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Abstract

This chapter offers a comprehensive overview of the main petrologic of
geochemical characteristics of the Nisyros volcanic products, integrating
published data and some new observations. The mineralogy and petrog-
raphy of the magmatic rocks are described, including a brief presentation of
enclaves, xenoliths and xenocrysts. The disequilibrium textures of amphi-
bole are also presented, in light of the thermodynamic changes recorded by
their breakdown structures and reaction rims. The chapter contains a holistic
overview of the whole-rock major and trace element geochemistry of the
rocks, obtained by compiling the available published data. Calc-alkaline and
arc tholeiite trends are inferred, and the silica-gap is observable just before
amphibole fractionation starts. A brief description of the main petrographic
and geochemical features of each lithostratigraphic unit, according to the
map, is offered. The chapter concludes with a discussion on the petrogenetic
evolution of the island, including crustal assimilation, fractional crystalli-
sation, magma mixing and mingling, crystal-retention-liquid-segregation,
the probable depth of the magma chamber and models for generating the
highly silicic magmas characteristic for the younger eruptive events, from
the parental basaltic andesite melts that were erupted in the earlier stages.

Electronic supplementary
version of this chapter (doi:10.1007/978-3-319-

55460-0_4) contains supplementary material, which
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The volcanic products of Nisyros Island: lavas,
domes and pyroclastic deposits, have composi-
tions ranging from basaltic andesite to rhyolite
and belong to the typical calc-alkaline island-arc
magmatic series. In the past 50 years the miner-
alogy, petrography, geochemistry and isotope
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chemistry have been described in numerous
contributions (e.g. Davis 1967; Di Paola 1974;
Vougioukalakis 1984, 1993; Bohla and Keller
1987; Rehren 1988; Wyers and Barton 1989;
Lodise 1987; St. Seymour and Lalonde 1990, St.
Seymour and Vlassopoulos 1989, 1992; Ganseki
1991; Limburg and Varekamp 1991; Francalanci
et al. 1995; Innocenti et al. 1981; Volentik et al.
2002; Vanderkluysen and Volentik 2002; Buet-
tner et al. 2005; Volentik et al. 2005; Vanderk-
luysen et al. 2005; Francalanci et al. 2007; Martin
2008; Zellmer and Turner 2007; Longchamp
et al. 2011; Bachmann et al. 2011; Spandler et al.
2012; Guillong et al. 2013; Zouzias and Seymour
2014). These papers provide an ever-expanding
data set, with which the evolution of the magmas
from their generation in the mantle and until their
eruption at the surface can be deduced.

The following chapter forms an attempt to
compile all available published data (mineralogy,
petrography and bulk-chemistry of major and
trace elements, and isotope geochemistry) to
provide an up-to-date discussion on the mag-
matic evolution of the volcano in space and time.

A summary of the mineralogy and petrographic
characteristics of the units is presented in Table 4.1,
based on the studies of Di Paola (1974), Seymour
and Vlassopoulos (1989, 1992), Limburg and Var-
ekamp (1991), Francalanci et al. (1995), Wyers and
Barton (1989), Vanderkluysen et al. (2005) and own
unpublished data and observations. The volcanic
products are described according to their
litho-stratigraphic succession and regional distribu-
tion as it has been done in the previous geological
and volcano-tectonic (structural) chapters. Although
a large amount of mineralogical observations and
bulk-chemical analyses of volcanic and pyroclastic
rocks have been published, detailed mineralogical
studies are very sparse and partly incomplete.

4.2 Mineralogy and Petrography
of the Magmatic Products

This section of the book is meant to give a
general overview of the petrographic features
recognized in the volcanic products of Nisyros.
A detailed petrographic description is given in

the Electronic Supplementary Material Appendix
of Chap. 4.2 (4.3 ff.).

4.2.1 General Features
A summary of the main mineralogical and pet-
rographic characteristics of the volcanics is given
in Table 4.1. A characteristic feature of both
mafic and felsic rocks is their highly porphyritic
texture, with up to 60 vol.% phenocrysts.

The crystallization sequence, observed in thin
section is:

(1) Basaltic andesites to andesites: Plagio-
clase + clinopyroxene/amphibole + orthopy-
roxene £ olivine — plagioclase + clinopy-
roxene/amphibole + orthopyroxene;

(2) Basaltic andesites to rhyolites: Plagio-
clase + clinopyroxene/amphibole + orthopy-
roxene £ olivine — plagioclase + amphi-
bole + orthopyroxene =+ clinopyroxene, apa-
tite, zircon, sanidine, biotite, and quartz.

(3) Dacites and rhyodacites are volcanic rocks
derived from differentiated magmas, which
underwent magma mixing and mingling
processes to various degrees exhibiting
antecrysts, xenocrysts, quenched magmatic
enclaves and xenoliths. The groundmass
consists of rhyolitic residual glasses.

Plagioclase (plg), up to 5 mm in size, shows
the highest phenocrysts proportion in all units
with up to 70 vol.%, and is mostly zoned
(Figs. 4.1 and 4.3), with frequent resorbed cores
and often exhibits disequilibrium sieve textures
(Fig. 4.2). Its composition ranges from Angg in
the basaltic andesites to An,s_35 in the rhyolites.
Compositions in basaltic andesites and andesites
are: cores Angg_ss, rims: Ang,_3s.

Plagioclase crystals in the dacites, rhyo-
dacites, and in some rhyolites have oscillatory
zoning (ranging from bytownite to oligoclase)
that is sometimes related to disequilibrium tex-
tures. Their counterparts from the mafic enclaves
are generally reversely zoned. Enclave phe-
nocrysts exhibit rounded cores with distinct rims,
normal and superimposed oscillatory zoning;
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Fig. 4.1 Plagioclase with
oscillatory zoning,
plagioclase, olivine, and
clinopyroxene within a
hyalopilitic and fluidal matrix
of plagioclase, clinopyroxene
and glass. XPL (crossed
polarized light) image

Fig. 4.2 Resorbed twinned
plagioclase with sieve
textures represented by glass
inclusions [PPL, XPL].
Locality: rhyolite (unit

No. 17) west of Avlaki Bay

cores Angg_33 and rims Ansgp; (Wyers and
Barton 1989; Seymour and Vlassopoulos 1992;
Braschi et al. 2014; Zouzias and Seymour 2014).
Olivine (ol), slightly zoned, occurs in basaltic
andesites and andesites as phenocrysts (Figs. 4.4
and 4.5) and microphenocrysts reaching 0.07 mm
in size and ranges from Fog, in basaltic andesites to
Fogs in the andesites, partly iddingsitized and rim-
med by orthopyroxene. The core composition ran-
ges from Fog,_g7 whereas the rims are of Fosg_¢.
Clinopyroxene (cpx) is ubiquitous throughout
the series from basaltic andesites to rhyolites,

however in various different compositions from
augite to ferroaugite, partly reversely zoned.
Resorbed pigeonite is also present in some of the
rhyolites, but in subordinate amounts. Cpx are
frequently rounded and resorbed within the
intermediate andesitic, dacitic and rhyodacitic
rocks. In the dacites and rhyodacites it is often
rimmed by dark, fine-grained opaques reaction
assemblages. Reversely zoned pyroxenes are
present in enclave-bearing lavas. The following
ranges of cpx composition have been reported by
Wyers and Barton 1989; St. Seymour and
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Fig. 4.3 Plagioclase and
enstatite in fresh, vesicle-rich
glassy matrix from the upper
pumice (unit No. 32); XPL
image

Fig. 4.4 Cross-twins of
zoned clinopyroxene and
zoned altered plagioclase
phenocrysts embedded in a
hyalopilitic matrix of pillow
lava (unit No. 1); XPL images

Vlassopoulos 1992; Mitropoulos and Tarney

1992; Martin 2008:

e Basaltic andesites cores Mg/(Mg + Fe
0.814-0.690, rims Mg/(Mg + Fe®*) = 0.836—

0.690;

e andesites cores Mg/(Mg + Fe**) = 0.810-
0.702, rims Mg/(Mg + Fe**) = 0.798-0.694;
e dacites and rhyodacites cores Mg/(Mg +
Fe**) = 0.780-0.691 and rims Mg/(Mg +

Fez+) = 0.734-0.676, and reversely zoned
cores Mg/(Mg + Fe**) = 0.719-0.665.

Magnesium-rich orthopyroxene (opx), ensta-
tite occurs in the andesites and evolves to more
iron-rich compositions with grain sizes up to
2 mm in the dacites and rhyolites. The composi-
tional ranges of the reversely zoned orthopyroxene
in the dacites, thyodacites and rhyolites are: cores
Mg/(Mg + Fe**) = 0.674-0.580 and rims Mg/
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Fig. 4.5 Clinopyroxene clots
with interstices filled with
glass in dacite (unit No. 25).
XPL images

(Mg + Fe?*) = 0.640-0.590. Rare occurrences in
basaltic andesites and andesites are resorbed
antecrysts, partly rimmed by clinopyroxene.

Amphibole (amph) occurs in thyodacites, rhy-
olites and dacites as magnesio-hastingsites,
sometimes resorbed and often rimmed by opacitic
reaction coronas and affected by the oxy-
hornblende reaction (thus changing the colors of
the crystals and increasing their pleochroism). In
addition, kaersutite has been found in dacites
(Seymour and Vlassopoulos 1992), pargasite,
ferroan-pargasite, magnesium-hornblende and
actinolitic-hornblende in gabbro-cumulates and in
evolved interstitial melts.

Biotite (bio) phenocrysts have only been found
as interstitial phase in some dacites and rhyolites of
units 17, 25, 28, 30 (e.g., Electronic Supplemen-
tary Material Appendix of Figs. 4.36¢ and 4.39c¢).

Sanidine is mostly absent in the evolved
dacites to rhyolites. However, Seymour and
Vlassopoulos (1989) and Vanderkluysen and
Volentik (2002) reported traces as microphe-
nocrysts in dacites, rhyodacites and rhyolites.
The rarity of sanidine explains the lack of proper
absolute age determinations. Microprobe analy-
ses have shown that potassium is concentrated in
the microcrystalline matrix and glass.

Quartz is rare and occurs sporadically as
anhedral and partly resorbed crystals in rhyo-
dacites and rhyolites.

Fe-Ti Oxides are rare in basaltic andesites and
occur mainly as microphenocrysts. They also occur
sporadically in andesites as inclusions in plagio-
clase, clinopyroxene and olivine. Titanomagnetite
(mgt) varies in composition; Al,O3 varies from 1.5
t0 2.5 wt%, MgO from 0.97 to 1.94 wt%. Ilmenite
shows small compositional variations and occurs in
dacites, rhyodacites and rhyolites.

