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Abstract

Provence (SE France) was affected by two main phases of sporadic igneous activity during the
Cenozoic. New “°Ar/*°Ar laser step-heating data backdate the beginning of the oldest phase to late
Eocene (40.82 = 0.73 Ma ago), with activity present until early Miocene (~20 Ma ago). The
products are mainly andesites, microdiorites, dacites and basaltic andesites mostly emplaced in the
Agay-Estérel area. Major- and trace-element constraints, together with Sr-Nd-Pb isotopic ratios
suggest derivation from a subcontinental lithosphere mantle source variably modified by
subduction-related metasomatic processes. The overall composition of these rocks matches that of
the products of the nearly coeval (emplaced ~38-15 Ma ago) late Eocene-middle Miocene
magmatism of Sardinia. The genesis of dacitic rocks cannot be accounted by simple fractional
crystallization alone, but possibly requires interaction of evolved melts with lower crustal
lithologies or interaction of near-primitive melts with harzburgitic upper mantle rocks.

The youngest phase of igneous activity comprises basaltic volcanic rocks with mildly sodic
alkaline affinity emplaced in the Toulon area ~10 Ma after the end of the previous subduction-
related phase. These rocks show geochemical and isotopic characteristics akin to magmas emplaced
in intraplate tectonic setting, indicating a sub-lithospheric HiMu+EM-II mantle source melting
approximately in the spinel/garnet-lherzolite transition zone as the source region for such magmas.
New “°Ar/*°Ar laser step-heating data slightly pre-date the beginning of the volcanic activity to late
Miocene-Pliocene (5.57 £ 0.09 Ma ago).

The emplacement of “anorogenic” igneous rocks a few Ma after that of “orogenic” rocks is a
common feature in the Cenozoic districts of the Central-Western Mediterranean area. The origin of
such “anorogenic” rocks can be explained with the activation of different mantle sources not
directly modified by subduction-related metasomatic processes, possibly located in the sub-
lithospheric mantle, and thus unrelated to the shallower lithospheric mantle source of the “orogenic”

magmatism.
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*Highlights (for review)

Two main igneous phases are recorded in SE France.

New “°Ar/**Ar data backdate the beginning of the oldest phase to late Eocene.
This is the first complete Sr-Nd-Pb isotopic study of these rocks.

Ancient subduction has changed the sources of the subduction-related rocks.

Anorogenic igneous rocks are emplaced a few Myr after that of “orogenic” phase.
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Sr-Nd-Pb isotopic ratios suggest derivation from a subcontinental lithosphere mantle source
variably modified by subduction-related metasomatic processes. The overall composition of
these rocks matches that of the products of the nearly coeval (emplaced ~38-15 Ma ago) late
Eocene-middle Miocene magmatism of Sardinia. The genesis of dacitic rocks cannot be
accounted by simple fractional crystallization alone, but possibly requires interaction of
evolved melts with lower crustal lithologies or interaction of near-primitive melts with
harzburgitic upper mantle rocks.

The youngest phase of igneous activity comprises basaltic volcanic rocks with mildly sodic
alkaline affinity emplaced in the Toulon area ~10 Ma after the end of the previous
subduction-related phase. These rocks show geochemical and isotopic characteristics akin to
magmas emplaced in intraplate tectonic setting, indicating a sub-lithospheric HIMuU+EM-11
mantle source melting approximately in the spinel/garnet-lherzolite transition zone as the
source region for such magmas. New “°Ar/**Ar laser step-heating data slightly pre-date the
beginning of the volcanic activity to late Miocene-Pliocene (5.57 = 0.09 Ma ago).

The emplacement of “anorogenic” igneous rocks a few Ma after that of “orogenic” rocks is
a common feature in the Cenozoic districts of the Central-Western Mediterranean area. The
origin of such “anorogenic” rocks can be explained with the activation of different mantle
sources not directly modified by subduction-related metasomatic processes, possibly located
in the sub-lithospheric mantle, and thus unrelated to the shallower lithospheric mantle source

of the “orogenic” magmatism.

1. Introduction
During the Cenozoic, the Central-Western Mediterranean area was affected by a diffuse
magmatism as a response to a complex geodynamic evolution (e.g., Lustrino and Wilson,

2007; Lustrino et al., 2011; Carminati et al., 2012; Faccenna et al., 2014). Many different
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tectonic processes occurred during the last 40-50 Ma, leading to the development of two
subduction systems with different polarity, consumption of both oceanic and continental
lithosphere, attainment of continent-continent collision, slab break-off, slab roll-back and
back-arc basin opening (Lustrino et al., 2009). The magmatic activity associated to these
processes show both “subduction-related” (also defined as “orogenic”) and “intraplate-like”
(also defined as “anorogenic”) geochemical characteristics (e.g., Lustrino and Wilson, 2007,
Lustrino et al., 2011).

In Provence (SE France; Fig. 1) two different igneous phases developed during the
Cenozoic. The oldest was mainly characterised by the emplacement of weakly to moderately
porphyritic volcanic rocks with calcalkaline affinity, classically considered related with the
originally NE-SW-trending, NW-directed Apennine-Maghrebide subduction system and date
back to ~33 Ma ago. The youngest products, mainly consisting of weakly porphyritic to
aphyric alkali basalts, were emplaced ~6 Ma ago, and appear to be geochemically unrelated
with subduction-related source modifications. Understanding of this magmatism in the
framework of Mediterranean geodynamics and correlation with coeval igneous rocks from
nearby areas has been hindered by scanty geochemical and geochronological data.

In this study new petrographic, mineral chemical, whole-rock major- and trace-element,
Sr-Nd-Pb isotopic data and “°Ar/*°Ar ages for the Cenozoic volcanic rocks from Provence are
presented (full details on the employed analytical techniques are in the ESM1). The new
OAr/Ar data allow us to extend back to the middle Eocene (~41 Ma ago, Lutetian/Bartonian
boundary) the beginning of the subduction-related igneous activity in Provence. The
presented geochemical data are compared with those for other coeval volcanic rocks from the
Central-Western Mediterranean neighbouring areas (i.e., Sardinia, Alps, Corsica, Northern
Apennines, Languedoc and Spain), with both “orogenic” and ‘“anorogenic” geochemical

signature, in order to unravel possible genetic relationships.
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2. Geological framework

The geological history of the Central-Western Mediterranean area and surrounding regions
is very complex and not yet fully agreed (e.g., Stampfli and Borel, 2002; Torsvik and Cocks,
2004; Rosenbaum et al., 2002; Lustrino et al., 2009; Turco et al., 2012; Weil et al., 2013;
Faccenna et al., 2014; Casciello et al., 2015; Argnani et al., 2016). Starting from Paleozoic,
the future Mediterranean area experienced numerous processes including 1) formation and
consumption of several oceanic basins, 2) continental collisions, 3) back-arc basin extension,
4) subductions with different polarities and 5) diffuse igneous activity of extremely varied
geochemical affinity. Although even the oldest of these events have certainly played some
role in determining the composition of the mantle sources of the Cenozoic igneous rocks, in
the following lines a focus on the Cenozoic to Present time span only is synthetically
summarized.

The geodynamic evolution of the Central-Western Mediterranean from the end of the
Mesozoic onwards is connected with the relative movements of three main plates (Europe,
Africa and Adria), oceanic and transitional basins, plus an unknown number of smaller
continental terranes (e.g., Carminati et al., 2012; Rosenbaum, 2014; Faccenna et al., 2014).
Several authors proposed the existence of a continental terrane located in between the Alpine
Tethys, dividing this ocean into a western branch (reported in literature as Nevado-Filabride,
Maghrebian, Betic-Penninic, Western Ligurian or Piemontese-Liguride Ocean) and an eastern
branch (reported in literature as Lucanian, lonian, Eastern Ligurian, Mesogea Ocean or
Eastern Tethys Branch or Sicilide Domain). This terrane played a key-role in determining the
locus of the Alpine subduction system (e.g., Lustrino et al., 2009; Handy et al., 2010; Molli
and Malavieille, 2011; Carminati et al., 2012). Doglioni (1991) and Doglioni et al. (1998)

defined this terrane as the Mesomediterranean Terrane, while others (e.g., Boullin et al., 1986;
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Dercourt et al., 1986; Guerrera et al., 1993; Michard et al., 2002; Molli, 2008; Belayouni et
al., 2010) collectively called it as the AlKaPeCa block (acronym for Alboran-Kabilies-
Peloritani-Calabria). Handy et al. (2010) proposed the existence of a short-lived early
Mesozoic micro-plate that comprised both AlKaPeCa and adjacent western Ligurian Ocean,
and called it Alkapecia.

