new data and interpretations are in good agreement with several 

ideas proposed by Wyers and Barton (1989) and Seymour and Vlassopoulos (1992). These 

authors suggested that the basaltic andesites and andesites (our LPA suite) differentiated at 

shallow depth (ca. 13 km, 990-1030 °C) whereas the rhyodacites and amphibole-bearing 

enclaves were derived from the base of the crust. We expand on their model by identifying 

mineral assemblages and relationships that record differentiation processes in multiple 

reservoirs and at different crustal levels in the magmatic system of Nisyros. The main 

difference with our model is that Wyers and Barton (1989) attempt to integrate the two suites 

into a single magmatic system in which there is no significant role for shallow differentiation 

of the HPRD rhyodacites. We find, however, abundant evidence for fractionation of 
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plagioclase-olivine-clinopyroxene cumulates in the mid- to upper crust and assign an 

important role to diversification of the HPRD suite though mixing and mingling processes in 

a shallow (ca. 10-12 km) mush system (this study; Braschi et al., 2012, 2014). Moreover, our 

strict separation of the HPRD and LPA suites into two distinct crustal differentiation pathways 

(Figure 10) is justified by the spatial and temporal intercalation of the two suites. Although 

there is a gradual change from LPA-dominated to HPRD-dominated magmatism with time, 

LPA andesites and basaltic andesites have also been emplaced during the caldera-forming 

stage (Figure 1) without any associated major changes in HPRD suite petrography. In addition, 

the eccentric activity stage is characterised by rapid and repeated switching between the 

eruption of HPRD dacites and LPA basaltic andesites seen in the Lies tuff cone (Figure 1). 

These lines of evidence strongly contradict the assertion that the LPA and HPRD suites can be 

accommodated in a single shallow reservoir through gradual differentiation with time, as for 

instance proposed by Francalanci et al. (1995). 

There is little petrographic evidence for wall-rock assimilation in our dataset. Spandler 

et al. (2012) related clinopyroxene xenoliths in the Holaki pillow lavas (ho), the oldest exposed 

unit on Nisyros, to carbonate assimilation at shallow crustal levels. Clinopyroxene in these 

xenoliths is very Al-rich (9-17 wt.% Al2O3) and thus distinct from even the most Al-rich 

clinopyroxene crystals in the Nisyros suite (Profitis Ilias domes; <6.5 wt.% Al2O3). Such very 

Al-rich clinopyroxene xenoliths have not been found in any of the younger volcanic deposits, 

suggesting that carbonate assimilation was confined to the earliest stages of volcanism on 

Nisyros. Although upper crustal calc-silicate xenoliths are present in some units, there is no 

clear petrographic evidence for the incorporation of metamorphic minerals from these 

lithologies. As an exception, rare quartz grains in, for instance, enclaves in lava flow 7 (lf7; 

Figure 3) could represent xenocrysts derived from the arc crust. 

 

5.5. Implications for island arc magmatism 

One of the key conclusions that can be drawn from the new Nisyros dataset is that the HPRD 

rhyodacites are generated in the deep crustal hot zone, but acquire their petrographic 

features in a mush system in the mid- to upper crust. Hence, Nisyros is in good agreement 

with the notion of Annen et al. (2015) that significant decoupling between geochemical and 

petrographic characteristics rocks is probably the norm rather than the exception in arc 

volcanic rocks. Whereas differentiation in the lower arc crust exerts the dominant control on 

the geochemical composition of the magmas, textural and petrographic aspects 

predominantly reflect shallow storage processes. This provides an elegant solution to the 

common misfit between observed phenocryst phases and cumulate assemblages in arc lavas 

and the fractionating mineral assemblages required to reproduce whole rock major element 

variations in arc suites (Arculus and Wills, 1980; Annen et al., 2006, 2015; Melekhova et al., 

2015). Phenocryst assemblages and cumulate nodules rarely reflect the early stages of 

magmatic differentiation in the lower arc crust (e.g., Arculus and Wills, 1980; Tollan et al., 

2012). Moreover, many arc suites have a geochemical signature of phases that are stable at 
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lower crustal pressures but are scarcely present as phenocryst phases, such as amphibole (e.g., 

Davidson et al., 2007b; Kratzmann et al., 2010) and garnet (e.g., Macpherson et al., 2006; 

Alonso-Perez et al., 2009). The detailed investigation of cumulate nodules and fragments in 

the Nisyros HPRD suite illustrates that petrographic and compositional evidence for 

differentiation in the deep crustal hot zone can in fact be preserved and that aluminous 

clinopyroxene is a key indicator for plagioclase-free differentiation at hydrous, lower crustal 

conditions. The replacement of clinopyroxene by amphibole in Nisyros high-pressure 

cumulates provides direct evidence for the fundamental importance of amphibole 

fractionation in generating evolved arc melts, consistent with textural evidence from arc root 

complexes (e.g., Bouilhol et al., 2015). Whether amphibole is actually present as a phenocryst 

phase in these evolved rocks depends on the P-T-pH2O conditions in the shallow storage 

region and does not reflect differentiation in the deep crustal hot zone. 

 

 

6.  CONCLUSIONS 

The anatomy of the crustal magmatic system of Nisyros has been reconstructed with the aid 

of petrography and mineral composition data. Two magmatic suites that have evolved though 

distinct crustal differentiation pathways have been recognised: a high-porphyricity 

(rhyo)dacite (HPRD) suite and a low-porphyricity andesite (LPA) suite. These two suites have 

co-existed for most of Nisyros’ history and occur intercalated in both space and time. In 

particular the mineralogical record of the HPRD suite provides valuable insights into the 

differentiation of primary hydrous arc melts in the magmatic system of Nisyros. The main 

conclusions of this study are: 

1) The HPRD suite obtains its geochemical diversity through differentiation in a deep crustal 

hot zone at ca. 27 km depth, roughly at the crust-mantle boundary below Nisyros, 

whereas its petrographic features are largely controlled by crystallisation and minor 

hybridisation in upper crustal mush system(s) at ca. 8-12 km depth. 

2) Remnants of the high-pressure differentiation history of the HPRD suite include aluminous 

clinopyroxene, which reflects the suppression of plagioclase at elevated pressure and H2O 

content, and hornblende-plagioclase cumulates where hornblende replaces 

clinopyroxene. This reaction is of crucial importance in driving the residual liquid to 

rhyodacitic composition. Hence, the HPRD (rhyo)dacites are generated at the base of the 

crust. 

3) The majority of the cumulate assemblages in the HPRD suite, however, contain abundant 

anorthite-rich plagioclase in equilibrium with low-Mg# clinopyroxene and olivine, and 

thus reflect lower-pressure crystallisation from more evolved melts. 

4) The early precipitation of plagioclase in the LPA suite implies that differentiation largely 

occurred at shallower (15-5 km) levels of the arc crust. Primitive melts bypass the deep 

crustal hot zone and crystallise anorthite-rich plagioclase and high-Mg# clinopyroxene at 

shallow levels. Petrographic evidence argues against the possibility that the LPA andesites 
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are hybrid rocks, but suggests that they formed through fractionation of a plagioclase-

dominated mineral assemblage from primitive melts. 

5) The decoupling between the geochemical and petrographic features of arc rocks, where 

the former are controlled by high-pressure differentiation and the latter by shallow-level 

processes, provides an elegant solution for common mismatch between observed mineral 

assemblages and geochemical evidence for “cryptic” fractionation of, for instance, garnet 

and amphibole. 
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