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Abstract Compiled data show the age progression of magmatic centers along the two approximately
linear profiles from NE Greece and NW Turkey to the South Aegean Volcanic Arc. The age progression
reveals the southwestward migration of arc magmatic activity from Oligocene to present, perpendicular
to the Hellenic Trench. This is in accordance with the migration of the Aegean subduction zone due to
the collision of oceanic and continental blocks, trench retreat, mantle flow, and coeval extension. We
suggest that the subduction of large volumes of sediments and their contribution to the sub-arc magma
source controlled the composition of calc-alkaline to high-K calc-alkaline and shoshonitic arc magmas
during the past 30 Ma. The magma geochemistry and the approximately linear age-progressive migration
of magmatic activity suggest focused ascent of mixed material from the subducted slab into the mantle
wedge, most likely in the form of mélange diapirs. Geochemical data along the profile reveals increasing
Sr and decreasing Nd isotopes during Upper Miocene in agreement with the ongoing subduction of
continental blocks, low subduction rates, and development of an accretionary wedge. The different
K-rich arc magmas reflect the variable subduction of sediments, whereas crustal assimilation often plays
a minor role. Magmas with variable ¥’Sr/*Sr, P/Nd, and Ba/La indicate a variable contribution of clastic,
phosphate-bearing, and barite-bearing sediments. Low-degree partial melting in sediment-dominated
mélange diapirs causes the formation of shoshonitic magmas with high Sr and P,Os contents and high La/
Yb in the northern Aegean.

Plain Language Summary The volcanic rocks of the South Aegean Islands were formed due
to the subduction of the African plate below the Eurasian plate during the past 4 million years. Thirty
million years ago, this subduction was situated further north and generated magmatic activity in northeast
Greece and northwest Turkey. We present two profiles from the Northern Aegean to the South Aegean
Islands across magmatic centers that document the temporal and spatial migration of the subduction

zone from 30 million years ago to the present. A compilation of geochemical data of these magmatic

rocks indicates that they were all generated by partial melting of the mantle above the descending plate,
but this mantle source shows different compositions along the profile. Variable Sr isotope ratios as well

as trace element concentrations of the magmas indicate that different sediments of the descending plate
with variable amounts of clay, phosphate, or barite affected the mantle source of the magmas. The variable
potassium and trace element concentrations of the magmas can be explained by the ascent of sediment
and mantle material in heterogeneous balloon-like structures, so-called diapirs, above the descending
plate.

1. Introduction

Subduction-associated plate boundaries are unstable and their location, structure, and morphology depend
on factors such as rates of convergence and subduction, dip of the subducting slab, or subduction of vol-
canic chains or ridges (e.g., Cross & Pilger, 1982; Royden, 1993). The upper plate may be eroded, which
leads to landward-directed migration of the arc magmatism away from the trench (e.g., Jicha & Kay, 2018).
Alternatively, the subducting slab retreats which causes migration of the trench and the magmatic arc but
also back-arc extension in the upper lithospheric plate (Faccenna et al., 2001). The Aegean region is an
example where subduction migrated during the past ~90 million years due to the accretion of oceanic and
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continental fragments leading to trench retreat and wide-spread extension in the overlying plate (e.g., Jol-
ivet & Brun, 2010; Menant, Jolivet, et al., 2016; Royden & Faccenna, 2018). Numerous studies of the compo-
sition and genesis of Paleocene to recent magmatic rocks in the Aegean discuss the influence of individual
tectonic processes like slab rollback, postcollisional extension, or slab tear in the Aegean and Anatolian
region (e.g., Ersoy & Palmer, 2013; Marchev et al., 2004; Menant, Jolivet, et al., 2016). Other authors point
out that subduction is more rapid than the convergence rate of the bounding African and Eurasian plates
causing subduction orogeny in the eastern Mediterranean (Royden & Faccenna, 2018). Different models
have been proposed to explain the formation of magmas erupting along volcanic arc fronts like the South
Aegean Volcanic Arc (SAVA). Some models suggest hydrous flux melting of large portions of the hot man-
tle wedge that was infiltrated by aqueous fluids released from the subducting altered oceanic lithosphere
(Cagnioncle et al., 2007; Iwamori, 1998; Tatsumi, 1986). Because of their low density, the melts rise in dia-
pirs from the melting zone through the mantle wedge causing the formation of regularly spaced volcanoes
in the arc front (Hall & Kincaid, 2001; Iwamori, 1998; Marsh & Carmichael, 1974). Alternative models of
mantle wedge dynamics suggest diapiric ascent of (a) hydrated peridotite (Gerya & Yuen, 2003; Hasenclev-
er et al., 2011; Nicholls & Ringwood, 1973), (b) subducted sediments (Behn et al., 2011), or (c) mixtures of
peridotite with slab material (Marschall & Schumacher, 2012) into the melting zone beneath magmatic arcs.
Structures consistent with diapirs connecting the slab and the arc front volcanoes are observed in seismic
and magnetotelluric data at some subduction zones like that of Japan and western North America (McGary
et al., 2014; Tamura et al., 2002). The volcanism in the SAVA is believed to be due to flux melting by the
addition of hydrous fluids and melts to the mantle wedge (e.g., Francalanci & Zellmer, 2019). In contrast,
much of the magmatism in the northern Aegean region is explained by postcollisional crustal or mantle
melting possibly due to slab break-off and/or asthenospheric upwelling (e.g., Pe-Piper & Piper, 1992; Per-
kins et al., 2018). However, the composition of the northern Aegean magmatic rocks resembles that of the
SAVA and thus some authors favor magma formation above the retreating slab (e.g., Innocenti et al., 1984).

Here, we compile geochronological and geochemical data of magmatic centers ranging in age from 33 Ma
in the northern Aegean to recent at the active SAVA. We find that the magmatic centers form linear age-pro-
gressive trends perpendicular to the Hellenic Trench and argue that this reflects migration of arc magma-
tism due to consecutive diapir ascent from the retreating slab. The chemical and isotopic variation of the
magmatic rocks indicates extensive mixing of mantle with subducted sediments within the diapirs with
variable input of clastic sediment, phosphate, and barite. Our model suggests that this mixture melts to
variable degree leading to the observed variation of calc-alkaline to shoshonitic magmas in the Aegean
subduction zone.

2. Geotectonic Setting

The crust of the Aegean Microplate formed by accretionary processes of continental and oceanic units during
the Cretaceous to Eocene. Most tectonic and seismological studies suggest that the subduction was continu-
ous and formed one single connected slab (e.g., Wortel & Spakman, 2000), whereas Wei et al. (2019) present
tomographic imaging of three slab segments possibly representing the Pindos, Tripolitza, and Ionian units
below the western and northern Aegean. Trench retreat by some 600 km started ~45 Ma ago and caused
wide-spread regional extension of the overriding lithosphere (Jolivet & Brun, 2010; Jolivet et al., 2013). The
extension in the Aegean is NE-SW oriented (Figure 1a) and most of the present motion occurs close to the
SAVA and in the fore-arc (Brun et al., 2016). After the closure of the Vardar ocean during the late Cretaceous
the Pelagonian, Pindos, Gavrovo-Tripolitza, and Ionian Units were underthrusted and subducted beneath
the Eurasian margin. Jolivet and Brun (2010) gave a detailed overview on the composition of these units
within the Hellenides. The Ionian plate consists of Triassic to Cretaceous oceanic crust and up to 10 km
of sediments, and is presently subducting beneath the SAVA (Pearce et al., 2012). Numerous magmatic in-
trusions and volcanic centers occur in the Aegean, and typically the magmatic rocks are calc-alkaline with
varying enrichment of potassium up to shoshonitic compositions (Francalanci et al., 2005; Kirchenbaur
et al., 2012; Pe-Piper et al., 2002). A decrease of the ages of the magmatic activity from NE to SW in the
Aegean was noted previously, but has only been discussed as a general pattern (e.g., Agostini et al., 2010;
Fytikas et al., 1984; Menant, Sternai, et al., 2016; Pe-Piper & Piper, 2006; Uzel et al., 2020).
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Figure 1. (a) Overview of the Aegean region with magmatic centers of Cenozoic age. Magmatic centers marked with color form the presented Profiles 1 and