The Alpine Orogeny led to the development of the Alpine-Betic and Dinaride Belts,
preceded by the subduction of several Neotethyan and Alpine Tethyan oceanic branches (e.g.,
Carminati et al., 2010; Rosenbaum and Lister, 2005; Schmid et al., 2008; Handy et al., 2010).
According to Handy et al. (2010), during the late Cretaceous the E-directed subduction of the
western branch of the Alpine Tethys Ocean continued until the western margin of AlKaPeCa
block collided with the southern European paleo-margin during early Eocene (Molli, 2008;
Handy et al., 2010; Carminati et al., 2012). No igneous activity related to syn-subduction of
oceanic lithosphere is recorded along the entire Alpine-Betic belt (Carminati et al., 2010).
Due to its continental nature, the AlKaPeCa block did not enter the subduction zone, forcing
the subduction to jump to the eastern branch of the Alpine Tethys. This caused the flip of the
polarity subduction, giving birth to the Apennine-Maghrebide subduction system (Lustrino et
al., 2009; Carminati et al., 2010, 2012, and references therein).

The new W-directed subduction led to a fast E-SE-directed roll-back of the subduction
hinge, which caused the stretching of the upper plate lithosphere and the opening of a series of
back-arc basins (Doglioni et al., 1999; Carminati et al., 2012), with a discontinuous thinning
process that increases toward E-SE from the present-day coast of Provence. This caused
important lateral thickness variations of the upper plate (e.g., Blundell et al., 1992; Panza et
al., 2007), with the Sardinia-Corsica continental block, which also experienced a ~60°

counter-clockwise rotation with a hinge approximately located in the Gulf of Genoa
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(Gattacceca et al., 2007), representing the largest lithospheric ribbon in the Central-Western
Mediterranean area (Carminati et al., 2012).

The continued continental lithosphere thinning to the E-SE eventually led to the formation
of new oceanic crust in the Vavilov and Marsili Tyrrhenian basins (Kastens et al., 1988;
Sartori, 1990). Some oceanic crust is also hypothesized to be present in the Ligurian-
Provencal Basin (separating the Sardinia-Corsica block from the coast of Provence), but the
presence of a thick sediment pile (up to 8 km) does not allow a direct sampling (e.g., Rollet et
al., 2002). The opening of back-arc basins finally lead also to the total dismembering of the

AlKaPeCa block, with the radial drifting of the terranes that composed it.

2.1. The Provence region

Provence is a region of south-eastern France characterised by a complex geological
evolution (Bestani et al., 2015). Five major events influenced the present geological setting of
Provence and the surrounding Gulf of Lion and Gulf of Genoa: 1) late Paleozoic Variscan
continent-continent collision (e.g., Weil et al., 2013); 2) late Cretaceous-late Eocene
compressional and transpressive tectonics related with the Pyrenean Orogeny (e.g., Lacombe
and Jolivet, 2005; Jourdon et al., 2014); 3) late Eocene-Oligocene extension related with the
development of the Central European Rift System (e.g., Ziegler and Dezes, 2007); 4) Miocene
to Present N-S Alpine compression (e.g., Lacombe et al., 1992; Champion et al., 2000); 5)
Oligocene-Miocene NE-SW-directed rifting to drifting associated with the opening of the
Ligurian-Provencal Basin (e.g., Gattacceca et al., 2007).

The easternmost Provence basement is made up of plutonic and metamorphic rocks
belonging to the southern Variscan Belt, once in crustal continuity with the same lithologies
of the Sardinia-Corsica block (e.g., Elter et al., 2004). The crystalline basement consists

mainly of phyllites, orthogneisses, meta-gabbros, meta-serpentinites, meta-peridotites and
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migmatites, intruded by Carboniferous granites (e.g., Morillon et al., 2000; Elter and Pandeli,
2005 and references therein).

Provence can be subdivided into a western and eastern domain (Fig. 1) by the main Mid-
Durance Fault System (MDF), which is connected southwards to the Aix-en-Provence fault
(AF; Cushing et al., 2008; Terrier et al., 2008). Western Provence features a thick (up to 10
km) Meso-Cenozoic sedimentary succession deposited in shelf basins, while eastern Provence
is characterised by much thinner (2-3 km) coeval sedimentary pile and includes crystalline
and metamorphic Variscan basement and Paleozoic rocks.

During the late Cretaceous and Eocene, tectonic evolution was dominated by N-S
compression (e.g., Bestani et al., 2015), which also led to the development of the Pyrenean
belt during the Eocene. After that, an extensional phase developed in central Europe,
involving most of the Variscan basement along the Alpine and Pyrenean foreland (e.g.,
Ziegler and Dézes, 2007), leading to the formation of several rift-related basins (i.e., Rhine
and Rhone Grabens). Such event was recorded also in SE France, with E-SE extension that
partially truncated the Pyrenean-Provence thrust belt. During the Oligocene, a second
extensional phase, related with the opening of the Ligurian-Provencal basin, led to the first
SE-directed rifting of the Sardinia-Corsica block, then followed by drifting and counter-
clockwise rotation with respect to the southern Europe paleo-margin (e.g., Gueguen et al.,
1998; Sérrane, 1999; Gattacceca et al., 2007). The latter extensional phase led to the new
transtensional reactivation of the NE-trending Nimes and Aix-Durance Faults (Séranne et al.,
1995). The N-S Miocene to Present Alpine compression affecting mainly the western
Provence (Lacombe et al., 1992; Champion et al., 2000) was responsible for the activation of
S-verging thrusts West to the Aix-Durance Fault. On the other hand, the eastern Provence was
not affected by the Alpine compression and the Pyrenean deformation is thus well preserved

(Combes, 1984).
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2.2. Cenozoic magmatism of Provence

The first late Paleogene phases of igneous activity recorded in the embryonic Western
Mediterranean are generally set in an “orogenic” framework, characterised by the NW-
directed Apennine-Maghrebian subduction beneath the European southern paleo-margin in
the Africa-Europe convergence contest (e.g., Lustrino et al., 2009, 2011). The age of the onset
of subduction is not yet clearly defined, with hypotheses ranging from the late Cretaceous
(e.g., Faccenna et al., 1997), to late Eocene (Lustrino et al., 2009) or early Oligocene
(Gueguen et al., 1998).

Available stratigraphic and radiometric constraints suggest that the igneous activity of
Provence developed in two distinct phases. The first one was mainly characterised by the
emplacement of calcalkaline pyroclastic to effusive rocks (plus much rarer sub-volcanic
bodies), with a geochemical signature resembling that of subduction-related igneous rocks
(e.g., Beccaluva et al., 1994). The oldest dated products (~33-31 Ma) are Le Dramont
microdiorites (locally called “estérellites”), together with andesitic and dacitic clasts within
the Saint-Antonin pyroclastic deposits (Féraud et al., 1996). These were followed by basaltic,
andesitic and dacitic lavas and pyroclasts, cropping out around Villeneuve-Loubet, and by
andesites dated 26.2 £ 1.0 Ma (Bellon and Brousse, 1971), cropping out between Biot and
Grasse. More recently, during the construction of the railway tunnel between Monaco and
Cap-d’Ail, two pyroclastic levels were dated by the K/Ar method, yielding ages of ~27 and
~19 Ma (lvaldi et al., 2003), the latter representing the latest manifestation of such
magmatism. The new “°Ar/**Ar ages reported here shift back to late Eocene the beginning of
this magmatic cycle (see section 3.3), which will be therefore referred to as the “Late Eocene

to Early Miocene” (LEEM) magmatism.
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The second phase occurred during late Miocene to Pliocene (hereafter LMP), after a time
gap of ~10 Ma. The products consist of mildly sodic alkali basalts resembling magmas
emplaced in intraplate settings. The few available geochronological data refer mainly to rocks
from the Toulon area, which yielded “°Ar/**Ar ages of 6.97 + 0.24 and 6.30 + 0.22 Ma
(unpublished data quoted in Rehault et al., 2012), and one K/Ar age, without uncertainty, of 6

Ma (Baubron, 1974).

2.3. Distribution of magmatism in neighbouring areas

The Cenozoic magmatism of Provence shares many similarities with the basically coeval
magmatism of some of the neighbouring areas. This is particularly true for Sardinia and
offshore Corsica, because, before the Oligocene rifting and the Miocene drifting, the Sardinia-
Corsica block was part of the southern European paleo-margin, and thus in crustal continuity
with Provence. In the following lines a brief summary of the main characteristics of such
coeval igneous cycles is presented.