Accessory minerals are: Apatite, zircon and
various sulfides. Apatite occurs as inclusions in
clinopyroxene and in plagioclase. In the evolved
lavas it is found as microphenocrysts and within
gabbroic clots. Zircon is very rare and occurs in
the evolved lavas either within Fe-Ti oxides or
as microphenocrysts.

4.2.2 Crystal Clots (Glomerocrysts
Syn.)

Crystal-clot minerals (Stewart 1975; Boettcher
1977; Garcia and Jacobson 1979; Girard and Stix
2009; Ellis et al. 2014), synonym to glomerocrysts
as polycrystal aggregates occur in many basaltic
andesites, andesite, dacite, rhyodacite and rhy-
olitic lavas of Nisyros and represent primary
igneous phase assemblages. According to the
theory of (Williams et al. 1954) crystal clots are
random accumulations of phenocrysts that may
have formed during flowage of a crystal-rich
magma. However, they could also originate from
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the cumulate layer in a magma reservoir. In the
Nisyros lavas, the mineralogy of the crystal clots
usually resembles that of the phenocryst phases.
For each eruptive unit they display diverse modal
proportions. Basaltic andesites and andesites
contain clots of ol+plag+mg (Fig. 4.6), cpx+mgt,
opx+mgt, cpx+opx+plag+mgt, cpx+plag+mgt,
opx+plag+mgt, and plag+mgt (Fig. 4.7), whereas
dacites, rhyodacites, and rhyolites show clots of
opx+mgt, cpx+opx+plag+mgt, opx+plag+mgt,
and amph+plag+mgt+-ilmenite, amp+mgt+-ilm,
and plag+mgt. These clots could not have been

Fig. 4.6 Glassy basaltic
andesites lava No. 10 with
sparsely porphyritic and
vitrophyric texture;
plagioclase-olivine-
clinopyroxene clots
embedded in a hyaline to
hyalopilitic glassy matrix.
Locality: middle part of inner
caldera road. XPL image

Fig. 4.7 Andesite lava

No. 5 with highly porphyritic
and glomeroporphyritic
textures;
plagioclase-clinopyroxene
clots embedded in a
hyalopilitic matrix of
subhedral plagioclase and
clinopyroxene
micro-phenocrysts and glass.
Larger clinopyroxene crystals
are rimmed by orthopyroxene.
Olivine is rare. Locality:
lower part of inner caldera
road. XPL image

originated from breakdown reactions of amphi-
bole precursors.

4.2.3 Xenoliths and Enclaves

Properly crystallized and irregular shaped rock
inclusions, which were solid prior to the eruption
of the magmas, are described as xenoliths,
whereas ovoid to irregular shaped inclusions
bearing indicators of cooling processes (quench
phenomena representing rapid cooling and
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crystallization, quenched rims, vesicular,
arborescent, intersertal, hypocrystalline, and
hypohyaline textures with interior acicular an
skeletal mineral shapes) are designated as
enclaves.

Injection of hot basaltic to andesitic melt into
a magma reservoir filled with cooler dacitic to
rhyolitic melt may cause rapid cooling and
quenching leading to rounded and elliptical
shapes of enclaves (Eichelberger 1980; Bacon
1986; Dietrich et al. 1988; Dietrich 1989; Feeley
and Dungan 1996). Therefore, the enclaves can
be regarded as important witnesses with respect
to magmatic mixing and mingling processes.

The xenoliths, which occur in the lavas and
pyroclastics throughout the entire history of
Nisyros Volcano, have been recognized and
described already in certain detail by Di Paola
(1974), Vougioukalakis (1984), Lodise (1987),
Wyers and Barton (1989), Francalanci et al.
(1995), Vanderkluysen et al. (2005), Spandler
et al. (2012). Di Paola (1974) did not differentiate
inclusions into xenoliths and enclaves and
grouped them as “hornblende-rich lavas,
hornblende-rich cumulates and contact meta-
morphic rocks”. Lodise (1987) distinguished
three types of “enclaves” according to their tex-
tures in the “Lower and Upper pumice”, as well
as in the rhyolitic and rhyodacitic lavas:
(1) Granular aggregates of crystals in vesicular

glass; (2) Hornblende-rich enclaves of variable
textures with quenched rims and amphiboles up
to several centimetre forming the interior part;
(3) Irregular shaped enclaves with quenched rims
and interiors less vesicular but variable in texture
from hypocrystalline to porphyritic with granular
plagioclase and acicular amphibole.

Wyers and Barton (1989) added a genetic

distinction for all inclusions designating them
only as xenoliths: (1) Cognate xenoliths on the
basis of mineral paragenesis in both the host lavas
and occurring xenoliths; (2) Amphibole-rich
xenoliths; (3) Accidental xenoliths.
4.2.3.1 Rare Mafic Xenoliths
(Gabbro-Cumulates
and Gabbro-Diorites)
Sub-rounded and rounded mafic xenolithic
inclusions with granular and cumulate textures
(aggregates) containing plagioclase, clinopyrox-
ene, orthopyroxene, minor olivine, hastingsitic
amphibole and titanomagnetite have been
observed in the pyroclastic deposits of the
“Lower and Upper pumice”. These pyroxenitic,
anorthositic, gabbroic and dioritic xenoliths and
blocks vary in sizes on a millimeter to several
decimeter scale. One large example of a gabbro
cumulate is shown in Figs. 4.8a, b and 4.9af,
one example of dioritic xenolith in Figs. 4.10a, b
and 4.11a—c.

Fig. 4.8 a Gabbroic cumulate block (~20 x 30 cm)
found in “lower pumice” (unit No. 28); grey crystals:
plagioclase; dark-green and black crystals: clinopyroxene
and amphibole; yellowish-green crystals: olivine. b Fresh,

broken hand-specimen showing the cumulate and granu-
lar texture with crystals up to a few millimetre in size
(Fig. 4.9a—f). The interstitial microcrystalline and porous
dacitic matrix is partly broken out
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Fig. 49 a and b Gabbroic cumulate with well-
equilibrated adcumulate texture of plagioclase (plg),
clinopyroxene (cpx), olivine (ol), and amphibole (amp)
as rims around clinopyroxene and interstitial microcrys-
talline quenched basaltic matrix. Plagioclase is sieved
with fine melt inclusions. (a PPL plan polarized light and
b XPL cross polarized light). ¢ Intergrowth of magnesio-
hastingsitic amphibole (xMg = 0.79 and small pargasitic
rims with xMg = 0.74); augitic clinopyroxene (xMg =
0.75-0.77) in gabbroic cumulate; (PPL). d Intergrowth of
olivine (xMg = 0.77) with (c¢) clinopyroxene and twinned

plagioclase in gabbroic cumulate (XPL, Angs o9, rimmed
with Angy g7). € Close-up of interstitial microcrystalline
quenched basaltic matrix between plagioclase crystals
consisting of plagioclase microliths and quenched glass of
andesitic to dacitic composition (e PPL). f Backscatter
image of the interstitial matrix with relicts of quenched
glass, intermediate plagioclase (Angs; and Anys_so),
ferroan-pargasite,  magnesio-hornblende,  actinolitic-
hornblende and magnetite-ilmenite. PPL plane polarized
light, XPL crossed polarized light
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Fig. 410 a  Fine-grained  gabbro-dioritic ~ block
(~30 x 40 cm) with weathered surface found in rhy-
olitic pyroclastics (unit No. 28, lower pumice); grey
crystals: plagioclase; dark-green and black crystals:

clinopyroxene and amphibole. b Fresh, broken
hand-specimen showing the granular texture with crystals
up to a few millimeter size

Fig. 4.11 a-c Weakly porphyritic micro-diorite (xeno-
lith from lower pumice No. 28) with intergranular texture
of plagioclase. Plagioclase phenocrysts are zoned with
higher anorthitic cores and sieve texture. The interstices

are occupied by small grains of euhedral green amphibole,
minor clinopyroxene, and opaques. In addition, many
interstices are filled with myrmekite patches (quartz
worms penetrating plagioclase b and ¢). All images XPL
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4.2.3.2 Quenched Mafic Enclaves

The abundance of enclaves increases in time and
space: enclaves are very rare in the early volcanic
cycles. No dacitic magmas have been formed
during this period. During the composite strato-
volcano cycles, dacites (Unit No. 14) were
extruded within the central part of an early
Nisyros volcanic environment and contained up
to 30% andesitic enclaves (Figs. 4.12 and 4.13).
However, they differ from enclaves in the
younger rocks due to the absence of amphibole.
Amphibole-bearing enclaves appears in the
younger dacites in the lavas and pyroclastics of
Afionas and Lies tuff cones (Units No. 18 and
19) and in the rhyolitic lava domes and flows of
Stavros and Avlaki (Unit No 17). Up to 2%
andesitic enclaves carrying minor amounts of
amphibole are included in the voluminous dacitic
lavas of Emborios (Unit No. 25). Lodise (1987)
and Gansecki (1991) described a steady increase
of enclave frequency from the lower pumice
(Unit No. 28) throughout the lava flows of Nikia

Fig. 4.13 Dacite from lava (No. 14), rich in grey and
reddish enclaves that make up to 30 vol. %

Fig. 4.12 Polished block of enclave-rich dacitic lava
(No. 14), which is dominated by reddish, oxidised
enclaves in a black glass-rich matrix, the latter appearing

to be less than 10 vol.%. Under the microscope the
components seem to be only agglutinated and not welded
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Fig. 4.14 Quenched
enclaves of andesitic
composition from the
Drakospilia lava flow (Unit
No. 32) in the southwest of
Nisyros volcano. Photo
Barry’s Ramblings

(unit No. 30) and the upper pumice deposits (unit
No. 31) to the post-caldera rhyodacite domes
(unit No. 32) (Fig. 4.14).

The enclaves found in the post-caldera lavas
are dominated by intergrowths of acicular
amphiboles and plagioclase crystals, have
vesicular textures and can vary on a centimetre to
decimetre scale (Fig. 4.15). They usually show
quenching textures. These lavas also contain
numerous millimetre-sized round and oval
xenolithic  undeformed  inclusions  with
hypocrystalline, intergranular, and intersertal
textures, which do not exhibit quench textures
but resemble small fragments of pre-existing
hypabyssal lavas.