2 (arrows) from the Northern Aegean to the South Aegean Volcanic Arc (SAVA). Blue arrows show the present-day plate motion relative to Eurasia, yellow
arrows show the direction of extension (Flerit et al., 2004), and red arrows the direction of mantle flow indicated by mantle anisotropy (Brun & Sokoutis, 2010).
(b, c) Age progression of magmatic activity along the profiles in (a). Arc magmatism migrated from NE (0 km) to SW (450 km) during the past 32 Ma. Ages
based on published data (see Approach and Table S1). The uncertainty is below +1.5 Ma for all locations. The numbers I, II, and III mark phases of different
arc migration rates, that are discussed in the text. Biga, Biga peninsula; CH, Chalkidiki; IBTZ, [zmir-Balikesir transfer zone; KTF, Kephalonia Transform Fault;
MCL, Mid Cycladic Lineament; NAF, North Anatolian Fault; VE, Volos-Evia.

3. Approach
3.1. Geochronological Profiles

We compiled ages and compositional data for two profiles of magmatic centers from NE Greece and NW
Turkey to the SAVA (Figure 1a) that lie perpendicular to the Hellenic Trench and parallel to the plate mo-
tion, the vector of extension, and the flow in the mantle wedge determined by seismic studies (Brun &
Sokoutis, 2010; Jolivet et al., 2013; Menant, Sternai, et al., 2016; Paul et al., 2014). The compiled geochron-
ological data reveals an age-progression of the magmatic activity from Oligocene to present along 450 km
long, roughly straight profiles (Figures 1b and 1c). Both profiles show a similar age progression along par-
allel lines from 32 Ma-old rocks in the NE to the recent SAVA volcanoes of Methana and Milos (Figure 1).
The ages of the magmatic activity overlap between many of the centers between 20 and 10 Ma, but there
is a migration of the onset of activity by ~300 km. A potential third linear age-progressive profile further
west reaches from Chalkidiki to the Volos-Evia area (Figure 1a). Although subduction in the Aegean reach-
es back to the Cretaceous, we start the profiles in the Oligocene because at that time continuous south-
ward trench retreat and slab rollback started according to paleotectonic reconstructions (Menant, Jolivet,
et al., 2016). Close spatial association of Eocene and Oligocene magmatic rocks in the Chalkidiki area, N
Greece (Himmerkus et al., 2012; Jones et al., 1992) as well as in the Biga Peninsula, NW Turkey (Delaloye &
Bingol, 2000; Yigit, 2012) indicate that magmatic activity was rather stationary at 55-35 Ma in the Northern
Aegean. The voluminous Miocene magmatism in the Izmir-Menderes area, W Anatolia is not included in
the profiles, because a slab tear beneath Anatolia caused complex processes of trench retreat and mantle
flow (e.g., Brun & Sokoutis, 2010; Ersoy & Palmer, 2013). A NE-SW-directed migration of magmatic activity
was observed in western Anatolia in the Miocene (Uzel et al., 2020).

3.2. Compilation of Geochemical Data

The magmatic centers along Profile 1 display a regular age progression of magmatic activity and are located
at a central position of the Aegean subduction system. A data set of published major element, trace ele-
ment, isotopic, and geochronological data from numerous studies allows us to investigate the geochemical
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variation of the magmas along Profile 1 (Altherr & Siebel, 2002; Arikas & Voudouris, 1998; Baltatzis
et al., 1992; Barbieri et al., 1998; Christofides et al., 2000; Del Moro et al., 1988; Elburg et al., 2018; Elburg
& Smet, 2020; Eleftheriadis et al., 1994; Fytikas et al., 1979; Innocenti et al., 1981, 1984; Juteau et al., 1986;
Kroll et al., 2002; Marchev et al., 1998; Matsuda et al., 1999; Mavroudchiev et al., 1993; Melfos et al., 2002;
Mitropoulos et al., 1987; Papadopoulou et al., 2001, 2004; Pe-Piper, 1991; Pe-Piper & Piper, 1994, 2001, 2013;
Pe-Piper et al., 1983, 2009; Perkins et al., 2018; Schaarschmidt et al., 2021; Seyitoglu & Scott, 1992; Skarpelis
et al., 2008; Stouraiti et al., 2010; Vlahou et al., 2006; Woelki et al., 2018). For the compilation of geochemical
and geochronological data along Profile 2 further studies were considered (Aldanmaz et al., 2000; Altherr &
Siebel, 2002; Altunkaynak & Geng, 2008; Baltatzis et al., 1992; Briqueu et al., 1986; Delaloye & Bingol, 2000;
Ersoy et al., 2017; Fytikas et al., 1984, 1986; Iglseder et al., 2009; Innocenti et al., 1981; Juteau et al., 1986;
Matsuda et al., 1999; Mitropoulos et al., 1987; Pe-Piper et al., 2009, 2014; Stouraiti et al., 2010, 2018; Uzel
et al., 2020; Yigit, 2012). The compiled data set is attached in Table S1. Published data are complemented
by new major element, trace element, Sr, and Nd isotope data of 12 plutonic and volcanic rocks from NE
Greece and Limnos, measured at the GeoZentrum Nordbayern, Friedrich-Alexander Universitdt Erlan-
gen-Niirnberg. The new data comprise three shoshonitic volcanic rocks from the Petrota graben and three
calc-alkaline volcanic rocks from Kassiteres-Leptokaria in NE Greece, as well as three lavas from Limnos
(Table S2). The descriptions of the analytical methods are presented in Text S1. The data set allows us to
evaluate the petrogenesis and major geochemical variation during subduction and arc migration. The inter-
pretations focus upon Profile 1 because it has the most complete data coverage.