Sardinia was affected by two distinct Cenozoic magmatic episodes, similar to those of
Provence. The first phase lasted from ~38 to ~15 Ma ago (e.g., Morra et al., 1994, 1997;
Lecca et al., 1997; Lustrino et al., 2004, 2009, 2013; Conte et al., 2010; Guarino et al., 2011),
with a peak at around ~22-18 Ma ago, and emplaced mostly arc-tholeiitic and calcalkaline
rocks interpreted as related with the NW-directed Apennine subduction system. Dacitic to
rhyolitic ignimbrites prevail, followed by andesites, basaltic andesites and minor High-Mg
and High-Al basalts. The late subduction-related activity was characterised by high-K
calcalkaline terms in the middle Miocene (e.g., Beccaluva et al., 2013). The second igneous
episode occurred after a few Ma of quiescence, from early late Miocene (~12 Ma ago) to
Pleistocene (~0.1 Ma ago), and emplaced mainly sodic to tholeiitic basalts that seem

geochemically unrelated to active or ancient subduction systems (e.g., Beccaluva et al., 1985;
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Gasperini et al., 2000; Lustrino et al., 2000, 2004, 2007a,b, 2009, 2011, 2013). Lustrino et al
(2000) subdivided the middle Miocene-Pleistocene volcanic rocks into two types from a Pb-
Nd-Sr isotope point of view. The RPV group (Radiogenic Pb Volcanics) comprises the oldest
(~11.8-4.4 Ma) and rarest products cropping out in southern Sardinia only. On the other hand,
the UPV group (Unradiogenic Pb Volcanics) comprise the much more abundant rocks (>99%
of the total) emplaced from ~4.8 to 0.1 Ma ago in the central and northern sectors of the
island, showing unique isotopic signature in the framework of the CIMACI province (Circum-
Mediterranean Anorogenic Cenozoic Igneous; Lustrino and Wilson, 2007).

In NE Corsica the only evidences of Cenozoic magmatic activity are represented by the
Sisco lamproite dyke (~15 Ma; Peccerillo et al., 1988; Conticelli et al., 2002), whereas in
southern Corsica (Balistra, Tre Paduli and Francolu localities) limited rhyolitic ignimbrites
dated ~19 Ma (Ottaviani-Spella et al., 1996, 2001) crop out. Offshore Corsica two main
volcanic fields were distinguished (Réhault et al., 2012). The first is located to the SW, along
the northward prolongation of the central Sardinian Rift, characterised by the emplacement of
mainly basaltic andesites and andesitic magmas with calcalkaline and high-K calcalkaline
affinity between ~21 and 13 Ma ago. The second volcanic field is located NW of Corsica,
with products ranging in age between ~14 and 6 Ma, represented by alkali basalts dredged in
the Monte Doria volcanic complex. The strong alteration of many of such submarine rocks
(with LOI up to 22 wt.%) likely caused serious problems in “°Ar/*°Ar dating. Interestingly,
Réhault et al. (2012) report the K/Ar age of 43.00 £ 2.34 Ma for a pillow andesite clast
dredged along the Tristanite Ridge in NW Corsica, possibly related to the ~38 Ma
microdiorite of Calabona (Alghero, NW Sardinia; Lustrino et al., 2009).

The main Cenozoic igneous rocks cropping out in the Alpine region are mostly associated
with the Periadriatic dextral trascurrent fault system. Radiometric ages range from ~42 to 24

Ma, with a peak around Rupelian (~34-28 Ma ago; von Blanckenburg and Davies, 1995;
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Rosenberg, 2004). The products are mainly of calcalkaline and high-K calcalkaline affinity,
with minor potassic and ultrapotassic terms (references in Lustrino et al., 2011).

In the southern lberian Peninsula, a Cenozoic magmatic cycle with subduction-related
geochemical characteristics developed along the Betic Cordillera (southern Spain, ~38-6 Ma;
Turner et al., 1999; Duggen et al., 2004), with products mainly represented by andesites and
dacites with subordinate rhyolites and shoshonites. A younger magmatic phase at ~2.9-2.3 Ma
ago emplaced Na-rich basic rocks (mostly hawaiites) in the Cartagena-Tallante area with
“anorogenic” signature (Duggen et al., 2005; Cebria et al., 2009).

Finally, the Languedoc volcanic province was characterised by prolonged scattered alkali
basaltic activity spanning from ~160 to 0.5 Ma ago. Such a low-volume (~2 km?), long-
lasting, geochemically homogenous activity within a very narrow area is somewhat puzzling
and still not fully understood (Dautria et al., 2010). A progressive southward rejuvenation of
the magmatic activity in Languedoc is clear for the last 7 Ma, whereas it is not recorded for

the pre-Miocene activity.

3. Results

3.1. Petrography

The collected Cenozoic igneous rock samples from Provence belong mainly to the LEEM
phase (30 samples), plus a smaller number (4 samples) from the LMP phase. Their main
petrographic features are presented below (Fig. 2).

The LEEM rocks are mainly represented by intermediate “andesitic” rocks (24 samples)
showing weakly to moderately porphyritic seriate texture (P.l. ~10-30%; P.l. = porphyritic
index = % area occupied by phenocryst over total thin section) and a paragenesis consisting of
plagioclase plus minor clinopyroxene and amphibole. Plagioclase typically accounts for ~90%

of the total phenocrysts (up to 2 mm in length) and commonly exhibits a “cribrose” (sieved)
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core and complex oscillatory zoning. Clinopyroxene is ~5-10% of the total phenocryst load
and is represented by colourless to pale green small crystals with opaque oxide inclusions.
Pale brown to green amphibole is only rarely observed as a phenocryst, mostly in rocks with
lower clinopyroxene content, and is typically rimmed with opaque oxides. Groundmass
ranges from hypocrystalline to hypohyaline and is made up essentially by plagioclase with
minor clinopyroxene, diffuse opaque oxides and occasional orthopyroxene microcrysts.

A smaller aliquot of the collected LEEM rocks (6 samples) is represented by moderately
porphyritic (P.l. ~25-40%) evolved “dacitic” rocks, with abundant plagioclase and
subordinate quartz and amphibole. Plagioclase is the dominant phenocryst phase (>90% of the
total, reaching up to 5 mm in length), followed by much rarer anhedral quartz and sporadic
brown to yellow amphibole. Small clusters of chlorite and opaque oxides were also
occasionally found, possibly representing former biotite microphenocrysts. Groundmass is
typically hypohyaline and features plagioclase, quartz, diffuse opaque minerals and minor
clinopyroxene.

The LMP rocks are represented by “basaltic” rocks displaying weakly porphyritic to
aphyric (occasionally ophitic to sub-ophitic) textures, with a paragenesis mainly consisting of
plagioclase, olivine and clinopyroxene. Though being by far the most abundant mineral phase
(80-90% of the total), plagioclase is rarely found as a phenocryst, mainly occurring as small
groundmass phase. Olivine is the main phenocryst, represented by crystals up to 1 mm in
length and commonly displaying thin iddingsite rims. Groundmass is hypocrystalline and

basically consists of plagioclase, clinopyroxene, olivine and opaque microcrysts.

3.2. Mineral chemistry
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Selected representative samples from the LEEM (andesitic and dacitic) and LMP (basaltic)
rocks were analysed for the determination of the composition of the main mineral and glass
phases. The results are reported in Electronic Supplementary Material (ESM) 2.1 to 2.6.

Feldspars. Plagioclase is the most abundant phase in all the investigated rocks, where it
covers a wide compositional span from andesine to anorthite (Angzy-.91Abg.g50r0.13; Fig. 3a).
Plagioclase from the LEEM “andesitic” rocks basically covers the entire above compositional
range, with only small differences between phenocryst core (Ansg.g0Ab10-490r0.3), phenocryst
rim (Anzs.01Abg,0rp.3) and groundmass microcrysts (Anzz-goAbies50r0.13). On the other
hand, plagioclase from LEEM “dacitic” rocks shows a remarkably more homogeneous
andesinic composition, for both phenocryst core (Anzs40Abses0r1) and phenocryst rim
(Anss.46ADbs3.640r1). As regards LMP “basaltic” rocks, plagioclase displays a relatively limited
compositional range, from bytownitic phenocryst cores (AnzsAbysOrg) to labradoritic
phenocryst rims (AnggAbsoOr;), up to labradoritic-andesinic groundmass laths (Angg.g7Abs,-
500r1.2).

The only alkali feldspar crystal analysed was found in a LEEM “andesitic” sample,
showing a Na-rich sanidine composition (An;pAbssOrss).

Pyroxenes. Clinopyroxene is the main ferromagnesian phase of the “andesitic” and
“basaltic” rocks, where it mainly ranges from diopside to augite plus rarer pigeonite
compositions (Fig. 3b). In LEEM “andesitic” rocks, the few Ca-rich clinopyroxene crystals
range from diopside (Wo4sEn41Fs14, with Al = 0.094 apfu, Mg# = 0.83), to aluminian diopside
(Wo4sEN42Fs13082, Al = 0.102 apfu, Mg# = 0.82; “aluminian” indicates Al >0.10 apfu;
Morimoto et al., 1988), up to aluminian-ferrian diopside (W04s.46EN40-41FS12-20, Al = 0.131-
0.154 apfu, Mg# = 0.88-0.93). Most of LEEM clinopyroxenes are of the augitic type (in a
continuous transition with the diopsidic ones), with compositions ranging from augite (Wo03s.

45-EN39.44FS14-21, Al = 0.037-0.131 apfu, Mg# = 0.70-0.83), to aluminian-ferrian augite (W04-
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44EN40.49FS1417, Al = 0.102-0.152, Mg# = 0.81-0.89) and ferrian augite (W039.43EN40-43-FS15-19,
Al = 0.054-0.098 apfu, Mg# = 0.76-0.84). A few subcalcic pigeonite crystals have also been
found as groundmass phase only (Wo07.11-Ensg-62-FS31-35), showing very variable Al (0.048-
0.206 apfu) and lower Mg# (0.62-0.71) with respect to LEEM clinopyroxenes. No significant
differences have been found between core, rim and groundmass clinopyroxenes of all the
above three varieties.