4.2.4 Amphiboles as Phenocrysts
and Resorbed Xenocrysts

Amphiboles are common mafic minerals in the
volcanic rocks of Nisyros Island. They occur in
dacitic, rhyodacitic and rhyolitic lavas and

pyroclastics, but are less frequent in andesites and
only as relics in basaltic andesites. Depending on
the magmatic environment, the amphiboles show
a large variation in mineral chemistry from
magnesio-hastingsite (close to pargasitic transi-
tion) through evolved hastingsite to hornblende
(Table 4.2). Tschermakitic hornblende and kaer-
sutite have been found in dacites and rhyodacites
with relatively high TiO, between 3.2 and 4.2 wt
% and K,O between 0.34 and 0.7 wt% (Wyers and
Barton 1989; Seymour and Vlassopoulos 1992).
The amphiboles in rhyolites display greenish to
light brownish pleochroic colours and euhedral
shapes (Fig. 4.16) and are mainly of
magnesio-hastingsite composition with lower
TiO, values between 2.1 and 2.8 wt%. However,
in most cases the amphiboles are partly resorbed
and also show black, opacitic rims of variable
thickness (Figs. 4.17, 4.18 and 4.19). There is
clear evidence that the amphiboles decomposed to
crystallize clinopyroxene, orthopyroxene, titano-
magnetite and ilmenite and to release water
(Figs. 4.17,4.18 and 4.19; Table 4.3).
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<« Fig. 4.15 a, b Detail of weakly vesicular enclave with
intersertal texture, consisting of plagioclase and red
brown acicular hastingsitic amphibole. Larger euhedral
plagioclase is zoned. Clinopyroxene is subordinate.
Titanomagnetite is accessory. ¢, d Vesicular enclaves
are dominated by up to several millimetre size acicular
brownish-green amphiboles intergrown with plagioclase.
The amphiboles show reaction coronas of light green
orthopyroxene. Clinopyroxene and small euhedral shaped

The euhedral amphiboles within the magmatic
enclaves are magnesio-hastingsites (Figs. 4.5a,
b) with higher Al, Ti, Ni and Na but lower Mn
contents than the amphiboles in the rhyodacites.
They display strong brownish to red brownish
pleochroic colours. They are often normally
zoned with Fe-enrichment towards the rims. The
magnesio-hastingsites, pargasites, and ferroan
pargasites, found in the gabbro cumulate
(Fig. 4.5) have compositional ranges, which are
shown in Table 4.2.

titanomagnetite is accessory. The interstitial groundmass
with hypohyaline texture consists of plagioclase, partly
devitrified glass and numerous small round vesicles. e,
f Small (<0.5 mm) round xenolithic inclusion mainly
consisting of plagioclase and minor amphibole and
orthopyroxene. g, h Very small (<0.25 mm) round
xenolithic inclusion, mainly consisting of two generations
of plagioclase and minor amounts of orthopyroxene and
Fe-Ti oxides

4.2.5 Amphibole Breakdown
Reactions Rims

Amphibole reaction rims are common phenom-
ena in andesites, dacites and rhyolites of arc
magmas and display a broad range of textures
and mineralogy. A first classification was given
by Garcia and Jacobson (1979), later by
Rutherford and Hill (1993); a comprehensive
review combining experimental studies by De
Angelis et al. (2015). In the South Aegean

Table 4.2 Amphibole compositions in the gabbro-cumulate xenolith found in the “lower pumice” (Unit No. 28) of

Nisyros Volcano

wt% Magnesio-hastingsite Pargasite
Si0, 42.0-42.4 41.9-42.2
TiO, 32-35 3.1-35
Al,O3 12.5-12.7 12.5-12.8
Cr,03 0.05-0.10 0.05-0.12
Fe,03 2.7-3.1 0.1-0.4
FeO 6.9-7.3 9.2-9.5
MnO 0.07-0.15 0.09-0.13
NiO 0.0-0.01 0.01-0.05
MgO 15.0-15.2 15.1-15.3
CaO 11.5-11.7 11.6-11.7
Na,0 2.54-2.70 2.54-2.65
K,0 0.31-0.33 0.31-0.33
H,O 2.06-2.07 2.06-2.07

Ferroan Magnesio Actinolitic
pargasite hornblende hornblende
41.6 45.7-48.5 519

2.35 1.9-2.41 1.51

12.3 6.5-7.1 12.53
0.02 <0.01 <0.01

0.75 n.d. n.d.

13.18 10.4-12.3 9.6

0.24 0.27-0.34 0.3

0.01 0.0-0.2 0.02

13.7 12.7-13.15 8.54

9.85 17.5-17.65 10.49
2.62 0.56-1.05 3.56

0.38 0.01-0.03 0.53

2.01 2.04-2.09 2.14

Ad-cumulate amphiboles are of magnesio-hastingsite, pargasite and ferroan pargasite composition, whereas
magnesio-hornblende and actinolitic-hornblende are found in the interstices. The amphibole compositions, using the
nomenclature of Leake (1978) and Leake et al. (1997), were normalised by assuming (i) fixed Fe3+/(Fe3+ + Fez+) ratio
of 0.2 and 23 oxygens, and (ii) cations—Ca-Na-K = 13, as well as the program of Spear and Kimball (1984)
estimating Fe** based on stoichiometric constraints of the total amphibole crystal chemistry
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Fig. 4.16 Euhedral shaped hastingsitic amphibole with
thin opacitic black rims, sodic plagioclase and clinopy-
roxene in the glassy part of the Nikia rhyolitic lava

(a)

Fig. 417 a The black-rimmed phenocryst type of
amphiboles with euhedral to anhedral and rounded shapes
and very fine black and dusty aggregate rims of iron
oxides (e.g. ilmenite) and small pyroxene crystals. b The
black rim growth proceeds inward from the crystal
margin. ¢, d show the “gabbroic type” reaction, which

plagioclase

(No. 30); opaque crystals are Ti-magnetite and ilmenite;
vesicles (ves) are partly filled with fluid inclusions; PPL
image

relict amphibole
(b)

(d)
magnetite

is caused by the breakdown reaction of the amphibole and
leads to crystal growth of coarser clinopyroxene-
plagioclase-magnetite aggregates. The opacite aggregate
sometimes contains relicts of amphibole, preserving its
original composition. The figure is taken from Dietrich
et al. (1988)
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Fig. 4.18 Typical disintegrated amphibole, plagioclase, ortho- and pyroxene, Fe-Ti oxide assemblage in a glassy,
vesicle-rich rhyolitic lava (Unit No. 30). The amphibole relics have reddish pleochroitic colours, due to oxy-hornblende

reactions; image under PPL

Volcanic Arc amphibole breakdown reaction
rims have been described in detail by Dietrich
et al. (1988) and Gartzos et al. (1999)
(Figs. 4.17a—d). In contrast to crystal clots,
crystal reaction rims form microliths to
equigranular assemblages (syn. corona) of opx
+cpx+Fe-Ti oxide £ plagioclase that occur
around relict amphibole. The amphiboles in the
Nisyros lavas and pyroclastics are in the majority
of cases of hastingsitic composition and show all
steps of breakdown reactions (Figs. 4.3 and 4.4).

According to Garcia and Jacobson (1979) two
distinct types of amphibole reaction products
occur in the evolved lavas and formed as a result
of dehydration:

(1) The majority of amphiboles occur as the
“black-rimmed type”. Some of the amphi-
bole is partly or entirely replaced by a very

Fig. 4.19 a, b Various steps of amphibole breakdown reactions in the rhyolite lava west of Avlaki (Unit No. 17) and »

fine black and dusty aggregate of iron oxides
(e.g. ilmenite) and small pyroxene crystals
(Fig. 4.17a, b as well as in Fig. 4.19a—c, g,
h). In several cases, the reaction coronas
consist of orthopyroxene, clinopyroxene,
plagioclase, and Fe-Ti oxide aggregates
(Fig. 4.19d, e). The assemblage in the reac-
tion rims is identical with the phenocryst
assemblage of the host lava. Besides the rim
reaction, the amphiboles sometimes display
evidence of the oxy-hornblende reaction
(Graham et al. 1984), due to a rise of tem-
perature: the OH bonds are broken and the
crystal turns into reddish-brownish colours
with intense pleochroism (Fig. 4.19a—c). As
heat grades up, other bonds are also broken,
the crystal resorbs and other anhydrous
minerals start to crystallize.

Nikia rhyolite (unit No. 30). a Isolated euhedral magnesio-hastingsite, slightly rounded with very thin black rim
adjacent to anorthitic plagioclase; b, ¢ up to 40 pm thick black rims, formed out of submicroscopic aggregates of Fe-Ti
oxides and orthopyroxene; ¢ amphibole partly pseudomorph as a micro-granular aggregate of pyroxene and plagioclase;
d amphiboles with a well developed corona of orthopyroxene needles; e, f amphibole disintegrated into a granular
aggregate of pyroxene, plagioclase and Fe-Ti oxides within a vesicle-rich glassy matrix (e in dacite flow unit
No. 25 and f in rhyolite flow unit No. 30); g, h small amphibole grains totally transformed into black aggregates of Fe—

Ti oxides and pyroxenes. All images in PPL
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Table 4.3 Representative amphibole compositions in the evolved lavas (Units No. 25, 30 and 32) and their mafic
enclaves of Nisyros volcano

Mineral | Kaersutite | Mg-hasting | Mg-hasting | Mg-hasting | Mg-hasting Tscherm.Ho. | Mg-hasting
wt%

Si0, 37.8 40.31 41.37 4151 41.82 43.01 42.75
TiO, 4.56 2.32 2.12 2.79 2.48 32 2.16

ALo03 14.19 12.99 13.32 12.72 13.06 10.88 12.52
FeO(t) 17.8 15.35 11.3 14.45 13.6 13.62 10

MnO 0.28 0.17 0.13 0 0.19 0.17 0.12

MgO 14.75 15.3 15.51 12.48 12.93 12.87 16.21

CaO 0.05 10.84 10.84 11.05 11.7 11.3 11.38
Na,O 0.56 25 2.56 2.47 2.62 2.11 233

K,O 8.14 0.43 0.36 0.34 0.34 0.52 0.38

Total 98.13 100.21 97.51 97.81 98.74 97.68 97.85

Unit 25 30 30 30 30 32 32

Rock Dacite Rhyolite Mat. enclave | Rhyodacite Maf. enclave

Data from Wyers and Barton (1989) and Seymour and Vlassopoulos (1992)

(2) The rare amphibole type is the so-called
“gabbroic type” (Garcia and Jacobson 1979;
Rutherford and Hill 1993), which has been
observed in the evolved lavas, in the basaltic
andesite and andesites. The amphibole is
partially replaced by a fine-grained granular
aggregate of anhedral ortho- and clinopyrox-
ene, plagioclase and Fe—Ti oxide with mosaic
textures (Figs. 4.17¢c, d and 4.19d—f). In the
fine-grained equigranular gabbroic glomero-
phyres, plagioclase never shows oscillatory
zoning.