4. Results

The selected magmatic centers including plutonic and volcanic rocks span two ~450 km long profiles
between Leptokaria/Kassiteres and Methana (Profile 1) and between Biga-Kirazli and Milos (Profile 2,
Figure 1). Profile 1 displays the following evolution of the magmatic activity. After Oligocene plutonism
(33-30 Ma) and volcanism (33-27 Ma) in the area between Leptokaria and Maronia in NE-Greece ceased
(Innocenti et al., 1984; Perkins et al., 2018; Schaarschmidt et al., 2021), magmatic activity started at Samo-
thraki at ~23 Ma (Figure 1b) and remained active for ~7 million years (Christofides et al., 2000; Vlahou
et al., 2006). The volcanic rocks of Limnos formed at 22-19 Ma and are followed by volcanic rocks at Agios
Efstratios, Skyros, and Evia (Barbieri et al., 1998; Pe-Piper & Piper, 1994; Seyitoglu & Scott, 1992). The 9 Ma
old pluton at Lavrion (Skarpelis et al., 2008) fills the age gap between Evia and the young volcanic centers
of Aegina and Methana in the SAVA (Elburg et al., 2018; Matsuda et al., 1999; Pe-Piper & Piper, 2013).
Simultaneously to Oligocene magmatism in NE Greece magmatic activity occurred in the northern Biga
Peninsula, NW Turkey, where Profile 2 starts with the Biga-Kirazli magmas (33-21 Ma) and continues
southwestwards during Upper Miocene at Ezine-Ayvacik (22-15 Ma) in the Biga Peninsula (Aldanmaz
et al., 2000; Altunkaynak & Geng, 2008; Delaloye & Bingol, 2000). Volcanism on the islands of Lesbos,
Psara, and Chios was active from 18 to 14 Ma (Pe-Piper et al., 1994, 2014) and was followed by plutonism
on Tinos at ~14 Ma (Altherr & Siebel, 2002; Bolhar et al., 2012; Stouraiti et al., 2010). Although Serifos is
located 20 km off the profile, the plutonic activity on Serifos at 11-8 Ma (Iglseder et al., 2009) is included in
Profile 2 since the island of Syros and Sifnos do not show any magmatic activity. Profile 2 ends at the island
of Milos in the SAVA, where voluminous volcanic activity started at 3.5 Ma and lasted to historical times
(Fytikas et al., 1986). Exposed plutonic rocks at Lavrion, Serifos, Tinos, Samothraki, Biga, and in NE-Greece
represent intrusions at 3-10 km depth (Christofides et al., 2000) below active volcanoes at the time of em-
placement. Most of the magmatic centers have diameters of <15 km and consist of lava flows and domes
associated with shallow plutonic to subvolcanic rocks.

The magmatic centers along Profile 1 consist of plutonic and volcanic rocks with SiO, contents between 48
and 80 wt% and medium-K calc-alkaline to shoshonitic compositions (Figure 2a). The rocks from Maronia/
Petrota, Samothraki, and Limnos are shoshonitic and mafic to intermediate samples show remarkably high
P,05 concentrations up to 1.0 wt% (Figure 2b) as well as high Sr, Th, and light rare earth element concen-
trations (Figure 3), whereas the other magmatic centers along the profile consist of calc-alkaline plutonic
and volcanic rocks with lower trace element concentrations. All of the rocks have comparable patterns of
incompatible elements with depletion of Nb and enrichment of fluid-mobile elements like Pb (Figures 3
and S1). The magmatic rocks of Profiles 1 and 2 show a large range of ¥’Sr/**Sr and "*Nd/"**Nd from 0.704
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Figure 2. (a) SiO, versus K,O plot of all magmatic rocks along Profile 1 shows shoshonitic compositions at Maronia, Samothraki, and Limnos and high-K to
medium-K compositions at the other locations. Classification after Peccerillo and Taylor (1976). (b) SiO, versus P,Os plot of all magmatic rocks along Profile
1 shows high P,0s concentrations for mafic to intermediate rocks at Maronia, Samothraki, and Limnos. For comparison, average compositions of shoshonites
from the following locations are shown: Vulcano and Stromboli, Aeolian Arc (Peccerillo et al., 2013), Tavua volcano, Fiji (Rogers & Setterfield, 1994), Kunlun
Mountains, NW China (Zhang et al., 2008), Sunda Arc, and Mexican Arc (Schmidt & Jagoutz, 2017).

to 0.712 and from 0.5122 to 0.5128, respectively (Figure 4). Along Profile 1, the magmas at Samothraki
(£22 Ma), Limnos, Skyros, Evia, and Lavrion have the highest Sr isotope ratios. Some mafic to intermediate
rocks with SiO, < 58 wt% at Samothraki, Limnos, and Evia show high ¥Sr/*Sr, comparable to their evolved
endmembers (Figure 5a). The rocks at most locations like Maronia/Petrota, Samothraki, Limnos, and Evia
have constant ¥’Sr/*Sr with increasing SiO,, whereas Methana and Leptokaria/Kassiteres show increasing
¥7Sr/%°Sr and decreasing '**Nd/***Nd with increasing SiO, (Figures 5a and 5c). The most mafic shoshonitic
rocks of Maronia, Samothraki, and Limnos have higher La/Yb (Figures 5b, 6a, and 6b), Th/Yb (Figure 6f),
and Nb/Yb (not shown) than the calc-alkaline rocks of the other centers.

5. Discussion
5.1. Magma Generation

The magmas of the active SAVA have been extensively studied and most authors agree that they were formed
by hydrous melting of variably depleted mantle wedge that has been enriched by slab-derived components
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Figure 3. Incompatible element concentrations of representative mafic to intermediate samples (SiO, < 60 wt%) along Profile 1 normalized to N-MORB (Sun

& McDonough, 1989) show a uniform signature for all magmatic rocks indicating a similar magma formation by partial melting of a mantle source that was
enriched by slab-derived components from subducted sediments. The complete data set is shown in Figure S1.
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Figure 4. Variation of initial Sr and Nd isotope ratios along Profiles 1 (a, c) and 2 (b, d). (a) ¥’Sr/**Sr shows a step to more radiogenic compositions in the
central part of Profile 1 at ages between 22 and 5 Ma. (b) *’Sr/*Sr along Profile 2 increases in two steps from NE to SW before decreasing again below 0.708 at
the SAVA. (c, d) The Nd isotope ratios show opposite variations compared to the Sr isotopes along both profiles.

(Elburg et al., 2014; Francalanci et al., 2005). While the chemical variation of the mafic arc magmas mainly
depends on the slab-mantle interaction, the composition of the evolved melts is affected by fractional crystal-
lization, variable amounts of crustal assimilation, or magma mixing during ascent (e.g., Elburg et al., 2018).
However, whereas it is generally suggested that magma generation at the SAVA is caused by flux melting
in the mantle wedge in direct response to the active subduction, the formation of the older calc-alkaline
rocks in the Aegean have been explained by other processes. For example, the formation of K-rich magmas
is explained by post-collisional melting of metasomatized lithosphere by ascending asthenosphere (Biga
Peninsula, Altunkaynak & Geng, 2008; Maronia, Perkins et al., 2018; Samothraki, Vlahou et al., 2006), by
melting of underplated mafic lower crust by ascending asthenosphere (Limnos, Pe-Piper et al., 2009), or by
decompression melting due to back-arc extension (Chios, Lesbos, Pe-Piper et al., 1994, 2014; Lavrion, Tinos,
and Serifos, Stouraiti et al., 2010). Decompression melting of the asthenosphere in back-arcs typically yields
MORB-like basalts, whereas close proximity to island arcs causes increasing input of slab components and
flux melting (Pearce & Stern, 2006). No back-arc basalts are known from the Aegean but young alkaline
basalts (that are not included in the presented profiles) occur in several back-arc regions of the Aegean
and suggest decompression melting of asthenosphere with no or little metasomatism by a slab component
(Aldanmaz et al., 2000; Marchev et al., 2004). Partial melting of metabasalts (e.g., garnet amphibolites) in
the lower crust generates intermediate to felsic magmas (e.g., Qian & Hermann, 2013) unlike the basaltic
to andesitic composition found in most Aegean magmatic centers. Finally, partial melting of lithospheric
mantle beneath the Aegean by conduction from ascending asthenosphere is unlikely because the litho-
sphere-asthenosphere boundary beneath the Aegean (defined as the 1200°C isotherm) is unusually deep at
150-170 km (Sodoudi et al., 2006; Tesauro et al., 2009), that is, there is no evidence for thinning and melt
production. Additionally, heating of the lithosphere would cause significant uplift (e.g., Roy et al., 2009)
which is not observed in the western Aegean and rather, the magmatic rocks occur in basins. Thus, we
suggest that these processes cannot explain the abundant mafic to intermediate magmatic activity in the
Aegean. Rather, all magmas along the two profiles were generated by partial melting of the mantle wedge
above the subducted slab because: (a) the magmatic activity follows the southwestward trench migration
along continuous age-progressive profiles (Figure 1) implying a direct link to the slab rollback; (b) the trace
elements show similar signatures with enrichment of fluid-mobile elements and depletion of Nb and Ta
(Figure 3) for all magmatic centers indicating a variable slab contribution; (c) the incompatible element
and isotope composition of Oligocene K-rich rocks in NE Greece closely resembles that of the active SAVA
(Figures 3 and 4); (4) the abundance of mafic melts (<52 wt% SiO,, in many cases as enclaves in felsic rocks,
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Figure 5. (a, c¢) Evolution of initial Sr and Nd isotopes with increasing SiO,. Magmas with SiO, < 58 wt% (dashed line) indicate a relatively large isotopic
variation of the mantle source at each magmatic center. (b) Higher La/Yb values in mafic to intermediate magmas at Maronia/Petrota, Samothraki, and Limnos
indicate lower degrees of melting for the shoshonitic magmas. (d) P/Nd is not affected by the melting degree but the locations show significant variations
indicating enrichment of the mantle by different sediments. For references of average shoshonite compositions, see caption of Figure 2.