Some orthopyroxene crystals were also found in the groundmass of LEEM “andesitic”
rocks only. Crystals fall in the enstatite field, displaying a quite variable compositional range
(Wo03.4Ens7.67FS30-40; Fig. 3b) with Mg# = 0.60-0.72.

Clinopyroxenes from LMP rocks are aluminian diopside (Wo4sEnsg.40FSi5.16, Al = 0.142-
0.159 apfu, Mg# = 0.76-0.80) and aluminian-ferrian diopside (Wo04s5EnzsFsie, Al = 0.153-
0.189 apfu, Mg# = 0.74-0.78), displaying a distinctively Ti-richer composition (0.048-0.093
apfu) with respect to LEEM clinopyroxenes (Ti = 0.007-0.028 apfu).

Olivine. Olivine was found in the LMP “basaltic” rocks only. It is characterized by a
variable forsterite content (Fogo.s2), decreasing quite linearly from phenocryst cores (F077.s2)
to phenocryst rims (Foz,-77) and groundmass microcrysts (F0go-75).

Amphibole. Amphibole was rarely observed in LEEM “andesitic” rocks, displaying
pargasitic (e.g., Ca = 1.775-1.904 apfu, Fe** = 0.200-0.303 apfu, Mg# = 0.65-0.74) and
magnesio-hastingsitic compositions (Ca = 1.758-1.979 apfu, Fe** = 0.240-0.622 apfu, Mg# =
0.65-0.82), both occasionally Ti-rich (i.e., Ti >0.30 apfu). Phenocryst core and rim
compositions are basically undistinguishable, although the first is generally Mg-richer (Mg# =
0.68-0.82 vs. 0.65-0.78).

Opaque oxides. In LEEM “andesitic” rocks, opaque oxides are represented by sparse

groundmass crystals belonging to the magnetite-ulvospinel series. The composition is quite
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variable, with relatively low Al (0.002-0.196 apfu), Mg (0.019-0.152 apfu) and Cr (<0.008
apfu) and ulvdspinel content ranging from 6.70 to 52.1 mol.%.

In the LMP rocks, groundmass opaque oxides belong both to the spinel and the hematite-
ilmenite rhombohedral series. The LMP spinel crystals are generally poorer in Al (0.008-
0.015 apfu) and Cr (<0.003 apfu) and richer in Mg (0.126-0.324 apfu) and Ti (ulvdspinel
content ranging from 69.0 to 85.3 mol.%.) with respect to their LEEM counterparts. The LMP
rhombohedral opaques are have low Al (<0.005 apfu), Cr (<0.001 apfu), variable Mg (0.013-
0.149 apfu), and very high Ti (ilmenite content ranging from 87.2 to 100 mol.%).

Glass. The groundmass glass analysed from two LEEM “andesitic” samples displays a
relatively homogeneous rhyolitic composition (SiO,; = 69.9-72.0 wt.%, Al,03 = 11.3-12.3

wt.%, MgO = 0.16-0.26 wt.%, CaO = 0.68-0.88 wt.%, Na,0+K,0 = 7.85-8.57 wt.%).

3.3. “Ar/*Ar data

Two groundmass and three plagioclase concentrates were analysed by the “°Ar/*Ar laser
step-heating technique in order to refine geochronological data. Details on the analytical
procedures and the full analytical dataset are given in the ESM1 and in ESM2.7, respectively.
Age and K/Ca spectra are shown in Fig. 4 and results are summarized in Table 1.

The three plagioclase separates from the rocks of the LEEM group yielded internally
discordant age profiles with overall saddle shapes, which may be diagnostic of excess Ar
(parentless “°Ar; e.g., Kelley, 2002). Total gas ages are in the range of ~33 Ma (FEMA4) to ~47
Ma (FEM30) and step ages mainly within ~31-52 Ma.

Thirteen consecutive steps from the intermediate- to high-temperature region of
plagioclase from the “andesitic” sample FEM4 (Monaco location) gave a concordant segment
representing ~78% of the total **Ar released, yielding an error-weighted mean age of 32.64 +

0.80 Ma. The concordant segment is characterised by lower K/Ca ratios (derived from
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neutron-produced Ar isotopes) than those from lower temperature steps and decreasing values
(from 0.15 to 0.02) with increasing temperature. A least-squares fit in an isochron diagram
CeAr/*Ar vs. ®Ar/*°Ar three-isotope correlation plot) for the same set of data yields a slight
nominally younger intercept age of 32.47 + 0.78 Ma and a not well-defined initial “°Ar/*®Ar
ratio of 305 + 30, indistinguishable from that of modern atmospheric Ar (*Ar/*°Ar ~290-
300). The preferred age of 32.64 = 0.80 Ma is 6 to ~14 Ma older than previously published
K/Ar whole-rock ages for two pyroclastic levels sampled from the same locality (18.7 = 0.8
Ma and 27.0 £ 0.8 Ma; Ivaldi et al., 2003).

Plagioclase separates from the “andesitic” sample FEM23 (Villeneuve-Loubet) gave the
most pronounced saddle-shaped age spectrum and a K/Ca profile comparable to that of
sample FEM4. The minimum of the saddle is defined by seven concordant steps, representing
~50% of the total **Ark released and yielding an error-weighted mean age of 32.41 + 0.48
Ma. A least-square fit in an isochron plot using data from the same heating steps yields a
nominally younger intercept age of 31.77 + 0.81 Ma and an initial “°Ar/**Ar ratio of 330 + 32,
significantly higher than that of modern atmospheric Ar. The inclusion of the subsequent two
steps, solely based on their linearity, yields a slightly younger intercept age of 31.40 + 0.84
Ma and an initial “°Ar/*®Ar ratio (361 + 27), again significantly higher than of modern
atmospheric Ar. Bellon and Brousse (1971) reported a ~5 Ma younger K/Ar age for an
andesite sample from a nearby location (Biot and Grasse).

Plagioclase separates from the “dacitic” sample FEM30 (Agay-Estérel) gave a concordant
segment from the intermediate- to high-temperature region, representing ~67 % of the total
% Ark released and yielding an error-weighted mean age of 40.87 + 0.80 Ma. K/Ca ratios are
nearly constant over the nine concordant steps (range of 0.039 £ 0.005 to 0.031 £ 0.004). A
least-squares fit in an isochron plot using the same heating steps yields a not well-defined age

of 39.3 + 2.7 Ma and initial “’Ar/**Ar ratio of 339 + 75, indistinguishable, within error, with
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that of modern atmospheric Ar. Close to the sampling area, Feraud et al. (1996) obtained a
significantly younger “°Ar/**Ar plateau age of 32.7 + 0.9 Ma for Le Dramont microdiorites
(locally called “estérellites™). Interestingly, the age of ~41 Ma extends back the onset of
Cenozoic igneous activity in Provence to the Lutetian/Bartonian boundary, thus comparing
remarkably well with the oldest volcanic manifestation known in Sardinia (Alghero Calabona
microdiorite, 38.28 + 0.26 Ma; Lustrino et al., 2009).

As for the LMP rock samples, groundmass from the basalt FEM33 (Hyéres) yielded a
nearly flat age spectrum, characterized by a concordant segment for ~99% of the total **Arx
released, with an error-weighted mean ages of 5.57+0.09 Ma. Groundmass of basalt FEM35
(Toulon) gave a slightly more disturbed age profile. However, four consecutive steps, with a
constant K/Ca ratios and representing ~58% of the total **Ark released, gave an error-
weighted mean age of 5.67 = 0.16 Ma, which is indistinguishable at 1c level from the mean
age of groundmass FEM33. The two new ages are slightly but significantly younger (0.73 £
0.24 Myr) than literature data for products of the youngest Cenozoic igneous cycle of

Provence (unpublished data quoted in Réhault et al., 2012).

3.4. Whole-rock geochemistry

The intermediate “andesitic” rocks of the LEEM group fall in the fields of basaltic andesite
(plus one trachybasaltic andesite) and andesite (SiO, = 54.1-62.7 wt.%, Na,0O+K,0 = 4.17-
5.94 wt.%), whereas the few evolved “dacitic” rocks can be classified as dacite (SiO;, = 63.1-
65.9 wt.%, Na,0+K,0 = 4.74-6.19 wt.%), with the only exception of one sample straddling
the andesite/dacite fields (Fig. 5). They fall well within the field for subalkaline rock series,
representing a medium-K/high-K series or a medium-Fe/high-Fe tholeiitic series (though
some of the SiO,-richest samples fall in the low-Fe calcalkaline realm; Fig. 6). The “basaltic”

LMP rocks display a much narrower compositional spectrum, falling in the basalt field (SiO,
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= 48.4-51.4 wt.%, Na,O+K,O = 3.93-4.72 wt.%) and straddling the divide between
subalkaline and alkaline basalts (Fig. 5). Given their notably higher Na,O with respect to K,0O
(3.47-3.84 vs. 0.46-1.17 wt.%; Table 2, ESM2.8), LMP rocks are considered to belong to an
alkaline sodic series (i.e., Na,O > K,0 + 2).