Both amphibole reaction products, “black-
rimmed” and the “gabbroic type” occur in the
same lava units. Also minor opacitic relics of
amphibole can be recognised in the cores of
well-shaped pseudomorph aggregates of clinopy-
roxene, plagioclase and oxides. These breakdown
reaction products may lead to continuous crystal
growth of pyroxenes and plagioclase to produce
random types of aggregates (Fig. 4.18) and not
typical glomeroporphyritic clots.

Often, the euhedral shaped, black-rimmed
amphiboles embedded in pumice show no other
stages of resorption and dusty effects.

4.3 Whole-Rock Major and Trace
Element Geochemistry

A collection of 250 analyses from rock samples
with known localities published by Rehren
(1988), Seymour and Vlassopoulos (1992),
Francalanci et al. (1995), Vanderkluysen et al.
(2005), Zellmer and Turner (2007) and Spandler
etal. (2012) has been compiled. Whole rocks were
analysed for major and trace elements mainly by
XRF (i.e. Nb, Zr, Y, Sr, Rb, Pb, Ga, Zn, Cu, Ni,
Cr, V, and Ba), whereas Th, Hf and rare earth
elements by neutron activation and laser ablation
inductively-coupled plasma mass spectrometry
(LA-ICP-MS). The values are given in Electronic
Supplementary Material Appendix A.

An overview of this data is given in Table 4.4,
according to the lithostratigraphic units, rock
types and silica contents (SiO, wt%).

The chemical trend of all Nisyros volcanics is
typical for low to medium potassic calc-alkaline
rocks (Fig. 4.20). According to the TAS dia-
gram, the volcanic products of Nisyros fall in the
basaltic andesites, andesites, dacites, rhyodacites
and rhyolites fields. Since the bulk chemical
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Fig. 4.20 TAS diagram for Nisyros volcanics. The point
distribution of the analyzed rocks has been converted into
approximate overlapping fields. Numbers and colors refer

composition of these rocks covers a wide range,
we describe them in the lithostratigraphic order.

General Geochemical
Characteristics

4.3.1

The general differentiation trends of major and
selected trace elements of Nisyros volcano are
shown in Figs. 4.21, 4.22, 4.23 and 4.24 and
overlap with those reported from all volcanic rock
series in the Aegean volcanic island arc. They are
characterized by an increase of SiO,, K,0O, Na,0,
Rb, Ba, Ce, La, Zr, Nb and a decrease of MgO,
CaO, FeOyy,, Al,O3, Cr and Ni, which fits the
general calc-alkaline trend, marked CA with

to the lithostratigraphic units given in the geological map
and lithostratigraphic profiles: from the oldest (/) to the
youngest (33) eruptive unit

down-bending arrows in Fig. 4.5. Using the
FeO,,/MgO versus SiO, diagram of Miyashiro
(1974), several basaltic andesites and andesites
of the early caldera cycles straddle the arc
tholeiitic to calc-alkaline separation line with no
apparent compositional gap in the differentiation
series (Fig. 4.21). This is also expressed in two
compositional trends for basaltic andesites and
andesites that allow a division into several dif-
ferentiated groups, i.e. a normal calc-alkaline
trend and a tholeiitic trend towards higher TiO,
(Tables 4.5 and 4.6; Fig. 4.21). In a few cases,
the analyses with high Al,O3 contents reveal
peraluminous characteristics (Fig. 4.21), which
might be an effect of high modal abundances of
plagioclase in the samples.

Fig. 4.21 Bulk rock composition of Nisyros volcanics: major oxides plotted against SiO, and MgO. a The FeO,/ »
MgO versus SiO, diagram (Miyashiro 1974) shows an arc tholeiitic affinity (TH) of several basaltic andesites and
andesites of the early caldera cycles, which is also apparent in the TiO,/MgO and TiO,/FeO . ¢, d: the calc-alkaline
trend is marked CA with down-bending arrows in plots (a), (d), (e) and (h). In a few cases, the analyses with high Al,O5
contents (e) reveal peraluminous characteristics. Note the compositional gap in plots (a) and (b) between andesites and
dacites, e.g. already recognized by Wyers and Barton (1989)
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Fig. 4.22 Bulk rock composition of Nisyros volcanics:
selected incompatible (Rb, Sr, Ba and Ce) and compatible
trace elements (e.g. Ni, Cr, Zr, and Y) plotted against

MgO. The calc-alkaline trend is marked with down- and
up bending arrows in plots (a), (f), (g) and (h)
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Fig. 4.23 Chondrite normalized rare earth element
(REE) patterns (MacDonough and Sun 1995) of selected
Nisyros lavas and enclaves (values in Electronic Supple-
mentary Material Appendix)

Table 4.5 Division into groups of chemical compositional
pre-caldera lavas from Units No. 1 and 2

Rock type Basaltic andesites

Unit-sample 1 A-R192 1-B1
wt%

SiO, 522 55.0-56.0
TiO, 0.7 0.7-0.8
ALy0; 16.8 17.0-18.6
Fe,0;(t) 7.1 5.0-6.0
MnO 0.12 0.1

MgO 7.1 4.8-5.5
CaO 11.9 9.5-10.0
Na,O 2.78 3.2-35
kO 0.69 1.07-1.17
p20s 0.12 0.18-0.20
ppm

Nb n.d. 6

Zr 168 97-130
Y n.d. 14

Rb 7 18-22

Sr 460 500-610
Ni 109 32-62

Cr 230 50-140
v 200 140

Ce n.d. 28

Ba 135 250-370
La n.d. 13

Submarine volcanic base

R
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11 1aauy
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Rb Th Nb La Pb S Nd Sm Ti Y Lu
Cs Ba U K Ce Pr P Zr Eu Dy Yb

Fig. 4.24 Bulk chemical composition of Nisyros vol-
canics expressed as “multi-element variation diagram” of
selected major and trace elements, normalized to normal
N-type mid-ocean ridge (MORB) basalt composition (Sun
and MacDonough 1989)

variations of basaltic andesites and andesites of Nisyros

1-B2 1-C
55.0-56.0 54.0-55.4
0.7-0.8 0.93-0.95
17.0-18.0 17.9-18.5
5.4-6.4 6.2-7.5
0.09 0.13
5.0-5.4 3.9-4.4
9.5-9.8 9.5-9.7
3.2-35 3.4-3.8
1.1-1.7 1.22-1.29
0.16-0.18 0.16
5.7-6.3 8-13
98-120 120-150
14 20-23
15-18 27-28
910-1050 500-530
62-72 13-24
65-140 11-24
140-143 167

28 39
250-290 250-284
13 14-15

Sources Rehren (1988), Wyers and Barton (1989), Seymour and Vlassopoulos (1992), Francalanci et al. (1995),
Vanderkluysen et al. (2005), Zellmer and Turner (2007) and Spandler et al. (2012). n.d. not determined
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SiO, contents range between 52 and 75.7 wt%
(Electronic Supplementary Material Appendix
Fig. 4.50), from basaltic andesite to rhyolite with
dacites from 64 to 68 wt% and rhyodacites from
68 to approximately 70 wt%. Only two lavas of
units 16 and 21 showed basaltic composition,
with SiO, of 50 wt% and MgO of 6.3 wt%, and
3.5 wt%, respectively. The most primitive
basaltic andesites have MgO contents of 7.0—
7.7 wt% with SiO, contents that range from 52 to
55 wt% (Table 4.5). The samples that con-
tain >5 wt% MgO are mafic enclaves. Al,O;
spans a range of 15.4 —18.5 wt%; it increases in
the plagioclase rich basaltic andesites and
decreases progressively from the andesites
through dacites and rhyolites. FeO,,; and TiO,
decrease as MgO decreases (e.g., Fig. 4.21c, d),
while K,O and Na,O show the opposite trend
(Fig. 4.21g, h).

The major element data shows a silica gap
from 61.5 to 64.0 wt%, between andesites and
dacites (Fig. 4.21a, b). The discontinuity in MgO
and TiO, trends roughly coincides with the
occurrence of the silica gap. Taking into account
the petrographic observations in dacitic lavas,
such as contamination with xenocrysts and mil-
limetre size andesitic enclaves, the gap might
actually be larger, as postulated by Wyers and
Barton (1989) and Seymour and Vlassopoulos
(1992). Mingling and mixing effects are clearly
reflected by the lower values of FeO,,/MgO for
dacites, rhyodacites and rhyolites (encircled in
Fig. 4.21a), which results from the random
amount of enclaves and xenocrysts.

K5O typically ranges between 1 and 3 wt%,
but reaches as high as 4 wt% in some rhyolitic
samples. It fits and overlaps the potassium array
of all other calc-alkaline suites of the South
Aegean volcanic arc (Mitropoulos et al. 1987;
Pe-Piper and Piper 2002). However, glass
microprobe analyses range from 3 to 4 wt% K,O
in the Argos and Nikia rhyolites (Units Nos.
17 and 30) and in the post-caldera rhyodacites
(unit No. 32), reaching up to 6 wt% in some
samples. The sodium content scatters within the
dacitic compositions, whereas it decreases within
the high-silica rhyolites.

The variations in selected trace element
abundances are shown on the MgO diagrams in
Fig. 4.22. The variation of the incompatible,
large-ion lithophile elements (LILE) Sr, Rb, Ba is
rather large with factors up to 4, whereas the high
field strength elements (HFSE) Zr and Y vary
only by a factor of 2.7.

Ba and Ce (Fig. 4.22c, d) generally increase
with decreasing MgO, Ce displaying significant
scatter in the basaltic andesite compositions
between 6 and 3 wt% MgO. Sr (Electronic Sup-
plementary Material Appendix Fig. 4.52a) sys-
tematically increases with decreasing MgO from
about 200 to over 500 ppm, followed by a bend at
around 2 wt% MgO that marks a trend of
decreasing Sr content in the dacites and rhyolites.
Independently, several basaltic andesites and
enclaves with MgO between 4.2 and 5.6 wt%
contain high Sr values between 900 and
1100 ppm. The highly incompatible element Rb
(Fig. 4.22b) varies by up to a factor of 10 for a
given MgO content, but most of these variations
are confined to the basaltic andesites. Zr varies by
a factor of 3 over the entire compositional range,
with larger variation for differentiated basaltic
andesites (Fig. 4.22¢). Y generally decreases in
the dacites and rhyolites and thus follows the
iron-titanium  enrichment and  subsequent
decrease of the calc-alkaline trend (Fig. 4.21f). It
does not show the arc tholeiitic trend expressed in
the TiO,/MgO variation diagram. Ni and Cr are
positively correlated with MgO (Fig. 4.22g, h),
decreasing from generally 200 ppm for Cr in
basaltic andesites to values <3 ppm. Ni contents
decrease from 100 to <3 ppm.