Figure 2) along the line of magmatic centers implies that the parental magmas formed in the mantle wedge.
Thus, we suggest that the age progression along the profiles across the Aegean reveals a continuous migra-
tion of the magmatic arc from NE to SW during the past 32 million years (Figure 1). The chemical variability
of the magmas is controlled by the subduction of heterogenous continental and oceanic crust, which will
be discussed in the following sections.

5.2. Variation of Magma Composition

The magma compositions change rapidly along Profile 1 and over small regional scales as exemplified in the
change from the high-K calc-alkaline magmas of Leptokaria/Kassiteres (32.9-32.0 Ma) to the shoshonitic
magmas at Maronia (29.8 Ma, Perkins et al., 2018). Similar changes between calc-alkaline and shoshonitic
magmas occur on Limnos (Pe-Piper et al., 2009), and significant geochemical changes between magmatic
centers are also known from the SAVA, for example, between Aegina and Methana (Elburg & Smet, 2020).
The observed variation in the different magma types indicates variable magma sources, variable degrees
of melting, and/or variable crustal assimilation. The mafic to intermediate rocks along Profile 1 show a
large range of *’Sr/**Sr between 0.7040 and 0.7095 (Figure 5a). Since the magmas with <58 wt% SiO, were
derived by partial melting of the mantle wedge with only minor effects of fractionation or assimilation,
this approximately represents the isotopic range of the mantle source, which has been enriched by variable
components of the subducted slab. Any crustal assimilation would lead to increasing SiO, and *’Sr/*sr,
because the overriding continental crust consists of Mesozoic to Tertiary units,for example, widespread
gneisses with ¥Sr/*Sr > 0.710 (Buettner et al., 2005; Frei, 1995; McGrath et al., 2017). The relatively con-
stant ¥Sr/**Sr and "*Nd/"**Nd between mafic and felsic rocks at Maronia, Samothraki, Limnos, and Evia
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Figure 6. Modeling of ’Sr/*Sr, '*Nd/*Nd, and incompatible element ratios during mixing of depleted mantle
(DMM) and slab-derived components and adjacent partial melting with variable degrees of melting (F). For modeling
parameters see Text S2. Plotted data show magmas of Profile 1 with SiO, < 58 wt%. Mafic magmas with SiO, < 52
wt% are highlighted with bold rims. (a, c) The addition of Eastern Mediterranean Sediment (EMS) and partial melting
could generate the La/Yb and La/Sm ratios of Methana magmas. The purple box represents the incompatible element
ranges of experimental mélange melts (Cruz-Uribe et al., 2018) shown at isotopic ratios of metabasites from Cycladic
ophiolitic mélanges (Brocker et al., 2014; Stouraiti et al., 2017). (b, d) By contrast, mixing with EMS melt (Hermann

& Rubatto, 2009) does not fit the data and gives unrealistic concentrations, for example, too high La/Sm ratios. (e, f)
The addition of bulk metasediments like the Ios gneiss to the mantle wedge, together with lower melting degrees may
explain the positive correlation of ¥’Sr/**Sr with La/Yb and Th/Yb in rocks from Maronia, Samothraki, and Limnos.

indicates that the evolution of these magmas is dominated by fractional crystallization (Figures 5a and 5c).
By contrast, increasing ¥’Sr/*Sr and decreasing '**Nd/"**Nd with fractionation at Aegina and Methana in
the SAVA (Figures 5a and 5¢) imply the influence of upper crustal contamination on the isotope composi-
tion of the evolved rocks (Elburg & Smet, 2020; Elburg et al., 2018). We conclude that in most cases the Sr
and Nd isotope variation in mafic to intermediate rocks (<58 wt% SiO,) reflects variable magma sources due
to different recycling of slab components consisting largely of sediments.
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The mafic to intermediate rocks from Evia and Samothraki or those from Leptokaria/Kassiteres and Ma-
ronia/Petrota have similar Sr isotope compositions but very different La/Yb (Figures 5a and 5b) suggesting
different degrees of melting of similar sources (Schaarschmidt et al., 2021). Low degrees of melting lead, for
example, to increased light rare earth element (REE) to heavy REE ratios (Figure 5b). Similar heavy REE
contents relative to N-MORB of all studied magmas (Figure 3) indicate no influence of garnet in the magma
source. Mafic to intermediate shoshonitic rocks at Maronia/Petrota and Samothraki show a stronger enrich-
ment of most incompatible elements relative to heavy REE in comparison to the calc-alkaline rocks of the
other magmatic centers (Figures 3 and 5b). This indicates lower degrees of melting in the NE part of Profile
1 between ~30 and 20 Ma. This is in accordance with formation models of potassic rocks by relatively low
degree partial melting of a metasomatized mantle source (Condamine & Médard, 2014). However, some of
these increased trace element concentrations can also indicate variable mantle depletion before subduction
or enrichment of the mantle source by slab-derived components.