When binary variation diagrams vs. SiO; are taken into account (Figs. 7 and 8 and ESM3
and 4) intermediate and evolved LEEM rocks seem to depict an overall coherent evolutionary
trend for many major and trace elements (e.g., see decreasing TiO;, Fe,03, Al,03, CaO, P,0s,
V and Y, increasing Na,O, Ba and Nb and KO, and Rb firstly increasing then decreasing).
Some major scattering can be however envisaged, especially in the “andesitic” rocks, for the
trends of Al,O3, MgO (0.85-3.72 wt.% in the basaltic andesites and andesites, 2.20-3.61 wt.%
in the dacites), Na,O, Sr (301-423 and 323-415 ppm), Rb, Ba, Y and Zr (76-276 and 65-111
ppm). Other occasional deviations (e.g., see the andesite with anomalously high 11.8 wt.%
CaO or the two with relatively high Nb, similar to that of dacites) may be ascribed to post-
emplacement modifications (e.g., secondary calcite for the first; see the high LOI >5 wt.%).

When compared with neighbouring coeval “subduction-related” products (from Sardinia,
Alps, N-Apennine, Corsica-Estérel and Spain) of comparable SiO, ranges, LEEM rocks show
many similarities, for both absolute concentrations and evolutionary trends. The main
differences are those regarding: 1) generally higher Na,O for LEEM rocks; 2) Large lon
Lithophile Elements (LILE; Cs, Rb, Sr, Ba) showing much wider spectra in the neighbouring
districts (especially the Alps, likely due to the extremely variable rock composition, from arc-
tholeiites to calcalkaline, high-K calcalkaline up to lamproitic/lamprophyric; Lustrino et al.,
2011); 3) remarkably lower Y, Pb, Th and U for LEEM rocks.

The LMP basaltic rocks display relatively narrow compositional spectra, with higher TiO,
(1.47-2.43 wt.%), Fe,03 (11.3-11.9 wt.%), MgO (5.76-8.48 wt.%), Cr (110-240 ppm) and Ni

(110-160 ppm), and lower Al,O3 (15.1-16.6 wt.%) with respect to LEEM rocks. The four
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investigated samples typically define two distinctive compositional clusters, with sample
FEM31 systematically plotting away from the other three samples due to its much lower SiO»,
TiO,, K,0, P,0s, Sr, Ba, Cr, Ni and Nb, and higher Al,03, MgO, CaO, Vand Y.

With respect to neighbouring coeval “anorogenic” products (Sardinia RPV and UPV,
Languedoc and Spain igneous rocks) of similar degree of differentiation, LMP rocks display
an overall similar composition for most major- and trace elements. Some main differences can
be noticed for the generally higher CaO and Y and lower K,0, P,0s, Rb, Sr, Ba, Cr, Ni, Zr
and Nb for LMP rocks. These are particularly evident for sample FEM31 that, due also to its
much lower TiO, commonly falls in the field depicted by the “subduction-related” Cenozoic

igneous rocks.

3.5. Primitive mantle-normalized diagrams

Multi-element primitive-mantle normalized diagrams for the LEEM and LMP rocks are
reported in Fig. 9. The LEEM rocks show highly spiked patterns, with marked troughs at Nb-
Ta-Ti and peaks at Cs-K-Pb peaks, resulting in the high LILE/HFSE ratios (HFSE = High
Field Strength Elements) typical for subduction-related magmas. The concentration of the
other HFSE Zr and Hf is particularly high, resulting in a clear hump in normalized patterns.
The overall pattern of the LEEM rocks resemble closely that of GLOSS-I1I (Global subducting
sediment estimate; Plank, 2014), although the latter shows slightly higher enrichment in fluid-
mobile elements, such as LILE and Th-U, and slightly higher concentrations for the Rare
Earth Elements (REE).

The general pattern for basaltic andesite and andesite is largely similar, showing roughly
the same HFSE contents and nearly flat medium and heavy REE (MREE and HREE),
clustering around 5-8 times primitive mantle (PM) abundances. The dacitic rocks display

similar sub-parallel trends, with higher abundances of strongly incompatible elements (e.qg.,
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higher peak at Cs), more evident Ti trough, smaller Nb-Ta troughs, and generally lower
abundances for the progressively less incompatible elements (e.g., LREE, Zr and Hf), coupled
with and M-HREE clustering around 2-4 PM estimate).

The main differences with the products from coeval neighbouring Central-Western
“subduction related” districts (not shown) include: 1) higher peaks at fluid-mobile elements
(e.g., Th-U) for the rocks from the Alps, Sardinia and Spain; 2) Rb-Ba troughs and deeper
Nb-Ta troughs for the rocks from Sardinia and Spain; 3) a Rb trough for the rocks from N-
Apennines; 4) higher Pb peaks for the rocks from N-Apennines and Spain.

As regards LMP rocks, FEM31 clearly emerges as an outlier sample compared to the rest
of the rocks (FEM33, 34 and 35). All the LMP rocks but FEM31 have smoother patterns, with
normalized abundances rarely exceeding ~80 PM, limited peaks at Nb-Ta and low and
fractionated HREE contents (clustering around 5-7 PM). Such patterns share numerous
similarities with those for St. Helena basalts, the classical HiMu-OIB type-locality (i.e.,
Ocean Island Basalt with the high-u geochemical signature of a mantle source with a
component of ancient and recycled oceanic crust; e.g., Kawabata et al., 2011; Stracke, 2012).
Sample FEM31 is characterised by: 1) Nb-Ta troughs, definitely uncommon for intraplate-
setting rocks; 2) low Nb/Nb* [0.5, compared to the other LMP rocks with 1.4-1.6; Nb/Nb* =
NbN/(KN*UN)l’Z, N = primitive mantle-normalized]; 3) Ba trough; 4) marked Cs peak (~2500
PM); 5) lower LREE and MREE; 6) flat HREE pattern (~8-10 PM).

When compared with the coeval neighbouring “anorogenic” products (not shown), LMP
rocks (excluding FEM31) show remarkably similar patterns, especially with respect to the
igneous rocks from Languedoc. The RPV rocks from Sardinia have slightly higher
incompatible element contents (e.g., LILE) and a small Ti trough, whereas UPV rocks from

Sardinia have a deep Rb trough, a marked Ba peak and lower HREE contents. “Anorogenic”
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rocks from Spain display generally higher incompatible element abundances (especially for

LILE) and a marked K trough.

3.6. Isotope systematic

The results of Sr-Nd-Pb isotope analyses are reported in Table 2. Measured values were
recalculated on the basis of the new “°Ar/*°Ar ages: 32 Ma for LEEM basaltic andesites and
andesites, 41 Ma for LEEM dacites and 6 Ma for LMP alkali basalts.

LEEM group rocks cover a limited span of initial 8'Sr/®*Sr, from 0.70526 to 0.70604 in
andesites to 0.70449 in dacites. On the other hand, initial ***Nd/***Nd shows a larger
variability, with andesites ranging from 0.512489 to 0.512615, while the only dacite analyzed
has more radiogenic ***Nd/***Nd (0.512912). No clear correlation with SiO, is observed for
both isotopic ratios (see ESM5). Compared with the coeval “subduction-related” rocks from
neighbouring areas, LEEM samples fall on the least Sr-radiogenic and most Nd-radiogenic
end (Fig. 10a).

The LMP rocks are characterised by quite constant relatively low #Sr/2°Sr (0.70358-
0.70430) and relatively high **Nd/***Nd (0.512734-0.512828), falling in the same isotopic
field identified by the coeval anorogenic rocks of Sardinia RPV group and of Languedoc.
Both LEEM and LMP rocks plot along a hypothetical tie-line connecting DMM (Depleted
MORB Mantle) and EM-II (Enriched Mantle 11) mantle components.

As for Pb isotopes, LEEM rocks show a quite homogeneous composition, with 2°°Pb/**Pb
= 18.6-18.7, ?’Ph/*Pb = 15.6-15.7, 2°®Pb/*®*Pb = 38.6-38.7, with the dacite plotting within
the field of the andesitic rocks (Figs. 10b,c,d). Again, no correlation is observed with SiO;
contents (see ESM6) The investigated samples fall well within the field defined by coeval

neighbouring districts of similar geotectonic setting, typically plotting above the Northern
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Hemisphere Reference Line (NHRL), between the DMM, HiMu-OIB and EM-II components,
and to the right of the 4.56 Ga Geochron.