The low Nb contents, only shown in
Tables 4.5, 4.7, 4.8 and 4.9 are typical for
island-arc subduction related magmas.

Chondrite-normalized rare earth element
(REE) patterns of selected Nisyros lavas and
enclaves (Fig. 4.23) display moderate La/Yb
ratios of 3.5 for basaltic andesites to highly
fractionated ratios La/Yb > 10 for dacites and
rhyolites. Light-rare earth elements (LREE) are
enriched relative to the heavy-rare earth elements
(HREE). Some of the more evolved samples are
also depleted in Dy, Ho, and Er. Generally,
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Table 4.7 Division of five groups from basaltic andesites to andesites on the basis of characteristic major and trace
element contents, which constitute the flows and pyroclastic deposits of Units No. 21 and 22

SiO, TiO, MgO Cr K,0 Rb Sr Nb
A 544 0.78 6.2 170 1.12 27 500 10
B2 55.8 0.72 53 70 1.2 16 1060 6
c 54.8 0.93 4.5 40 1.2 25 480 11
D 58 1.1 33 6 1.7 28 400 14
E 58.8 1.2 2.4 5 1.8 29 450 17

Oxide values are listed in %, elemental values in ppm

almost all REE (i.e. Pr, Nd, Sm, Eu, Tb, Dy, Ho, spoon-shaped depletion occurs in the middle
Er, Yb, Lu) show increasing concentrations from REE (MREE) to heavy REE (HREE) patterns in
the basaltic andesites to the andesites. In contrast, the rhyolites and dacites.

Table 4.8 Compiled bulk chemical compositional variation of dacites in Unit 14* (Zellmer and Turner 2007), Units
18** and 19%* (Rehren 1988; Vanderkluysen et al. 2005) from the Afionas tuff cone, and Unit 25%** from Emborios
flows and dome (Francalanci et al. 1995; Volentik et al. 2005)

Rock type Dacite flow Dacite flow Dacite pyroclastics Dacite flow
Unit No. 14* 18%% Hkk 19%* 25% Hdkk
wt%

SiO, 67 64.0-65.5 65-67 64.5-69.0
TiO, 0.65 0.6-0.5 0.7-0.5 0.64-0.54
ALLO; 15.5 17.3-17.0 17.5-17.0 16.4-15.6
Fe,05(t) 4.2 5.0-4.8 4.5-3.8 4.9-3.6
MgO 1.5 1.5-1.2 1.7-0.7 1.25-1.1
CaO 3.7 4.1-3.8 5.5-2.7 3.5-3.0
Na,O 4.3 4.8-5.5 4.3-55 4.3-54
K,0 2.9 2.5-2.6 1.9-2.8 2.7-3.2
ppm

Nb 15 16 n.d. 17-19

Zr 168 195-240 190-240 235-255
Y 20 22 n.d. 18-24
Rb 83 76 44-78 80-88

Sr 286 385-396 300-490 300-320
Ni 6 <3 <3 4

Cr 14 2-14 <3 8-9

v 90 50-40 n.d. 48-50

Ce n.d. n.d. n.d. 70

Ba 692 645-690 550-744 670-760
La n.d. n.d. n.d. 36

Major- and trace element data are on water free basis

All four different types of dacites show overlapping compositions with very similar characteristics. However, the spread
within the Afionas eruptive cycle seems to be larger than the earlier and later cycles, which is expressed by CaO, K,0,
Rb, Sr and Ba; n.d. not determined
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Table 4.9 Compiled rhyolitic compositional variation of pyroclastics and lavas, which erupted during the “caldera—
and post caldera cycles”, compared to the Stavros Avlaki rhyolite of the “composite stratovolcano cycle”

Volcanic Lower Nikia Upper Prof. Ilias domes, Avlaki dome,
edifice pumice flows pumice flows flows
Unit 28 30 31 32 17

wt%

Si0, 74.5-75.5 69.3-74.8 69.2-72.66 66.3-70.35 70.3-73.2
TiO, 0.34-0.31 0.37-0.32 0.38-0.30 0.43-0.32 0.37-0.28
ALO; 14.6-13.9 15.5-14.5 15.45-14.35 16.5-15.1 14.2-14.9
Fe,05(t) 2.50-2.30 3.1-25 3.0-2.55 3.4-25 2723
MgO 1.05-0.64 0.95-0.45 1.3-0.60 2.0-09 0.95-0.64
CaO 1.75-1.57 2.6-2.0 32-23 43-29 2.54-2.0
Na,O 4743 4.6-4.25 45-4.0 4.8-4.0 4-4.1
K,O 3.54.1 2.9-35 2.9-3.6 2.35-3.15 3.2-3.54
ppm

Rb 89-97 88-100 84-99 71-103 95-111

Sr 180-210 290-200 315-255 495-305 224-280
Ba 690-750 735-810 815-725 600-815 804-859
La 35-41 32-37 37-39 29-31 34

Ce 62-65 55-58 57-60 48-52 53

Zr 265-280 265-280 200-250 150-190 160-180
Nb 14-20 10-19 15-17 12-14 14-21

Y 18-20 22-17 16-18 14-30 17-13

Ni <3-16 <3-2 <3-3 5-9 5

Cr <3-12 2-20 4-17 5-12 10-13

\% 19-18 40-18 31-20 57-32 34-27

Sr 87/86 0.70424 0.704539 0.70456 0.70432 n.d.

Major- and trace element data on water free basis from Francalanci et al. (1995) and Vanderkluysen et al. (2005);

strontium isotope ratios from Francalanci et al. (1995)

The general bulk chemical island-arc type
characteristics of selected lavas and their
enclaves can clearly be recognized using a
“multi-element diagram” (Fig. 4.24) of selected
Nisyros volcanic rocks. A depletion in high field
strength elements (HFSE) relative to REE is
observed. In the highly differentiates rhyolites,
incompatible elements are enriched while com-
patible elements are depleted.

The typical island arc characteristics are
expressed in the enrichment up to ten times in low
field strength elements (LFSE) such as K, Rb, Sr,

Ba, Th, and the light rare earth elements (e.g. Ce)
and to a lesser extent Sr, Hf and Zr. In contrast,
the basalts are depleted in high field strength
elements (HFSE), such as Zr, Nb, Ti, Y, and the
heavy rare earth elements (e.g. Yb). The pattern
of the basaltic andesites, andesites and that of the
enclaves are very similar, which indicates the
close magmatic relationship. Basaltic andesites,
andesites and dacites have a pronounced positive
Pb anomaly and negative Nb, Ce and P anoma-
lies; dacites, rhyodacites and rhyolites show
strong Nb, P and Ti anomalies.
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The compositions of the intermediate and
evolved lavas, such as the dacites and rhyo-
dacites are enriched in Rb, Ba, Th and LREE up
to a hundred times when compared to the
MORB.

Positive correlation of K, Rb and Ba with Th
is evident. This also holds for Nb, Zr, Hf, and the
LREE, whereas the compatible minor and trace
elements Cr (incl. Ni), V, and Sc display a neg-
ative correlation with Th. In this respect, the
Nisyros lavas do not significantly differ from the
younger ‘Main Volcanic Series’ on Santorini
(Nicholls 1971, 1978; Mann 1983; Barton and
Huijsmanns 1986; Mitropoulos et al. 1987;
Huijsmans et al. 1988; Fytikas et al. 1990).

4.3.2 Early Nisyros Shield Volcanic
Cycles

4.3.2.1 Submarine Volcanic Base
Lithostratigraphic Units (LSU) No. I and 2 that
form the pillow lavas and hyaloclastites of the
submarine volcanic base are composed of
basaltic andesites. Four groups A, B1, B2, and C
of varying differentiated chemical compositions
can be recognized based on the available ana-
lyzed data (Table 4.5). It has to be noted that
neither the exact lithostratigraphic position of
these samples is known from the thick pillow
sequence nor their exact position within each
pillow. A smooth differentiation trend in the
major (i.e. TiO, and K,O increasing, MgO
decreasing) and incompatible trace elements (i.e.
Rb and Nb increasing, Cr and Ni decreasing) can
be seen from A to C. The only exception is Sr in
B2 with higher values. Oxide values are listed in
%, elemental values in ppm.

4.3.2.2 Early Shield Volcanic Cycle

Within the “Early Nisyros Shield Volcanic
Cycles” (Units Nos. 3—11) the lavas vary in
composition from basaltic andesite to andesite.
This variation is not correlated with the lithos-
tratigraphic sequence (relative age) (Table 4.4).
Some lavas can be divided into groups
(Tables 4.5A—C and 4.7A-E) according to their
bulk chemistry. Oxide values are listed in %,

elemental values in ppm (Table 4.6). A compre-
hensive description of the bulk chemical char-
acteristics of the individual lithostratigraphic
units is given in the following paragraphs:

Unit No. 3: Basaltic andesite varies within the
range of the pillow lava of the groups B and C of
the submarine volcanic base (Units Nos. 1 and
2), slightly more differentiated; Unit No. 4: Lava
of andesitic composition; Unit No. 5: The 40 m
thick flows vary slightly in andesitic composition
similar to Unit 4; Unit No. 6: There is only one
analysed sample available for the 60 m thick
basaltic andesite pyroclasic succession. It seems
to be more differentiated than the older units,
despite the lower SiO, of 51.7 vol.%.
4.3.2.3 Internal Lake-Stage
and Associated Volcanic
Cycles
Unit No. 8: The 5 m thick lava flow is of highly
porphyritic basaltic andesite composition, similar
to group B1, including a more differentiated level
(Table 4.6). Unit No. 10: The 70 m thick lavas,
wide spread within the caldera walls, are of
rather primitive basaltic andesite composition,
similar to group A (Table 4.5). Some samples
seem to be slightly more differentiated and differ
significantly in high Sr concentrations up to
about 1090 ppm; Unit No. 11: The 35 m thick
pyroclastic flow succession marks the end of the
“Early Volcanic Cycles” and varies from basaltic
andesite to andesitic composition. However,
some levels are similar to group B1, Table 4.5).

4.3.3 Composite Stratovolcano
Cycles

Transition from Shield-

to Stratovolcano

Unit No. 13: The Lavas of the “Early Caldera
Composite Stratovolcano Cycles” are mainly of
andesitic composition, some levels seem to be
slightly less differentiated basaltic andesites.
A significant  difference  between  unit
No. 13 and the older andesitic lavas occurs in
the strontium values; Unit No. 14: For the first
time in the eruptive cycles of Nisyros Volcano a

4.3.3.1
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25 m thick lava flow of dacitic composition
occurs within the uppermost part of today’s
northern caldera wall. The outstanding charac-
teristic is the large amount of andesitic enclaves,
which generally reaches 30% of the total rock
volume and in some cases even up to 70-80%.
The composition of a sample, free of macro-
scopically visible enclaves is shown in
Table 4.8. Unusual are the high Ba values; Unit
No. 15: In the northern eastern parts of the
caldera and outer slopes the dacites are followed
by a 40 m thick andesitic flow, which is
chemically very similar in composition with the
andesitic rocks of unit No. 13.