Mixing between the mantle and sedimentary material can occur either by an influx of sediment melts
into peridotite causing partial melting, or by bulk mixing of peridotite with sediments followed by partial
melting. To evaluate these processes we performed modeling of mixing and equilibrium melting of differ-
ent endmember compositions using Sr and Nd isotope, La/Yb, La/Sm, and Th/YDb ratios, and compared
the models to the magma compositions with SiO, < 58 wt% from Profile 1 (Figure 6). We show results of
three different models where depleted mantle peridotite (DMM, Workman & Hart, 2005) is mixed with
Eastern Mediterranean Sediment (EMS, Klaver et al., 2015) (Figures 6a and 6¢), with EMS melt (melting at
900°C, 3.5 GPa, Hermann & Rubatto, 2009) (Figures 6b and 6d), and with Ios gneiss (Buettner et al., 2005)
(Figures 6e and 6f), probably representing the subducted crustal material during Oligocene to Miocene,
respectively. Following the binary mixing of the mantle with the three potential sediment components, the
equilibrium melt compositions are calculated at variable melting degrees (F). For the detailed model param-
eters, see Text S2. The La/Yb, La/Sm, and Th/Yb ratios may be slightly affected by fractional crystallization
that could increase these ratios by a factor of 2 from primary melt composition with 48-58 wt% SiO, content
(Figure 5b). Thus, some samples would be shifted to lower ratios at primary melt composition, leading to
higher estimated melting degrees than suggested by Figure 6. The models only give rough estimates of
primary melt compositions, since the exact compositions of the Aegean mantle wedge and the slab-derived
components, as well as the mineralogy of the mantle source during the past 30 million years are unknown.
However, the modeling implies that the mantle was enriched by bulk sedimentary material (Figures 6a
and 6¢) rather than sediment melt (Figures 6b and 6d). Furthermore, enriched La/Yb and Th/Yb at Maro-
nia, Samothraki, and Limnos are likely generated by lower melting degrees compared to Methana, as well as
by mantle mixing with slab-derived sediment that has higher La/Yb, Th/Yb, and more radiogenic ¥Sr/*Sr
than EMS, similar to the Ios gneiss (Figure 6). The modeled *’Sr/*Sr versus La/Yb ratios (Figures 6a and 6b)
strongly depend on the Sr concentration of the sediment component, because Sr-rich components such as
the EMS will primarily influence the ¥Sr/**Sr of the magma, leading to low La/Yb and low estimated melt-
ing degrees. Thus, the melting degrees of Aegean magmas in Figure 6a are probably underestimated, in case
the subducted sediment has lower Sr concentrations than EMS.

Variable depletion of the mantle before slab-derived element enrichment, for example, higher La/Yb of
the mantle source would also result in more enriched La/Yb ratios of mixed mantle partial melts. Howev-
er, the positive correlation of La/Yb or Sm/Yb, as well as Nb/Yb with increasing ¥Sr/**Sr and decreasing
1Nd/M*Nd (Figure 6) indicates that the trace element ratios are controlled by variable addition of sedi-
ments, not by variable mantle sources. Due to the strong effect of sediments on the arc magma composition,
the transfer of incompatible elements via aqueous fluids derived from subducted sediments or oceanic crust
is negligible for the Aegean magmas, because the trace element concentrations of sediments and sediment
melts are by a factor of >10 to >100 higher than that of slab-derived fluids (Hermann & Rubatto, 2009;
Spandler et al., 2007). We conclude that the observed variation of the magma compositions along the pro-
files indicates mixing of peridotite with variable sediments (EMS to Ios gneiss) before partial melting.

The isotope and trace element modeling in Figure 6 shows that mixing of mantle with different bulk sed-
iments and adjacent melting roughly reproduces the trace element pattern of the magmas along Profile 1.
Similarly, the Nd/Sr compositions of the magmas along Profile 1 can be explained by the addition of bulk
sediment with high Nd/Sr to the sub-arc mantle (Figure 7a), but not by the addition of sediment melts or

SCHAARSCHMIDT ET AL.

9of 21



~1
AGU

Geochemistry, Geophysics, Geosystems 10.1029/2020GC009565
ADVANCING EARTH
AND SPACE SCIENCE
0.30 IE’ os gnei 0.5132 -@ mantle «— DMM Leptokaria/
<O melt O Kassiteres NE
025 EE Paros/Serifos 0.5130 :(y @) M:t:%?;a/
gnesss ) A Samothraki
0.20 w U0-5128 - melting A Limnos
= \\,;\“g - mbit | 2 A Aegina
) | o “/ [P £.0.5126 A Methana  SW
L2015 5. 5
2 5 |z P SIO, <58 wt.%
010k A A |5 ¥ 05124+
“Y |omm/ 4% |O ° O pluton
o5t S B Ei“‘s- ------------- jsed: 05122} A _volcanic
MS 05120 EEL ]
0.00 \ sed. melt ) ) og gneiss . . . L
' 2 0.705 0.710 0.715 0.720 0.725 0.00 005 010 0.15 0.20 0.25
AOC fluid 87Sr/88sr Hf/Nd

Figure 7. Isotope-incompatible element trends give insights into mixing and melting processes and may help to distinguish between mixing of mantle with
fluids and sediment melts versus mixing of mantle with bulk sediment before melting (Nielsen & Marschall, 2017). The black lines indicate mixing of depleted
mantle (DMM) with Ios gneiss, Paros/Serifos gneiss, and Eastern Mediterranean Sediment (EMS), whereas the dashed lines indicate addition of respective
sediment melts. The sediment melt compositions are estimated using the experimental data of Hermann & Rubatto (2009), and the white bars represent the
sediment melt composition at variable degrees of melting. The reddish line in (a) indicates addition of fluid derived from average altered oceanic crust (AOC
fluid, Nielsen & Marschall, 2017). For modeling parameters see Text S2. (a) Increasing Nd/Sr with increasing *’Sr/*Sr can be explained by mixing of mantle
with bulk sediments with high Nd/Sr, followed by melting, but not by mixing of mantle with sediment melts and fluids, because their Nd/Sr is much lower
compared to bulk sediment (Hermann & Rubatto, 2009). (b) The magmas show variable Hf/Nd at relatively constant "*Nd/***Nd, indicating mixing of mantle
with bulk sediment before melting (Nielsen & Marschall, 2017). Experimental data indicate that melting of sediment mostly increases the Hf/Nd of the melt
relative to the source (Hermann & Rubatto, 2009), whereas melting of peridotite slightly decreases the Hf/Nd of the melt (McDade et al., 2003).

fluids derived from the altered oceanic crust (Nielsen & Marschall, 2017), because these generate too low
Nd/Sr of the magma source and the adjacent magmas in the Aegean. However, partial melting experiments
of sediments and mélange rocks show variable results where some imply strong fractionation of Nd/Sr
(Cruz-Uribe et al., 2018; Hermann & Rubatto, 2009), whereas other sediment melting experiments observed
only minor Nd/Sr fractionation (Spandler et al., 2007). The Hf/Nd versus '*Nd/**Nd show a similar pattern
(Figure 7b) that supports mixing of mantle with bulk sediments before melting, that generates variable Hf/
Nd at similar '*Nd/"*Nd (Nielsen & Marschall, 2017). By contrast, mixing of mantle with, for example,
EMS melt would generate relatively high Hf/Nd of the magma source, that does not overlap with the mag-
mas along Profile 1 (Figure 7b). Experimental studies suggested that melts of mélange-hybridized mantle
resemble primitive arc melts (Codillo et al., 2018; Cruz-Uribe et al., 2018), and their La/Yb and La/Sm ratios
overlap with those of the Aegean magmas (Figures 6a and 6c), but these experimental melts have too low
FeO" and also the Ba, Sr, and Ce concentrations are lower than in the Aegean magmatic rocks. In contrast
to global oceanic arc magmas (Nielsen & Marschall, 2017), the Aegean magmas show a larger isotopic varia-
tion of the magma source (Figures 5a and 5c), that partly correlates with enriched trace element ratios (Fig-
ures 6 and 7). Given the very heterogeneous and unknown composition of the subducting sediments, the
sediment volume, and the water content, we believe that most of the geochemical signatures of the Aegean
arc magmas can be explained by mélange melting. For example, the relatively high Ba/La ratios of some
Aegean arc magmas probably indicate that portions of the subducted sediments contain barite as suggested
for some lavas from Aegina (Elburg & Smet, 2020). We propose that variable degrees of partial melting of
a heterogeneous peridotite-sediment mélange explain the close spatial and temporal association of high-K
calc-alkaline and shoshonitic rocks, for example, at Maronia-Kassiteres, Limnos, or Lesbos.