The LMP rocks show relatively homogeneous Pb isotopic ratios, with slightly more
uranogenic (*°°Pb/?*Pb = ~18.9, *’Pb/***Pb ~15.7) and more thorogenic (*®*Pb/***Pb = 38.9-
39.1) Pb compositions with respect to LEEM rocks. They also fall above the NHRL between
the DMM, HiMu-OIB and EM-II components and to the right of the 4.56 Ga Geochron.
Interestingly, rocks from Languedoc and Spain straddle the NHRL and plot mostly below it,
while UPV Sardinia rocks display markedly unradiogenic 2°°Pb/**Pb (~17.4-18.1) and
208pp204pp (~37.4-38.2) that plot them to the left of the 4.56 Ga Geochron and suggest the
involvement of a EM-I (Enriched Mantle 1) mantle component (Lustrino and Dallai, 2003).

No clear correlation seems to exist between Pb and Sr isotope ratios for both LEEM and
LMP rocks (Fig. 11). The “subduction-related” rocks from the Central-Western
Mediterranean have generally constant Pb isotopic composition (except for some 2°’Pb/**Pb
variability), coupled with much more variable #’Sr/%°Sr (~0.703-0.719). On the other hand,
“anorogenic” rocks display an overall constant 8'Sr/®®Sr coupled with a large variation of Pb
isotope ratios (and a marked gap separating Pb-radiogenic LMP, Languedoc, Spain and

Sardinia RPV products from Pb-unradiogenic Sardinia UPV rocks).

4. Discussion

4.1. Disequilibrium in the LEEM rocks

The LEEM rocks display the typical petrographic, mineralogical and geochemical features
of subduction-related products such as: 1) porphyritic textures dominated by plagioclase
phenocrysts and rarer Ti- and Na-poor clinopyroxene (plus amphibole and quartz in the most
evolved products); 2) subalkaline serial affinity, with low TiO,, MgO and alkalis, high Al,O5

and SiOg; 3) spiked primitive mantle-normalized pattern, with peaks at U, K and Pb, troughs
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at Nb and Ta, and a general LILE enrichment relative to LREE and HFSE; 4) high Ba/Nb (56-
90 and 22-37, respectively for andesitic and dacitic rocks) and La/Nb (1.9-2.9 and 0.7-1.0),
low Ce/Pb (3.3-4.8 and 2.7-4.8), low Nb/U (3.7-10.4 and 17.5-20.6) and low Nb/Nb* (0.1-0.3
and 0.5-0.8). The overall variations observed for mineral chemistry and whole-rock
compositions could be taken as indicative that LEEM basaltic andesites, andesites and dacites
are genetically linked through fractional crystallization processes. However, there are some
observations that possibly argue against this.

First, the wide compositional spectrum recorded by plagioclase, as well as by
clinopyroxene, amphibole and (less evidently) opagques from LEEM andesitic samples is at
odds with chemical equilibrium. This is in contrast to the very homogeneous andesinic
plagioclase of LEEM dacites. In particular, the composition of nearly all the analysed
clinopyroxene crystals indicates disequilibrium with coexisting melt, given their much higher
Mg# with respect to Mg# in the host rock [assuming equilibrium Kp(Fe-Mg)®/™" = 0.27 +
0.03; Fig. 12a]. The presence of such kind of compositions is interpreted as the recycling of
xenocryst phases crystallized from more primitive parental melts. The few equilibrium
clinopyroxene crystals from LEEM andesites seem to have crystallized at ~1000-1050 °C,
according to the model from Putirka (2008).

Plagioclase composition in LEEM andesites is very variable, ranging from anorthite
(Angy 4Abg 4Org ) to andesine (Anzs2Abg2.40r35). This range is particularly wide considering
that the extreme values have been measured in two andesites with nearly similar compositions
(FEM14 and FEM18; ESM2.1). Wide variation of plagioclase composition can be related to
variation in temperature or water content in crystallizing magma. It is well known, indeed,
that plagioclases crystallized at high temperature are characterized by high anorthite content.
At the same time, the more water dissolved in the melt the higher the Kp(Ca-Na)*/™",

resulting in Ca-rich plagioclase crystallizing in hydrous melts.
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If the clinopyroxene-melt equilibrium temperatures are used, and pressure values in the 4-8
kbar range (mid-lower crust) are assumed, the Waters and Lange (2015) plagioclase-melt
hygrometer indicates that LEEM andesitic magmas had 3.5-5.5 wt.% of H,0O, depending on
the plagioclase-melt pair chosen. The Kp(Ca-Na)®™! is strongly dependent on the water
dissolved in magma, with values close to 1 in melts with less than ~3 wt.% H,O and values
>5 in melts with more than 8 wt.% dissolved H,O (e.g., Martel et al., 2006; Waters and
Lange, 2015). On the basis of the calculated dissolved H,O values, LEEM plagioclases should

be characterized by Kp(Ca-Na)™/™"

ranging from 2 to 3. The extremely variable measured
values for Kp(Ca-Na)®'™" (Fig. 12b) indicate that only a small fraction of these plagioclase
have attained equilibrium with the melt. Interestingly, the few analysed plagioclase crystals

from LEEM dacites plot very close to the Kp(Ca-Na)"/™" =

1 curve, corresponding to much
lower H,O contents and therefore inconsistent with derivation from LEEM andesites via

closed-system fractional crystallization.

4.2. Petrogenesis of LEEM dacites

The absence of a genetic link between LEEM andesites and dacites is also suggested by the
major scattering of some of the observed trends vs. SiO,, especially that for MgO. In fact,
LEEM andesitic and dacitic rocks display basically similar MgO concentrations, which are
therefore very poorly correlated with SiO,. A better correlation is evident if the two are
considered separately, with a single differentiation trend for LEEM basaltic andesites and
andesites (very scattered, with R? ~0.25), and one for LEEM dacites (R? ~0.51). Attempts to
modelling the andesite to dacite transition by means of mass-balance calculations, failed to
successfully reproduce such evolutionary step (yielding very high values of the sum of
squared residuals, typically R* >6). In addition, the decrease of MREE and HREE contents

from andesitic to dacitic rocks would require significant amphibole fractionation, which
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seems inconsistent with the observed paragenesis, where only few amphibole crystals have
been recognized. Finally, the only analysed dacite features an anomalous Nd-radiogenic
composition (overlapping with two evolved literature samples from Agay; Beccaluva et al.,
1994, 2005), coupled with the lowest ' Sr/*®Sr (0.70448) among the LEEM rocks.

All these observations could be interpreted assuming that the genesis of LEEM dacites
involved substantial lower crustal contamination. As interaction with such basic lithologies is
likely to produce an increase of MgO and a decrease of SiO», it could be proposed that LEEM
dacites were generated by the mixing between a lower crustal component and a (rhyolitic?)
Si-rich magma, possibly cogenetic with LEEM andesites (as indicated by the comparable Sr-
Pb isotope ratios). Such process would justify both the relatively high MgO (comparable with
that of andesitic rocks) and the unusually low REE budget of LEEM dacites. A possible
alternative model could assume that the geochemical peculiarities of LEEM dacites simply
reflects the composition of a different parental melt with respect to that of LEEM andesites.
This model assumes that pods of primitive basaltic melt might have interacted with
harzburgitic depleted mantle domains at the top of the upper mantle, acquiring a low 8'Sr/%°Sr
and high **3Nd/***Nd signature. Such modified melts (trapped at the mantle/crust interface due
to their relatively high density) would have evolved to lower density dacitic melts, thus finally
finding their way to the surface, preserving the unusual isotopic composition of the parental

melts.

4.3. Mantle sources of LEEM rocks

As regards mantle source characterization, detailed comments or hypotheses are hampered
due to the differentiated nature (low Mg#, Ni and Cr; lack of forsteritic olivine) even of the
least evolved LEEM basaltic andesites. However, the overall homogeneity of LEEM Sr-Nd-

Pb ratios might be taken to suggest that parental “primitive” basaltic melts had a similar

25



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

isotopic signature, which will be therefore used to make at least some general inferences on
the mantle source characteristics.