4.3.3.2 Southern Eruptive Centers (M.
Stavros—Avlaki)

Unit No. 16: The 30 m thick succession of surge
and pyroclastic flows in the southern and south-
western lower caldera wall consists of rather
primitive basaltic composition; Unit No. 17:
60 m of rhyolithic flows and domes cover the
southern segment of the island. They are very
homogeneous and they lack enclaves and lithic
xenoliths (Table 4.9).

4.3.3.3 Eastern Eruptive Centers
(Afionas—Lies)

Unit No. 18: Two large tuff cones are building up
the eastern slopes of the composite stratovolcano.
The base of the southern Afionas cone consists of
a dacite flow, which is rather free of enclaves and
less differentiated than the older dacite of unit
No. 14. Its chemical composition is listed in
Table 4.8); Unit No. 19: Within the lifetime of
the Afionas tuff cone several eruption cycles
occurred, which erupted in alternating sequences
andesitic and dacitic pyroclastics. The andesitic
composition is quite variable, which seems to be
dependent of sample inhomogeneity (Table 4.6).

4.3.3.4 The Composite Stratovolcano

Units Nos. 21 and 22: The bulk chemical com-
positions of these two units (Table 4.6) have to
be grouped together since the small flows and
pyroclastic deposits (strombolian activity), listed
in Table 4.7, are scattered around several small
scoria cones, which are spread all over the island.

According to the existing analyzed samples five
groups can be distinguished. They differ in the
degree of differentiation and in their primary
chemical characteristics, i.e. high values of
strontium and low values of titanium and
niobium.

4.3.3.5 Terminal Cycle and Dome
Collapse

Unit No. 24: This unit is represented by thin lava
flows of basaltic andesite to andesitic composi-
tion, which may have erupted after a time gap,
since they are separated from the older lithos-
tratigraphic units in several localities by epi-
clastic deposits, indicating erosion and tectonic
activity. A series of thin basaltic andesite lava
flows cover the western slopes of the island. The
chemical characteristics of the basaltic andesites
are similar to the previous units No. 21 and 22
and listed in Table 4.7.

Unit No. 25: Since the beginning of the vol-
canic activity of Nisyros, this eruptive cycle
produced the largest volume of dacitic lava flows
and domes, with a max. thickness of 150 m,
containing a few percent of andesitic enclaves
and xenolithic material. The variable chemical
composition is shown in Table 4.8.

4.3.4 Caldera Eruptive Cycles
and Caldera Collapse

4.3.4.1 First Caldera Cycle

Unit No. 28: The Caldera Cycles started with a
succession of rhyolitic pumice fallout, surges and
pyroclastic flows (“lower pumice”) showing a
normal trend of differentiation (Table 4.9). Unit
No. 29: The major components of the blocks and
debris of the heterogeneous breccia (Unit No. 29)
are rhyolitic fragments from the overlying flows
of Unit No. 30.

4.3.4.2 Second Eruptive Cycle

Unit No. 30: This is characterized by the effusion
of the Nikia lava flows and Parletia neck, with a
wide range of rhyolitic compositions listed in
Table 4.8. In the Le Maitre -classification
(Fig. 4.20) diagram, the composition of the
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porphyritic rocks with a high proportion of
phenocrysts and small proportion of xenocrysts
and quenched andesitic enclaves starts in the
dacitic field. The evolved composition relates
mainly to glassy rocks with small proportions of
phenocrysts. The final glassy matrix composition
and the plagioclase-hosted melt inclusions yield
SiO, average values of 77.5 and 75.8 wt%
respectively, at very low values of TiO,, FeOy),
Ca0O, and MgO (Seymour and Vlassopoulos
1989).

The mafic quenched enclaves are listed in
Table 4.10. The spread of their compositions
indicate that they must have derived from dif-
ferent stages of magmatic differentiation due to

variable magmatic processes, such as fractional
crystallization, magma mixing and contamina-
tion (see Sect. 4.4 and Fig. 4.20). The latter seem
to be indicated by the higher calcium and
strontium values.

Unit No. 31: This second large eruptive cycle
(“upper pumice”) started after an unknown time
gap and produced a 30 m thick succession of
pumice fallout, surges and pyroclastic flows, the
“upper pumice”. The variation in composition
(Table 4.8) overlaps with the composition of the
voluminous rhyolitic lavas of unit 30 and might
also reflect certain contamination through small
xenocrysts and xenolithic material, as well as
effects of magma mingling.

Table 4.10 Compiled bulk chemical compositional variation of mafic enclaves in unit No. 30 (Nikia flows) and

No. 32 profitis Ilias domes and flows

rock type Basaltic andesites
Unit 30 Enclaves
wt%

Si0, 55.3-55.54
TiO, 0.86

ALLO3 18.2-18.5
Fe,05(t) 7.4-8.2
MgO 2943
CaO 6.7-8.69
Na,O 3.4-4.1
kO 1.1-1.6
ppm

Nb 8-13

Zr 129-167
Y 21-23

Rb 22-32

Sr 430-750
Ni 8-14

Cr 6-20

v 140-190
Ce 2744

Ba 320-470
La 18-27

Basaltic andesites

32 Enclaves

54-55.6
0.75-0.72
18.8-19.7
5.9-6.2
44-5.0
9.0-9.8
33-34
0.9-1.2

7-8
108-145
16-17
13-20
910-1000
23-28
13-16
140
23-29
269
13-15

Major- and trace element data on water free basis from Francalanci et al. (1995), Vanderkluysen et al. (2005) and

Zellmer and Turner (2007)
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4.3.5 Post-caldera Eruptive Cycle

Unit No. 32: The surficial emplacement of domes
(i.e. Profitis Ilias) in the western part of the cal-
dera and effusion of thick southwestward-directed
lava flows with a max. thickness of 600 m rep-
resents the last volcanic cycle of Nisyros Vol-
cano. The bulk chemical composition (Table 4.8)
varies over a wide range from dacite to rhyolite,
which led to the designation of the name rhyo-
dacite (in the map and in all descriptive parts).
End-member compositions have been analyzed in
plagioclase-hosted melt inclusion and residual
interstitial glass with SiO, average values of 75
and 73 wt% respectively (Seymour and Vlas-
sopoulos 1989). In general the lavas and domes
seem to be less evolved than the glassy rich
rhyolitic flows of unit 30 (Table 4.8). However,
the reason might be simple due to the large
amount of phenocrysts and high proportions of
quenched enclaves, which vary in size from
millimeter to decimeter (see Sect. 4.2).

The amount of enclaves seems to increase in
time from northeast to southwest, the youngest
domes and lavas containing the most (Gansecki
1991). All enclaves (Table 4.9) are basaltic
andesites with a narrow range of chemical com-
position, but distinctly different from all other
prior basaltic andesites (Table 4.6). Unusual are
the higher aluminum and strontium contents at
low titanium and yttrium values.

4.4 Isotopic Evidence of Crustal
Assimilation

and Contamination

A number of bulk-rock and mineral isotope
studies have been performed on Nisyros samples
in order to assess the effects of crustal assimila-
tion, of subduction-related magmatic and fluid
input, as well as of differentiation in magma
reservoirs.

Potential contamination and assimilation could
be achieved at high crustal levels through the
addition of fluids and materials from the altered
Quaternary volcano-sedimentary rocks or Neo-
gene marls. At deeper crustal levels the main

contaminants are the Mesozoic limestones, the
ophiolitic mélange and the metamorphic rocks of
the Alpine basement, encountered in the
geothermal wells in the Nisyros caldera (Geoter-
mica Italiana 1983, 1984; Marini et al. 1993).

Although a large number of non-radiogenic
and radiogenic isotope measurements including
$781/*°Sr, "Nd/'**Nd, '"°Hf/'/'Hf, lead and
uranium isotope series exist (Giilen et al. 1987,
Giilen 1990; Wyers and Barton 1989; Fran-
calanci et al. 1995; Buettner et al. 2005; Zellmer
and Turner 2007; Braschi et al. 2014), stable
isotope data is still missing. On the basis of
87Sr/®%6Sr analysis, Wyers and Barton (1989)
assumed crustal contamination and assimilation,
which could be implied based on the occurrence
of calc-silicate xenoliths and clinopyroxene
xenocrysts in the basaltic andesites of the early
submarine volcanic cycle (Spandler et al. 2012).
It has been suggested that carbonate assimilation
of the Neogene and Mesozoic basement rocks
may release CO,, which could form a free vapor
phase due to the low CO, solubility of basaltic
magmas (Spandler et al. 2012).

The variation of ¥’Sr/*®Sr ranges from
0.703384 in a basaltic andesite of the composite
stratovolcano cycle to 0.705120 in a dacite of the
Afionas-Kyra cycle (Units Nos. 18 and 19);
Table 4.4. Vanderkluysen et al. (2005) inter-
preted this as a result of the differentiation from
basaltic andesite to rhyolite. However, when
taking all available data into consideration, a
correlation between differentiation and ®’Sr/*°Sr
ratios becomes indistinguishable. The low
87Sr/%°Sr ratios are interpreted as mantle-like
values reflecting abundant hydrous fluids in the
source (Buettner et al. 2005), excluding major
contamination and assimilation of crustal com-
ponents (Table 4.4; Fig. 4.25).

Generally, the isotopic variability of the South
Aegean Volcanic Arc rocks changes from east to
west. The lowest ®’Sr/*°Sr isotope ratios are
encountered at Nisyros and Santorini (0.7033 and
0.70328 respectively) and are comparable with
those measured at ocean-ocean subduction zones
(Briqueu et al. 1986). Crommyonia volcano
shows the highest ratio of about 0.713 (Pe 1975).
An overview of the isotopic values measured at
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Fig. 4.25 Nd and Sr isotope
variation for the South
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each volcanic island is given in Electronic Sup-
plementary Material Appendix Fig. 4.55.
Further indicators of crustal assimilation
appear in the range of neodymium isotope ratios
(Buettner et al. 2005). "**Nd/'**Nd ratios of the
pre-caldera rhyolites (Unit No. 30) range
between 0.512622 and 0.512675 (with values
averaging at +0.2 Eyq). Post-caldera (Unit
No. 32) rhyodacites and the products of Yali
Island (No.32) yield I3Nd/'**Nd ratios between
0.512553 and 0.512607 (with Eng values aver-
aging around —1.2). However, the Nisyros Nd
isotope data is less radiogenic than the typical
Eng of normal N-type MORB, averaging +10.
This is in agreement with '"°Hf/'”’Hf ratios.
Whilst pre-caldera units range between 0.282914
and 0.282940 (with Eg; values around +5.4), the
post-caldera volcanics scatter between 0.282794
and 0.282917 (with less radiogenic Ey¢ values of
+2.4) compared to the typical Ey of N-MORB of
+17. Thus, both Nd- and Hf-isotope systematics
clearly indicate assimilation of crustal material,
which is more apparent in the Yali and in the
post-caldera volcanics. In addition, 206pp,204py,

init

207pp/2%Pb and 2**Pb/2%*Pb ratios of Nisyros
and Yali volcanic rocks support mixing of mantle
material with a lower crust equivalent (Buettner
et al. 2005).