5.3. Evidence for Changes of Subducted Sedimentary Material

The Sr, Nd, and Pb isotopic composition of mafic SAVA magmas reflects the addition of a slab-derived sedi-
ment component to a variably depleted mantle source (e.g., Francalanci et al., 2005; Klaver et al., 2015, 2016;
Woelki et al., 2018). Previous models used EMS as subducted sediment component during recent subduc-
tion along the Hellenic trench (Klaver et al., 2015). However, the composition of the subducted sediments
can change on short time scales and, for example, Elburg and Smet (2020) found evidence for the sub-
duction of sediments with variable barite contents that caused significant variation of Ba/Th and Ba/La
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in the lavas of Aegina. The variation of ¥Sr/*Sr of mafic to intermediate magmas with time along Profile
1 (Figure 4a) indicates variable input of slab-derived sedimentary or other crustal material to the mantle
wedge. Although large crustal portions of the continental Gavrovo-Tripolitza, the Phyllite-Quartzite, and
the Ionian unit were accreted between 35 and 15 Ma, most of these blocks were subducted (e.g., Jolivet &
Brun, 2010) and provide a range of different crustal lithologies that potentially affected the sub-arc mantle.
The upper crust of these continental blocks consists mainly of Mesozoic to Tertiary sedimentary sequences
ranging from pelitic to volcaniclastic, platform, and flysch sediments. Accreted parts of the lower crust crop
out in the metamorphic core complexes of the Cyclades, for example, the gneisses and metasediments at
Paros, Serifos, and Ios (Buettner et al., 2005; McGrath et al., 2017). We suggest that the variation in Sr and
Nd isotope ratios (Figure 4) reflect the changes of amount and type of subducting sedimentary material
with time, similar to observations in calc-alkaline to shoshonitic lavas of the Sunda-Banda arc (Elburg
et al., 2004). Variable sedimentary fluxes into trenches of subduction zones were also shown to correlate
with the K, Ba, Sr, and Th concentrations of arc magmas (Plank & Langmuir, 1993), and thus the high K
concentrations of Aegean magmas can also be related to variable input of subducted sediment.

Slab-derived components like aqueous fluids, hydrous melts, or mélange diapirs affected the trace element
and isotopic composition of the mantle wedge, which is supported by the enriched large-ion lithophile
elements (LILEs) and depleted high field strength elements (HFSEs) in all magmas along the profiles (Fig-
ure 3). The variation of *’Sr/*Sr in the Aegean magmatic rocks reveals a major change of the amount or
type of subducted material at about 22 Ma, where the Sr isotopic ratio shifts toward high values between
0.7085 and 0.7100 (Figure 4a). The ¥Sr/*Sr of carbonate sediments ranges between 0.7078 and 0.7090 for
all Phanerozoic carbonates (Burke et al., 1982) and therefore cannot have caused the high *’Sr/**Sr > 0.709
in the volcanic and plutonic rocks. The crustal material that enriched the mantle source between 22 and
5 Ma must have been rather dominated by continent-derived clastic sediments with *’Sr/**Sr of >0.710. This
increase of subducting continental material coincides with the development of a thick accretionary wedge
23 Ma ago and the exhumation of high-pressure units from the subduction channel (Jolivet et al., 2013),
whereby both processes support an increase in sediment subduction. In contrast, the ¥Sr/*Sr in magmatic
rocks from NE Greece and the SAVA is lower and more variable, suggesting that smaller volumes and/or dif-
ferent sediments contributed to their magma source. Figures 6e and 6f show that the high La/Yb and Th/Yb
ratios at Maronia, Samothraki, and Limnos require the addition of a slab-derived component with high La/
Yb and Th/YDb ratios like the Ios gneiss, which represents the subducted crust during Oligocene to Miocene
and therefore is a suitable end-member for this model. We suggest that the strong increase of ¥’Sr/**Sr in the
magmas during the Miocene is caused by increasing amounts of slab-derived sedimentary contribution to
the mantle source at low subduction rates, which will be discussed below.

Trace element ratios like Nd/Sr, Ba/La, and P/Nd, which are not strongly affected by the melting degree,
also show significant variations in magmas with SiO, < 58 wt% along Profile 1 (Figure 8). These variations
probably also indicate changes in subducted sediment composition. High P,Os concentrations in interme-
diate Samothraki and Limnos magmas indicate that no significant apatite fractionation occurred during
their earlier evolution and high P contents in the primary mantle-derived melts. Fractional crystallization
of the magmas leads to decreasing P/Nd (Figure 5d) and Ba/La values but we find that the mafic to interme-
diate magmas from Maronia, Kassiteres, and Aegina show higher P/Nd and Ba/La than the Methana lavas
without a significant correlation with Sr isotopes (Figures 8a and 8b). Elburg and Smet (2020) suggested
that high Ba/Th (analogous to high Ba/La) ratios of some Aegina lavas reflect the subduction of barite-rich
sediments, which may also explain the Ba enrichment in Kassiteres and Maronia rocks in NE Greece with
Ba/La >30 (Figure 8a). Element enrichment via aqueous fluids would also lead to increasing Ba/La ratios,
but at the same time to decreasing Ba/Rb (Elburg & Smet, 2020; Spandler et al., 2007), which is not observed
in the Maronia, Kassiteres, and Aegina magmas (Figure 8c). By contrast, high Ba/La ratios mostly coincide
with high Ba/Rb ratios, which indicates enrichment of Ba relative to the other LILE in mafic to interme-
diate magmas. The presence of clay minerals, micas, or amphibole in the magma source leads to elevated
LILE of arc magmas, but only barite can strongly fractionate Ba from the other LILE. Thus, high Ba/La and
Ba/Rb at Maronia, Kassiteres, and Aegina support the subduction of contribution of barite-rich sediments
(Figure 8c).
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Figure 8. The P/Nd, Ba/La, Ba/Rb, and Nd/Sr ratios of magmas with SiO, < 58 wt% reflect compositional variations of the mantle source due to enrichment
by different slab-derived sedimentary components. Mafic magmas with SiO, < 52 wt% are highlighted with bold rims. (a) High P/Nd and Ba/La indicate
contribution of phosphate-bearing and barite-bearing sediments at Maronia, Kassiteres, and Aegina. (b) Initial Sr isotopes versus P/Nd shows no clear positive
correlation, but high P/Nd ratios at Maronia and Aegina imply the contribution of P-rich sediments. (c) Positive correlation of Ba/La with Ba/Rb ratios supports
Ba enrichment by barite-rich sediments, but not by slab-derived fluids. (d) Initial Sr isotopes show a positive correlation with the Nd/Sr ratios along Profile 1,
which indicates the contribution of a slab-derived sediment component (see also Figure 7a) or crustal assimilation.