According to their isotope composition, LEEM rocks fall in the enriched field defined by
coeval Central-Western Mediterranean subduction-related rocks, with 8'Sr/%°Sr exceeding that
of the BSE, coupled with generally unradiogenic ***Nd/***Nd below the ChUR, except the
dacite with ***Nd/***Nd = 0.512912. The subduction-related nature of LEEM rocks is also
consistent with Pb isotopic ratios, especially the relatively radiogenic 2°’Pb/***Pb (pointing
towards the EM-II mantle component). This has been related to the presence of old crustal
lithologies (characterised by relatively high *°’Pb/?°®Pb due to the much shorter half-life of
2% compared to 2*8U), typically reflecting a derivation from melting of the mantle wedge
metasomatically enriched by fluids released from the subducted oceanic lithosphere. In
analogy to what proposed for the genesis of “orogenic” rocks from the coeval districts, a
depleted MORB-like source (melting in the spinel stability facies, as indicated by HREE-
flattened normalized patterns), variably metasomatized by slab melts/fluids, can be envisaged
(e.g., Morra et al., 1997; Duggen et al., 2005; Conticelli et al., 2009; Mattioli et al., 2012;
Lustrino et al., 2013). It should be noted that the typical “subduction related” geochemical
fingerprint can be related to shallow-level magma/crust interaction too, and such open-system
processes surely played some role in the genesis of LEEM rocks, as reported above. However,
a major role of these processes seems to be ruled out considering 1) the lack of crustal
xenoliths/xenocrysts; 2) the typical porphyritic textures of LEEM andesites, suggesting
substantial fractional crystallization (where significant digestion of basement rocks would
rather result in vitreous to poorly-porphyritic textures; see Lustrino et al., 2013) and 3) the
very limited heterogeneity Sr-Nd-Pb isotope composition (with the exception of the

anomalously Nd-radiogenic dacite sample).
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4.4. On the “adakitic” nature of Provence “estérellites”

The quartz-bearing microdiorites cropping out near Cap Le Dramont (St. Raphael village),
locally called “estérellites”, display high SiO,, Al,03 and Na,O/K,0 and very low HREE and
Y contents. All such features are usually considered the typical characteristics of adakites
(Defant and Drummond, 1990). However, Sr/Y (~30-58, average 40) and La/Yb (15-18,
average 16), though higher compared to other Provence lavas (12-21 and 4-10, respectively),
straddle the cut-off values with “normal” arc lavas, i.e., Sr/Y <40 and La/Yb <20. For this
reason, Réhault et al (2012) proposed that the Estérel microdiorites are “intermediate”
adakites.

If the term adakite is considered in its original meaning, implying derivation from melting
of young (and thus hot) basaltic rocks of the subducting oceanic lithosphere (Defant and
Drummond, 1990; Martin et al., 2005; Moyen, 2009), the Estérel microdiorites seem hard to
be considered true adakites. The age of the subducting oceanic lithosphere (the eastern branch
of the Alpine Tethys) is indeed of Jurassic age (Stampfli and Borel, 2002). However, after its
first definition the term adakite has been applied to rocks of extremely diverse genesis.

Geological contexts that are considered to allow the production of adakitic magmas include
1) “flat” subduction (Gutscher et al., 2000), 2) incipient subduction (e.g., Sajona et al., 1993;
Peacock et al., 1994), 3) “fast” subduction (e.g., Honda, 1985), 4) terminal subduction or
post-collisional stage (e.g., Sajona et al., 1994; Maury et al., 1996) and 5) development of a
slab tear or slab window (e.g., Thorkelson, 1996).

Martin et al. (2005) identified two distinct compositional groups of adakites based on their
silica content. The high-silica adakites (HSA) were considered to represent subducted basaltic
slab-melts that have reacted with peridotite during ascent (i.e., corresponding to “adakites”
sensu Defant and Drummond, 1990). On the other hand, the low-silica adakites (LSA) were

interpreted to have formed by melting of peridotitic mantle wedge whose composition has
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been modified by reaction with felsic slab-melts (corresponding to the “magnesian andesites”
from Adak Island, western Aleutian arc; Kay, 1978).

In more recent times, the increasing recognition of adakite-like rocks in continental
collision zones (e.g., Chung et al., 2003) and extensional environments (e.g., Wang et al.,
2006; Ma et al., 2012) has led to propose alternative petrogenetic models and to introduce
new adakite varieties, like “C-type adakite”, “continental adakite” or even the somewhat self-
contradictory “potassic adakite” (Rapp et al., 2002; Xu et al., 2004; Guo et al., 2006, 2007;
Zhou et al., 2006; Ding et al., 2007; Gao et al., 2007; Wang et al., 2007a,b). All these refer to
any kind of intermediate or acid igneous rock whose Sr/Y is high enough to be considered
“adakitic” and with chemical characteristics similar to those of adakite, but unconnected to
direct slab melting. The high Sr/Y and La/Yb “adakitic” signature can be indeed produced by
alternative mechanisms such as melting of a high Sr/Y crustal source at relatively low P (~5-
10 kbar; Moyen, 2009), shallow depth fractionation of Sr-rich and Y-poor amphiboles, or
deep level fractionation of an assemblage dominated by garnet and high pressure Mg-rich
amphibole (e.g., Castillo, 2012; Ribeiro et al., 2016).

In the light of such “expanded” definition, the Estérel microdiorites might have been
considered adakites generated at the initiation of subduction of relatively old oceanic crust
(e.g., Sajona et al., 1993), since, according to Réhault et al. (2012), their emplacement marks
the onset of subduction-related magmatic activity in the present-day Ligurian margin.
However, the “°Ar/*Ar age obtained in the present study (St. Raphael dacite; 40.87 + 0.80
Ma) does not fit the geodynamic model by Rehault et al (2012), as it shifts back the beginning
of the magmatic activity in Provence to late Eocene, coherently with what proposed by
Lustrino et al. (2009) studying similar and coeval rocks from NW Sardinia. This excludes that
the emplacement of Estérel microdiorites marked the onset of subduction-related magmatism

in the area, a consequently precludes them to be considered “adakitic”.
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4.5. Origin of LEEM in the Apennine-Maghrebide subduction system framework

The palinspastic reconstruction of Carminati et al. (2012) offers an alternative view to
explain the origin of the “subduction-related” magmatism of Provence. In a mid Eocene
reconstruction (45 Ma ago), the embryonic Central-Western Mediterranean had a completely
different aspect, with the western branch of the Alpine Tethys approaching its final
obliteration beneath Alpine Chain and being already completely subducted beneath the
AlKaPeCa block (Fig. 3 of Carminati et al., 2012). Lutetian is also the mostly likely stage that
marked the beginning of the Apennine-Maghrebide NW-directed subduction (Lustrino et al.,
2009; Carminati et al., 2010).

On this ground, it is not possible to link the 41-38 Ma old (or, in general, the oldest pre-
Chattian) igneous rocks now cropping out in Sardinia (Calabona) and Provence (St. Raphael,
Estérel) to the direct influence of the subducting slab on the mantle wedge. This hypothesis, at
least for the Eocene stage of the Eocene-Middle Miocene magmatic phase in Sardinia and
Corsica, is not valid, because at that time the slab had not yet reached the depths where it
could induce partial melting in the metasomatized mantle wedge. Moreover, the distance from
the front of the trench and the areas where the Late Eocene igneous activity are recorded (in
the order of 200-250 km) precludes any direct link between Alpine Tethys subduction and the
“subduction-related” igneous activity in Sardinia and Provence.

In other words, the first manifestations of subduction-related igneous activity in Sardinia
and Provence cannot have the same origin of the much more abundant Miocene igneous
activity. Partial melting of the over-thickened lithospheric mantle beneath Sardinia and
Provence, metasomatized during the previous Variscan Orogeny (e.g., Lustrino, 2000) has
been already proposed as a tectonic mechanism, but without any geochemical constraint

(Carminati et al., 2012). Here we propose the same solution, possibly validated by the
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“adakitic” geochemical signature of the oldest samples, here interpreted not as consequence of
hot oceanic slab partial melting, but rather as partial melting of an ancient over-thickened
lithospheric mantle metasomatized during previous orogenetic cycles (i.e., Variscan
Orogeny). The slightly higher than usual Sr/Y ratio of the oldest and more evolved samples
(dacites) could reflect higher crustal input and/or interaction with lower crustal over-thickened
garnet-bearing lithologies. The relatively high Zr-Hf pair, testified by positive anomalies in
primitive mantle-normalized diagram (Fig. 9) could testify for a relatively high contribution
of ancient crustal zircon-rich lithologies in the sources of the most evolved and most ancient

igneous rocks of Provence.

4.6. The late Miocene-Pliocene Rocks (LMP)

Mineralogical (abundance of Mg-rich olivine, Ti-Na-rich clinopyroxene) and geochemical
constraints (SiO,- and Al,Oz-poor and TiO,- and MgO-rich compositions, coupled with
HFSE-rich and LILE-poor compositions) indicate a completely different origin of LMP rocks
with respect to the LEEM group. With the exception of sample FEM31, LMP rocks have a
quite homogeneous composition, with geochemical signature clearly pointing to typical
“anorogenic” magmas, showing incompatible element content and inter-elemental
fractionation (e.g., peaks at Nb-Ta, low Ba/Nb = 9.7-15.3 and La/Nb = 0.6-1.3) similar to
those observed classical OIB. However, such homogeneity is not perfectly reflected in the
composition of the analysed mineral phases (see section 3.2). More specifically, both olivine
and clinopyroxene crystals are mostly Mg-poorer with respect to those expected to have
equilibrated with host magmas [assuming equilibrium Kp(Fe-Mg)®'™" = 0.33 and 0.27,
respectively; Fig. 12a]. Also plagioclase crystals possibly bear evidences for phase/melt

)pllmelt

disequilibrium, as the high Kp(Ca-Na values measured for some of these point to

relatively high H,O contents (i.e., between 3 and 5 wt.%; Fig. 12b), which seem inconsistent
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with both their weakly evolved composition and their paragenesis lacking hydrous mineral
phases.