Based on U-Th isotopic data (Zellmer and
Turner 2007), the post-caldera rhyodacites
(No. 32) have been interpreted as a remobilized
magma from a young igneous protolith, activated
by an influx of fresh mafic magma. In general, all
rocks show small *®U excess of up to ca. 10%.
Mafic enclaves show higher U/Th ratios than
their evolved host lavas, eliminating the simple
fractionation hypothesis.

4.5 Petrogenetic Evolution

of the Nisyros Volcanic Rocks
4.5.1 Introduction
The magmatic evolution of the Nisyros volcanics
is inferred from mineralogical, petrologic and

geochemical observations. Since the 1970s
numerous petrogenetic models were proposed,
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including various differentiation processes of
mantle-derived, hydrous, calc-alkaline and arc
tholeiitic basaltic magmas to generate evolved
intermediate to silicic magmas. Fractional crys-
tallization involving olivine, clinopyroxene,
calcic-plagioclase, amphibole, biotite and
Ti-magnetite at deep crustal magma reservoirs is
regarded as the major differentiation mechanism
(Bowen 1928). In particular, early crystallization
of amphibole drives the differentiated magmas to
dacitic, rhyodacitic and even to peraluminous
tonalitic compositions (e.g. Cawthorn et al. Caw-
thorn and O’Hara 1976; Hiirlimann et al. 2016).
In the case of Nisyros, the presence of xeno-
liths, reversely-zoned phenocrysts of plagioclase,
clinopyroxene, amphibole and bulk rock trace
element and isotopic characteristics led to the
interpretation of multiple differentiation pro-

cesses besides fractionational crystallization,
such as crustal assimilation (AFC), magma
mixing and mingling, and crystal

retention-crystal-liquid-segregation. The role of
crustal assimilation and contamination through-
out the volcanic cycles has been recognized not
only in the presence of xenocrysts and lithoclasts
of the carbonate-rich basement rocks and their
contact metamorphic equivalents, but also in the
bulk chemical trace element and isotopic varia-
tions (Di Paola 1974; Limburg and Varekamp
1991; Seymour and Vlassopoulos 1992; Fran-
calanci et al. 1995, 2005; Buettner et al. 2005;
Vanderkluysen et al. 2005; Zellmer and Turner
2007; Spandler et al. 2012). Magma mingling
and mixing between basaltic andesites and rhy-
olitic end-members generated dacites and rhyo-
dacites, as suggested on the basis of mineral
chemistry (plagioclase zonations), micro-textures
and incompatible trace element systematics
(Seymour and Vlassopoulos 1989, 1992; Zouzias
and Seymour 2014). Using U-Th and Sr—Nd
isotope systematics, Zellmer and Turner (2007)
suggested remobilization of a young igneous
protolith by injection of hot basaltic magma in
order to produce dacitic melts.

4,5.2 The Depth of Magma
Reservoirs, Amphibole
Stability Fields
and Ascent of Magmas
Through the Crust

Several volcanological and petrologic character-
istics of Nisyros Island allow an interpretation of
the depth and origin of the magmas:

e The formation of a caldera with a diameter of
4 km points to the presence of a magma
reservoir at shallow crustal depth between 3
and 7 km from which the highly differenti-
ated rhyodacitic to rhyolitic magmas erupted.

e The existence of an active hydrothermal
system indicates that cooling magma bodies
at present are responsible for conductive and
convective heat transfer.

e The existence of high-temperature brines has
been proven by two deep geothermal wells,
Nis-1 and Nis-2, reaching a maximum depth
of 1816 m and 1547 m, respectively.

e The presence of Magnesium-rich hastingsitic
amphiboles as xenocryst phases in the lavas
and in the magmatic enclaves in dacites and
rhyodacites indicate emplacement of mafic
magmas from deeper crustal levels into a
shallow crustal reservoir.

e The common presence of breakdown reaction
rims on hastingsitic amphiboles testifies either
heating by recharge with hot mafic melts or
decompression during ascent through the
crust.

e Olivine-rich hornblende-gabbro and pyrox-
enitic cumulates, however rare, point to an
existence of deeper crustal reservoirs.

Mg-rich hastingsitic amphibole and anorthitic
plagioclase are present in various proportions as the
major phenocryst phases in most of the lavas in the
volcanic islands of the South Aegean Volcanic Arc
and therefore play a key role with respect to fractional
crystallisation and mixing processes (Huijsmans et al.
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Fig. 4.26 The behaviour of
water-bearing calc-alkaline
magmas in the crust with
regard to the stability fields of
amphibole. Basalt liquidus
with 5% H,O (Foden and
Green 1992), water-satured
basaltic andesite (Moore and
Carmichael 1998), dacite
water-saturated with 10 wt%
H,O liquidus (Annen et al.
2006)
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1988; Dietrich et al. 1988; Wyers and Barton 1989;
Mitropoulos et al. 1987; Seymour and Vassolopoulos
1992; Mitropoulos and Tarney 1992; Francalanci
et al. 1995; Gartzos et al. 1999).
Magnesio-hastingsites, pargasites, and ferroan
pargasites, which have been found in the Nisyros
gabbroic cumulates (Table 4.2) crystallised from
water-rich melts of basaltic to andesitic compo-
sition. The stability fields of calcic-amphiboles
vary over a wide pressure range of about 1-
20 kbar and over a temperature range of up to
950 °C (Schmidt 1992). According to Ridolfi and
Renzulli (2012), magnesio hornblendes and
tschermakitic pargasites crystallize in equilibrium
with calc-alkaline melts at low P, T conditions of
up to 3kbar and within a range of temperatures
between 800 and 920 °C, whereas magnesio
hastingsites and pargasite are spread over a large
field of pressures up to approx. 20 kbar and
temperatures of 950—1100 °C. These results were
confirmed by Nandedkar et al. (2014). Thus, the
magnesio-hastingsites and pargasites of Nisyros
may have crystallized in deep seated crustal
magma reservoirs while magnesio-hornblendes
and actinolitic hornblendes with Al,O; = 6.5—
7.1 wt% may have crystallised during the ascent

I
1000 1100

Temperature (°C)

T
900

of the rhyodacitic and rhyolitic melts and within
shallow magma reservoirs.

The PT-diagram (Fig. 4.26) should illustrate
the results of experimental research with regards
to the stability field of amphiboles in
water-bearing calc-alkaline magmas ascending
from the upper mantle through the crust (review
articles in Ulmer 2001; Mintener et al. 2001;
Annen et al. 2006; Krawczynski et al. 2012;
Dessimoz et al. 2012; Ridolfi et al. 2010; Ridolfi
and Renzulli 2012; Nandedkar et al. 2014; De
Angelis et al. 2015; Hiirlimann et al. 2016).

The lower green arrow shows the injection of
basaltic magma into lower crust (e.g. 25-30 km
depth) from point A to B. Crossing the basaltic
liquidus (+5 wt% H,0), olivine, clinopyroxene,
titanomagnetite and plagioclase start to crystallize
along the path, forming orthocumulates. At point
B amphibole starts crystallizing instead of
clinopyroxene with adcumulate texture. At point
C dacitic (or rhyolitic) residual melt is extracted by
crystal fractionation from the basaltic melt
remaining at depth or ascending adiabatically.

Between C and D the dacitic melt ascents
through the liquidus field and thus any entrained
crystal may be resorbed. At point D the melt
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passes the liquidus and starts to crystallize but
outside the amphibole stability field.

Path E to F shows a basalt melt injection and fast
cooling into the upper crust that crystallizes olivine,
clinopyroxene, titanomagnetite and plagioclase
until amphibole appears at point F at the expense of
clinopyroxene. During an adiabatic ascent the
extracted differentiated basaltic andesite melt
crystallizes amphibole until it reaches the stability
boundary at point G, at high crustal levels. Here it
leads to the crystallization of gabbroic and dioritic
intrusives or to the extrusion of basaltic andesite
and andesitic melts containing partly resorbed
amphibole phenocrysts or cumulate relicts.

4,5.3 Magmatic Processes

The magmatic processes responsible for the
evolution of Nisyros Volcano have been dis-
cussed by Wyers and Barton (1989) and Fran-
calanci et al. (1995) on the basis of major and
trace element chemical and isotopic composition
of lavas and mineral chemistry.

A multi-stage pragmatic model (Fig. 4.27) has
been chosen to demonstrate in a simple way the
major magmatic processes, which control the
petrogenetic evolution of magmas in crustal
reservoirs. This model is coupled with the
magma emplacement mechanisms at depth and

Fig. 4.27 Multi-stage model
of a layered magma reservoir
in the crust. Two steps of
fractional crystallization,
crustal assimilation, partial
melting of cumulates and
crystal retention are discussed
as major magma
differentiation processes in the
text (modified after Dietrich
et al. 1988)

rhyolitic

melt

===
| limestone
!E wall rock

lower
crust

rhyodacitic

dacitic
melt

| andesitic melt |

[ high densuy low temperature J

| high-Ti basaltic andesite mell'

low-Ti basaltic andesite melt

Clow dersiy.ightemporaee |

Partial Crystal
Melting Retention

gabbroic cumulates

Fractional Crystallization Stage |l

Extension < P




138

V.J. Dietrich and R.-G. Popa

its eruption at the surface and consists of two
stages of fractional crystallization.