Several mafic to intermediate magmas at Maronia, Samothraki, and Aegina show P/Nd ratios >60 that are
higher than the P/Nd in respective rocks from Leptokaria/Kassiteres or Methana in the SAVA (Figures 5d
and 8a). At pressures between 1 and 3 GPa, the bulk P content of the subducted crust is stored in apatite
and will be consumed rapidly by a coexisting melt (Konzett & Frost, 2009). The generally elevated P,Os
concentrations in global subduction-related shoshonites, for example, from Fiji (Rogers & Setterfield, 1994)
or the Sunda Arc (Schmidt & Jagoutz, 2017) may be controlled by lower melting degrees and/or higher
apatite solubilities in alkaline melts compared to calc-alkaline magmas. However, global shoshonites show
extremely variable P,Os between 0.3 and >1.0 wt% (Figure 2b), as well as variable P/Nd (Figure 5d), that
are not only related to higher solubilities or low degrees of partial melting, but also requires variable P,Os
contents of the magma source. Thus, the high P,Os and P/Nd in magmas from Maronia, Samothraki, and
Aegina reflect either subducted P-rich sediments or an enrichment of P by fluids from the subducted slab.
However, an efficient transport of P and HFSE by hydrous fluids is disputed (Gao et al., 2007) and rather,
the variable P/Nd is thought to indicate compositional variations of the subducted sediments with time
(Schaarschmidt et al., 2021). Phosphate-rich sediments may have been subducted together with clastic sed-
iments and contributed to the arc magma formation via sediment melts or mélange diapirs. Phosphate
enrichment is observed in pelagic sediments during times of high productivity and P,Os contents up to 3
wt% are known from Pacific red clays (Plank & Langmuir, 1998), but P/Nd of these sediments is around
30. However, pelagic black shales of Jurassic and Cretaceous age were deposited in the deeper basins of the
western Tethys (Emeis & Weissert, 2009) and sapropels of Pliocene and Pleistocene age with P,Os contents
up to 0.5 wt% occur in the eastern Mediterranean (Wehausen & Brumsack, 1999) and such sediments were
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probably subducted. Shallow marine sediments with 20-30 wt% P,0Os were deposited during Upper Cre-
taceous to Eocene times along the margins of the Tethys and today form major phosphorite resources in
the Mediterranean region (Abed, 2013; Notholt, 1985). The P/Nd ratios of phosphorites from Egypt range
between 700 and 4,500 (Imamoglu et al., 2009) and a small contribution of phosphate in the bulk subducted
sediment would be sufficient to increase the P/Nd of the magma source. We suggest that increased P,Os
contents and P/Nd ratios in the shoshonitic magmas in the Aegean reflect the subduction of units that con-
tain phosphate-bearing sediments.

It was previously suggested that low Nd/Sr of mafic arc magmas indicate the contribution of partial melts
from subducted carbonate sediments (e.g., Aiuppa et al., 2017). Melting experiments on pelitic sediments
have shown that the Nd/Sr ratio is fractionated during partial melting, resulting in much lower Nd/Sr ratios
for sediment melts compared to bulk sediment (Hermann & Rubatto, 2009). The magmas along Profile 1
show a positive correlation between ¥Sr/*Sr and Nd/Sr with Samothraki rocks having the highest Sr iso-
tope and Nd/Sr ratios (Figure 8d). This can be caused by assimilation of crustal material, which is likely
for Methana, or by the addition of a slab-derived sediment component with high Nd/Sr. The Nd/Sr and Sr
isotope ratios are higher than those of carbonate and thus, Nd/Sr in the Aegean magmas does not reflect
variable carbonate subduction. Rather, the slab-derived components affecting the sub-arc mantle may have
been similar to, for example, bulk EMS for the active arc, or metasediments like the gneisses of Serifos/
Paros, that may represent the subducted continental crust during Oligocene to Miocene (Figure 7a). We
conclude that much of the isotope and trace element variation of the magmas along Profile 1 is due to the
variable volume and composition of the subducted sedimentary material. This is in accordance with the
heterogeneous constitution of the subducted plate during the past 30 million years proposed by tectonic
models (e.g., Jolivet & Brun, 2010).

5.4. Arc Magmatism Triggered by Mantle Wedge Diapirs

The incompatible element and isotopic signature of arc magmas imply element transfer from the subducted
slab to the sub-arc mantle wedge. In some models, the ascent of hydrous fluids from the subducted altered
oceanic lithosphere to the mantle wedge causes flux melting of peridotite over large regions (Iwamori, 1998;
Spiegelman & McKenzie, 1987) and these melts may rise as diapirs (e.g., Tatsumi, 1986). The Hellenic
Trench contains sediments with a thickness of 8 km and 109 km®/million years of this sediment is subduct-
ed (Clift & Vannucchi, 2004; Kopf, 2003). Additionally, sediments and continental crustal portions of simi-
lar thickness were likely subducted in the past 30 million years, causing the enriched incompatible element
composition (Figure 3) and high *’Sr/**Sr and low '**Nd/"*Nd isotope ratios of the Aegean magmatic rocks
(Figures 7 and 8). Thus, the slab component affecting the magma source was dominated by the sediment
rather than by a hydrous fluid from altered basalt. Fluid dynamic models suggest that thick layers of sub-
ducting sediments like those in the Aegean form diapirs above the slab due to the lower density of sediment
compared to the dry mantle (Behn et al., 2011; Menant, Sternai, et al., 2016). Depending on the sediment
thickness and the thermal structure of the mantle wedge, mélange diapirs consisting of mixed mantle rocks
and slab components may ascend from the surface of the subducted plate into the mantle wedge, where
higher temperatures and decompression lead to partial melting of the mélange (Marschall & Schumach-
er, 2012). The abundance of high-pressure mélange rocks on the Cycladic Islands (e.g., Bulle et al., 2010)
suggests that mélange formation is a common process along the subducting Hellenic slab.

The regular spacing of the magmatic centers along Profiles 1 and 2 with typical diameters of <20 km reflects
localized magma pulses causing magmatic activity for <5 million years at each magmatic center (Figure 1).
Up to ten magmatic centers formed over a period of 32 million years with approximately constant lateral
spacing above the retreating subducting slab suggesting that diapirs rise from the same depth and location
of the retreating slab. Numerical models indicate that disturbances on the boundary layer may cause the
formation of a new diapir (Hasenclever et al., 2011). Alternatively, the structure of the slab such as the pres-
ence of fracture zones (Manea et al., 2014) may determine the location of diapiric instabilities and seismic
studies of the subducting slab beneath the Aegean recorded numerous fracture zones perpendicular to the
arc (Sachpazi et al., 2016). The geochemical variations in the Aegean magmatic rocks suggest that mixing
of sediments with peridotite occurred before melting (Figures 6 and 7), implying that the diapirs probably
consist of a mélange of the source rocks that rise from the slab surface and melt in the hot shallow mantle

SCHAARSCHMIDT ET AL.

13 of 21



ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2020GC009565

NE . IE‘ A A volc+anic
O plutonic

magmatism

magma ascent
and fractionation

dehydration and
partial melting of

mélange material

mélange diapir
ascending from

subducted slab

subduction
migration

oceanic slab
mélange

Figure 9. Suggested model of arc magmatism above mélange diapirs leading to the formation of the age-progressive line of magmatic centers due to
subduction migration from Oligocene to present. (a) Profile 1 from NE Greece to the Hellenic Trench with schematic subduction model. (b) Sediment-rich
mélange diapirs ascend from the subducted slab into the mantle wedge and dehydration leads to partial melting and arc magmatism (after Marschall &
Schumacher, 2012). The constitution of the subducted slab (oceanic or continental) controls the geochemical composition of the arc magmas.

(Figure 9) above a constant slab depth of 90-100 km (Halpaap et al., 2018). Seismic profiles close to Metha-
na in the SAVA were interpreted to show a localized ascent of fluids or melts from the slab into the mantle
wedge (Halpaap et al., 2018), but the Vp/Vs anomalies could also represent hydrated rocks in the mantle
wedge (Karakonstantis et al., 2019). Thus, we suggest that diapirs connected to the gravitationally instable
subduction channel on the retreating slab caused the regularly spaced age-progressive arc magmatism be-
tween the northern Aegean and the SAVA in the past 32 million years (Figure 9).