4.5.3.1 Fractional Crystallization
Stage I: Early fractional crystallization from
primitive hydrous Mg-rich basaltic melts
Primary calc-alkaline and arc tholeiitic
basaltic melts in volcanic island arcs may have
originated by partial melting from a rather
depleted mantle wedge of harzburgitic compo-
sition at approximately 120-130 km depth. Such
a mantle is enriched in water and in the hygro-
magmatophile elements K, Rb, Ba, Sr, Th, U,
and LREE, derived from the breakdown of
subducted high-pressure phases (antigorite, phl-
ogopite etc.), from altered and metamorphosed
oceanic crust (e.g. Davies and Stevenson 1992;
Sisson and Grove 1993a, b; Ulmer and
Trommsdorff 1995; Tatsumi and Eggins 1995;
Ulmer 2001). During ascent through the litho-
sphere and most probably at the mantle-crust
boundary, the primary magmas underwent
high-pressure fractional crystallization of oli-
vine, clinopyroxene, amphibole and Cr-spinel
under an open system and oxygen buffered
conditions (e.g. Osborn 1976; Osborn and
Rawson 1980; review in Annen et al. 2006).
Experimental studies confirm such an assump-
tion (Grove et al. 2002, 2005 and 2005; Nand-
edkar et al. 2014; Hiirlimann et al. 2016).
Therefore, parental olivine basalts, generated
from a primary hydrous basaltic melt, are seen as a
first stage of crystal fractionation (Fig. 4.27). So
far, no olivine basalts have been found on Nisyros
Island. An early stage I fractionation process can
only be inferred to some other cases in the South
Aegean Volcanic Arc, e.g. lavas in the islands of
Santorini, Aegina, and Methana.

Stage II:  Fractional crystallization and
assimilation
Wyers and Barton (1989) showed that

crystal fractionation played a major role in
the differentiation of Nisyros magmas, and
implied that the compositional gap between
basaltic andesites and dacites could not be
explained by a simple isobaric fractionation.
They concluded that the higher abundance of
olivine in the andesites compared to the

basaltic andesites could only be achieved by
polybaric fractionation processes from vari-
able parental magmas.

Francalanci et al. (1995) tried to explain the
“jumps in the degree of evolution present in the
stratigraphic series, accompanied by changes in
the porphyritic index”, in a simplified magma
reservoir not through fractional crystallization,
but through mechanisms of convection, assimi-
lation, crystallization and crystal retention,
combined with resorption and accumulation of
major phenocryst phases (plagioclase and
clinopyroxene).

Taking these possible complex magmatic
differentiation processes under non-equilibrium
conditions into consideration, a compositionally
layered magma reservoir can be envisaged. Dis-
turbances within an inversely layered system,
variable in density, temperature and sensitive to
convection and turnover, can easily be generated
by injection of subsequent hot and less dense
hydrous fresh melt.

Breakdown reactions of amphibole may con-
tribute significantly to the amount of fluids. Assim-
ilation of carbonate rocks bordering magma
reservoirs may also release fluids rich in hygro-
magmatophile elements like strontium and light rare
earth elements (LREE) into the melts. Pelitic rocks
can release aluminum, potassium and rubidium.

The least differentiated lavas of Nisyros Vol-
cano, which can be used as parental melt for the
fractional crystallization model (Fig. 4.27), have
been found in the basaltic andesites from units
No. 10 and No. 16, inner caldera wall at Kato
Lakki and Stavros, respectively (samples AV7B
and AV24B, Table 4.5, Vanderkluysen et al.
2005, in wt%).

Important phases that control fractionation
processes at stage I are olivine, anorthitic pla-
gioclase, clinopyroxene, orthopyroxene, Fe-Ti
oxides and Mg-rich amphiboles, the latter
already occurring as early cumulate phases (e.g.
adcumulates, Sect. 4.2.5). Basaltic andesites,
andesites and evolved dacitic to rhyolitic melts
are differentiation products depending on tem-
perature and pressure conditions, the amount of
fluids (oxygen fugacity) and the proportions of
the fractionating phases.



4  Petrology and Geochemistry of Lavas and Pyroclastics

139

4.5.3.2 Generation of Evolved Silicic
Melts from a Parental
Basaltic Andesite Magma

Major oxide modeling should give realistic
solutions to derive dacitic and rhyolitic melts by
fractional crystallization of plagioclase, olivine,
clinopyroxene, Mg-rich amphibole and titano-
magnetite. The fractionation of these minerals, in
particular amphibole drastically changes the
composition of the remaining melt by extracting
Mg, Ti, Fe, Al, Ca and other elements, driving
the remaining melt to a silicic composition. The
most satisfactory model calculation leads to the
generation of a rhyolitic magma (Table 4.11).
The differences between calculated and natural
TiO,, K,0, and Na,O concentrations can be
explained by the lack of Fe-Ti oxide data and the
variation of alkali compositions in the basaltic
andesites and rhyolites, respectively. Of course,
such a model assumes fractionation from a single
parental magma under equilibrium conditions.
The mobilisation of rhyolitic melt can leave large
volumes of amphibole-rich cumulates and gab-
bros behind. The gabbroic and dioritic clots
found in the evolved magmas are witnesses of
such processes

Least-squares mixing calculations (Bryan
et al. 1969) were performed to test the effects of
Mg-rich amphiboles included in the stage II
fractional crystallization. Fractionation from a
parental high-Mg basaltic andesite magma (e.g.
Stavros lavas, Unit No. 16, Table 4.6) of the
minerals found in the grabbro cumulate xenolith
from the Lower pumice deposit (Unit No. 28)
should generate either a residual dacitic or a
rhyolitic melt.

The model calculation shows that approximately
65 wt% hornblende gabbro cumulate should crys-
tallize from a basaltic andesite melt in order to gen-
erate 35 wt% rhyolitic melt, which implies the
existence of large plutonic volumes at depth.

Recent fractional crystallization experiments
by Nandedkar et al. (2014) with temperatures
from a near-liquidus interval at 1117 °C to
near-solidus temperature at 700 °C at a pressure
of 0.7 GPa confirmed the fractionation model
based on petrographic and geochemical evi-
dence. About 40 wt% of ultramafic plutonic
rocks have to crystallize to generate basaltic—
andesitic liquids, and an additional 40 wt% of
amphibole-gabbroic cumulate to produce
granitic melts.

Table 4.11 Cumulative mineral and rock proportions (wt%) obtained by least-squares fractionation modelling

Sample AV24B Amp 15 0111 Cpx 11
Unit 16 28 28 28
SiO, 54.86 43.23 38.09 50.91
TiO, 0.74 3.33 0.06 0.71
ALO; 16.96 12.88 0.02 3.80
FeO(t) 6.50 9.84 20.58 5.76
MgO 6.91 15.57 40.76 15.66
CaO 10.52 11.99 0.14 2273
Na,O 2.89 2.76 0.04 0.26
K,O 0.51 0.34 0.00 0.00
Total 99.89 99.93 99.69 99.83
Modes 32.85 0.44 9.94
Errors 22.88 6.06 6.66
R2 0.735

Pig 12 Ti-mgt Rhyolite BasAnd.C.
28 0 30
45.77 0.49 71.54 54.85
0.05 2.32 0.33 1.02
34.53 2.89 14.70 16.98
0.48 89.26 2.45 6.49
0.05 4.49 0.78 6.92
17.81 0.28 2.45 10.52
1.21 0.00 431 243
0.10 0.00 3.43 1.06
100.00 99.72 100.00
21.09 2.17 36.46
6.57 0.92 3.24

Basaltic andesite (Stavros lava, Unit No. 16, recalculated to water free composition)—(Olivine Fo;;, plagioclase,
clinopyroxene, amphibole, Ti-magnetite) = rhyolite (average Nikia lavas, Unit No. 30). R2 residual squared from the

linear regression
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4.,5.3.3 Magma Mingling and Mixing
Magma mixing is understood as a homogenisa-
tion process involving at least two magmas of
different chemical compositions and rheology
(McBirney 1980). Often it might be the subse-
quent step following magma mingling.

Magma mingling applies in particular to the
Main Caldera and Post Caldera Eruptive Cycles.
Examples of mingling are given in previous
chapters and shown on Fig. 4.13 for the dacitic
lavas No. 14 and on Fig. 4.14 for the rhyodacitic
lavas No. 32.
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- wall rock
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Multiple Injection of Primitive Melt
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Fig. 4.28 Schematic model of magma mixing and
mingling processes within magma reservoirs, independent
of depth (figure modified after Dietrich et al. 1988). The
capital letters denote the following inclusions in dacitic,
rhyodacitic, and rhyolitic melts: A small cumulate crystals
(e.g. Fo-rich olivine and spinel) from an early fraction-
ation stage I; B and C clots of large cumulate xenoliths
from a later fractional crystallization stage II, partially
resorbed and molten; D and E gabbroic and dioritic
xenoliths from the igneous zone of the magma reservoir;

‘ ’ Lower Crustal Extension

F mafic enclaves from the layered zone of basic to
intermediate melts; red rims indicate contact metamorphic
xenolith from the border regions (i.e. roof) of the magma
reservoir. Sedimentary xenoliths consist of limestone,
marbles and skarn (e.g. albite/hedenbergite, pyroxenites,
muscovite-bearing, biotite-bearing mafic assemblages).
Xenoliths of metamorphic rocks, which are abundant in
the pyroclastic unit of the nearby Yali islet, are very rare
in the Nisyros rocks. Black arrows denote the pathways of
the enclaves
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Examples of magma mixing have been rec-
ognized in all lavas from basaltic andesites to
rhyolites throughout the history of Nisyros Vol-
cano (e.g. Seymour and Vlassopoulos 1989,
1992; Francalanci et al. 1995; Zouzias and Sey-
mour 2014). Evidence of magma mixing
involving basic melts consists of mingled
enclaves, crystal clots, minuscule quenched
mafic enclaves, inverse compositional zonation
of plagioclase and disequilibrium textures of
plagioclase and amphiboles (Figs. 4.28, 4.2 and
4.10 respectively). The compositions of the
xenocrysts found in dacites are similar to those of
the phenocrysts from the basaltic andesites and
andesites, whereas the dacite phenocrysts are
more or less similar to those found in the
rhyolites.

The effects of magma mingling and inefficient
magma mixing are also evident in the bulk rock
chemical variation of the rocks, expressed as a
scatter of major and trace elements (Sect. 4.4 and
Figs. 4.20, 4.21, 4.22, 4.23 and 4.24), exceeding
by far the analytical errors.

A significant melting process that can be
regarded as a result of a mixing process may
happen during the injection of fresh hot magma
into a pre-existing magma reservoir. Oberhénsli
et al. (1985, 1989) and Dietrich et al. (1987) have
described the role of mixing induced partial
melting in cumulates from the volcanic islands of
Aegina and Methana, which led to the generation
of hybrid high Ti- and Al andesites. Cumulate
xenoliths with similar textural characteristics
have not yet been found in the Nisyros lavas.
However, basaltic andesites in the pre-caldera
lavas of Nisyros with higher Ti- and Al-contents
may imply such a process (Tables 4.5 and 4.6).
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