5.5. Arc Migration in the Course of Aegean Tectonics

One exceptional feature of the complex tectonic history of the Aegean is the alternating subduction of oce-
anic and continental lithosphere since the Cretaceous as indicated by the presence of low-velocity anoma-
lies of >2,000 km long subducted slab in the upper and lower mantle (Jolivet & Brun, 2010; van Hinsbergen
et al., 2005). After the closure of the Pindos Ocean at ~35 Ma subduction of continental crust of the Gav-
rovo-Tripolitza and the Ionian units set in and changed back to subduction of oceanic crust of the Medi-
terranean Ocean at ~14 Ma in the central Aegean (Figure 10, Menant, Jolivet, et al., 2016). The subduction
of continental lithospheric units significantly affected the subduction rate leading to decreasing rates from

age subduction slab at subduction trench migration arc migration magma geochemistry age
(Ma) of unit 100 km depth rate' (mm/yr) rate?? (mmi/yr) rate* (mm/yr) 87Sr/%Sr K,0 (Ma)
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Figure 10. Time chart displaying the tectonic and geochemical characteristics of the Aegean subduction system
and related arc magmatism. The subducted slab material at sub-arc depth was estimated using the subduction
rates of Royden & Papanikolaou (2011). Subduction of continental crust in the VE area lasted longer until 10 Ma
(marked with *). P1 = Profile 1, P2 = Profile 2, CA = calc-alkaline, HK = high-K, SHO = shoshonitic.
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>40 mm/yr during late Eocene to ~10 mm/yr during late Miocene, followed by increasing subduction rates
up to 35 mm/yr in recent times (Figure 10, Royden & Papanikolaou, 2011). The partly collision, partly sub-
duction of continental fragments led to southwestward trench retreat with trench migration rates around
6 mm/yr until Middle Miocene and increasing rates until present (Figure 10, Brun et al., 2016; Menant,
Jolivet, et al., 2016). The velocity of arc migration along the profile can be estimated using the ages of the
magmatic rocks and the present distances between the magmatic centers (Figure 1b), although these may
be affected by extension. Thus, the arc migration can be divided into (a) a slow arc migration of 8 mm/yr
until 23 Ma, (b) an increased migration rate of 24 mm/yr until 9 Ma, and (c) a slow rate of 12 mm/yr from
9 Ma to present (Figures 1 and 10). The observed arc migration rates do not correlate with the trench migra-
tion rates and reflect the complex interplay of subduction rate, trench retreat, slab buoyancy, and overriding
plate kinematics. The slow rate displayed by the youngest volcanic centers may be due to the fact that the
most recent extension occurs in the fore-arc (Brun et al., 2016).

Some of the geochemical variation from Eocene to present can be correlated with the tectonic evolution
of the Aegean. We suggest that the occurrence of high-K and shoshonitic magmas between 33 and 5 Ma
reflects the subduction of continental lithosphere, whereas Eocene and Pliocene-Quaternary calc-alkaline
magmas display subduction of oceanic crust with up to 8 km thick sediments (Figures 9 and 10). Increasing
%7Sr/%Sr and decreasing '**Nd/'**Nd from Oligocene to late Miocene (Figure 4) may be correlated with de-
creasing subduction rates and/or underthrusting of the Gavrovo-Tripolitza continental unit causing a mas-
sive increase of sediment subduction (Figure 10). Subduction of the Ionian platform at very low subduction
rates coincides with I-type and S-type plutonism in the Cyclades at 14-8 Ma. These magmas show the high-
est ’Sr/*Sr >0.7010 along the two profiles (Figure 4), indicating the largest contribution of crustal material
by assimilation, but probably also in the magma source. Low subduction rates may enable the contribution
of larger rock volumes to the formation of mélange diapirs, thus a stronger sedimentary contribution to the
sub-arc mantle source.

5.6. The Volos-Evia Volcanics as Prolongation of the SAVA

The high-K calc-alkaline lavas of the Volos-Evia area (Figure 1a) record ages between 3.4 and 0.5 Ma and
were studied by Innocenti et al. (2010). They show similar trace element signatures to the Oligocene to Mi-
ocene magmas along Profiles 1 and 2, and Sr isotope ratios between 0.7085 and 0.7094, that decrease with
decreasing age. Several studies discussed the petrogenesis of these rocks and suggested that they formed
due to back-arc extension or the SW prolongation of the North Anatolian Fault (Fytikas et al., 1984; Inno-
centi et al., 2010). The subducted slab below the Volos-Evia volcanics is at a depth of 90-100 km, similar to
the slab depth below Methana, Aegina, and Milos at the active arc (Halpaap et al., 2018). This implies that
this magmatic center is located in a typical position above the slab where mélange melting may cause the
formation of magmas. In the W Peloponnese area, the subduction of continental lithosphere lasted until
~10 Ma (Menant, Jolivet, et al., 2016), which is longer than for the Methana segment of the Hellenic sub-
duction. We suggest that the Volos-Evia volcanics represent the NW prolongation of the SAVA (Figure 1a)
and that their high-K and high LILE composition correlates with the subduction of continental lithosphere,
comparable to the Oligocene to Miocene magmas along Profiles 1 and 2. Due to slow subduction rates dur-
ing Late Miocene, the subducted continental crust still affected the mantle source of the arc magmas during
Pleistocene (Figure 10). Decreasing K contents and ¥Sr/**Sr from 3.4 to 0.5 Ma (Innocenti et al., 2010)
indicate the transition from continental to oceanic subducting lithosphere. Thus, a third profile from Early
Miocene magmas in the Chalkidiki area to the young Volos-Evia volcanics documents the migration of arc
magmatic activity in the western Aegean (Figure 1a).

6. Conclusions

The ~450 km long approximately linear age-progressive profiles of magmatic centers from NE Greece and
NW Turkey to the SAVA reveal a continuous migration of arc magmatic activity perpendicular to the Hel-
lenic Trench, caused by slab rollback during the past 32 Ma. The high compositional variability of the
magmas along the profiles can be explained by the transfer of different subducted sediments via hetero-
geneous mélange diapirs to the mantle source of the arc magmas. We suggest that the generation of Ol-
igocene to Miocene high-K to shoshonitic magmas is caused by relatively low degrees of partial melting
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of peridotite-sediment mélange diapirs due to the subduction of continental lithosphere. High *’Sr/*Sr in
the central Aegean between 20 and 5 Ma reflect a voluminous contribution of subducted clastic material
during a period of low subduction rates and underthrusting of continental units. High La/Yb and Th/Yb
ratios in mantle-derived magmas in the northern Aegean may be explained by the contribution of metased-
iments like the Cycladic basement gneisses to the magma source. Increased P/Nd, Ba/La, and Ba/Rb ratios
at Maronia, Kassiteres, and Aegina indicate that some of the subducted sediments contained phosphate and
barite. Thus, the variable magma compositions of the Aegean reflect the complex subduction of oceanic
lithosphere with thick sediment cover as well as continental blocks in the past 30 million years (Menant,
Jolivet, et al., 2016; van Hinsbergen et al., 2005).

Data Availability Statement

All new data used in this study can be found in Table S2 and are available on the PANGAEA data repository
via Schaarschmidt et al. (2021), https://doi.pangaea.de/10.1594/PANGAEA.915552. All published data used
in this study are cited in the Methods section and compiled in Table S1 of the supporting information.
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