As regards mantle source characterization, according to the experimental evidence by
Hirose and Kushiro (1993), which suggest that increasing melting depths in intraplate settings
increase FeO and decrease SiO, contents of mafic mantle melts, LMP magmas seem to have
generated at relatively low depths (between 33 and 66 km). The relatively high MREE/HREE
of LMP magmas (Dyn/Yby = 1.77-1.98), however, points to the presence of residual garnet in
the mantle source. Therefore, given that the spinel/garnet transition in mantle peridotites is
inferred to occur at ~70-80 km (extending to much higher depths in cold geotherm regimes;
Ziberna et al., 2013), it is proposed that LMP magmas were generated approximately in a
garnet/spinel facies mantle, with higher amounts of garnet. The mantle source would be likely
located just below the shallower metasomatized sub-continental lithosphere that generated the
“orogenic” LEEM magmas.

From a Sr-Nd point of view LMP rocks fall in the depleted isotopic field, with
unradiogenic ®'Sr/®Sr, below the BSE, and radiogenic ***Nd/***Nd, above ChUR, largely
overlapping with the isotopic ranges of the coeval “anorogenic” rocks of Languedoc, Spain
and RPV rocks of Sardinia. Such compositions are largely represented in the rocks of the
CiMACI province (Lustrino and Wilson, 2007), with the only exception being represented by
the UPV Sardinia rocks. The Sr-Nd isotope ratios of LMP rocks (as well as that of the other
CiMACI rocks) point towards the HIMU end-member and the FOZO (Focus Zone)
component, both essentially present in rocks from intraplate settings (Stracke et al., 2005) and
substantially absent in “subduction-related” magmas. In addition, Pb isotopes suggest mixing
between HiMu-OIB (i.e., high 2°°Pb/**Pb, low *’Pb/*®Pb and 2°®Pb/*°Pb) and EM-11 mantle
components (high 2°’Pb/**Pb and 2’Pb/*®®Pb). Both the hypothetical mantle end-members

(HiMu and EM-II) are ultimately related to the presence of olivine-poor lithologies (eclogites
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to garnet-pyroxenites and olivine websterites). The substantial similarity with other CIMACI
rocks, for which numerous evidences have been provided against a plume-origin (e.g.,
Duggen et al., 2005; Lustrino and Wilson, 2007; Lustrino et al., 2007, 2011, 2013), suggests
derivation from a common source, without any necessary link with deep mantle dynamics.
The EM-II component is thought to reflect the involvement of terrigenous sediments in
mantle sources or some interaction with local upper crust.

The geochemical peculiarities of FEM31 sample (e.g., notably lower TiO,, K,0, Sr, Cr and
Ni, higher Al,O3, MgO, and CaO; primitive mantle-normalized pattern with troughs at Nb-Ta
and Ba, Cs enrichment and low L-MREE/HREE) require a substantially different petrogenetic
model with respect to the above LMP basalts. However, the lack of isotope data for this
sample hampers a detailed treatment of this issue. It could be speculated that its anomalous
composition could be either related to shallow depth crustal contamination (consistent with
the above evidences for the presence of crystal phases clearly out of equilibrium), or to the
derivation from a mantle source retaining crustal input of the previous orogenetic phases. In
addition, it should be observed that the close spatial and temporal association with the LEEM
“orogenic” magmas could have resulted in some occasional interaction between LMP
asthenospheric melts with portions of (or melts from) the metasomatized sub-continental
lithospheric mantle, the source for the LEEM. This is definitely not uncommon for the
Cenozoic districts of the Central-Western Mediterranean where a similar transition in magma
types is recorded (i.e., Sardinia, Spain, Morocco, Serbia, Pannonian Basin and Turkey; see

Lustrino and Wilson, 2007, and references therein).

4.7. Petrological and geotectonic implications
As previously outlined, the Cenozoic igneous activity of Provence is strictly linked with

the geodynamic evolution of the Central-Western Mediterranean area, as it is also evident

32



794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

from the overall petrochemical similarities of the outcropping igneous rocks. However, the
volume of Provence rocks is about three orders of magnitude smaller than that of coeval
products of Sardinia, a characteristic that is likely related to the much lower stretching rates
that characterised Provence due to its proximity to the rotation hinge of the Sardinia-Corsica
block (Gattacceca et al., 2007).

The new “°Ar/*°Ar age data for the Estérel dacite presented here (~41 Ma) allows shifting
back the beginning of the “subduction-related” igneous activity to late Eocene. This late
Eocene-early Miocene magmatic cycle, roughly contemporaneous with those developed in
Sardinia (~38-15 Ma ago; Lustrino et al., 2009) and southern Spain (~38-6 Ma ago; Turner et
al., 1999 and Duggen et al., 2004), is classically believed to represent the effect of the NW-
directed subduction system that involved the recycling of the Neo-Tethyan oceanic
lithosphere beneath the southern European paleo-margin.

Lustrino et al (2009) proposed that the beginning of NW-directed Apennine subduction
responsible for the subduction-related late Eocene-middle Miocene igneous activity of
Sardinia, occurred between ~49 and ~42 Ma ago, more or less in concomitance with the
emplacement of the Periadriatic Magmatic province in the Alps (~42 Ma ago). The early
“orogenic” magmatism took place along the paleo-European-Iberian continental margin, and
developed with arc-tholeiitic/calcalkaline magmatism in Sardinia, Provence and in the Betic
Cordillera. However, the new ~41 Ma “°Ar/*Ar age obtained for the St. Raphael dacite would
shift back of the beginning of the Apennine subduction of several million of years.

Following Lustrino et al. (2009), assuming a slab dip of 45°, upper and lower plate
convergence at 1-3 cm/yr rate and dehydration of amphibole occurring between ~80 and 120
km, the beginning of the Apennine subduction would have started at least in the early Eocene
(~52-53 Ma ago). Lustrino et al. (2013) emphasized the problem represented by the horizontal

distance of the volcanic arc from the subduction hinge, which had not been addressed in the
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previous models. On this grounds, the authors proposed that the earliest subduction-related
igneous manifestations in the Central-Western Mediterranean area (dated ~38-23 Ma ago) are
not related with the metamorphic dehydration of the subducted Alpine Tethys, but rather to
the pushing effects of the subducting slab over the ancient lower crust of the overriding
European plate. Hence, the subduction-related signature of the early igneous activity of
Provence (and Sardinia) might either reflect an ancient mantle modification (likely occurred
during the Variscan Orogeny), or might be related to the partial melting of the Variscan lower
crust.

The production of “anorogenic” magmas shortly after the end of “orogenic” magmatic
activity, quite common in the Cenozoic districts of the Central-Western Mediterranean area
(e.g., Lustrino et al., 2011 and references therein) might have been triggered by the roll-back
and steepening of the subducted Tethys oceanic lithosphere, causing delamination/detachment
of the sub-continental mantle lithosphere (mechanically coupled to the subducting slab) and
passive upwelling of the asthenospheric mantle. In some instances this model is further
validated by the observation that magmas from the two phases, notwithstanding their
remarkably contrasting geochemical signatures, were produced at largely similar depths (e.g.,
southern Spain and Northern Morocco; Duggen et al., 20005). Although LEEM and LMP
magmas seem to have originated at different depths (i.e., respectively within the spinel- and
garnet-bearing facies), the striking similarity with their counterparts from the coeval
neighbouring districts makes it unlikely that the “orogenic” to ‘“anorogenic” transition in
Provence was related to a different process.

As a final remark, it should be observed that if the Sardinia-Corsica block is restored to its
position preceding its counter-clockwise rotation, the LMP rocks were emplaced in an area
that was linked with northern Sardinia, where coeval magmatism produced the “unusual”

UPV rocks with unique isotopic signature within the entire CIMACI province. The
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occurrence of the UPV rocks has been ascribed to the existence of a lithospheric discontinuity
running roughly E-W in southern Sardinia, separating the “normal” (i.e., CIMACI-like) RPV
source to the South, from the “peculiar” UPV source, modified by ancient interaction with
lower crust, to the North (Lustrino et al., 2007a). Therefore, the isotopic similarity between
Provence LMP and Sardinia RPV rocks can be taken to suggest that an additional lithospheric
discontinuity should be postulated, running approximately N-S along present-day Sardinia

western coast.

5. Conclusions

The Cenozoic igneous activity in Provence mainly emplaced microdiorites, basalts,
basaltic andesites, andesites and dacites during two completely distinct igneous phases. The
first phase occurred during the late Eocene-early Miocene time span and emplaced
intermediate and evolved andesitic to dacitic rocks, with low TiO, and generally high Al,O3
and CaO, and a calcalkaline to arc-tholeiitic serial affinity. Magma evolution occurred not
only via fractional crystallization but also involved some shallow-level crustal assimilation
and the interaction with the lower crust or with harzburgitic domains at the mantle/crust
interface.

The LEEM rocks display a significant LILE/HFSE enrichment, with a composition
resembling that of coeval subduction-related products from the neighbouring areas. The Sr-
Nd-Pb isotopic composition of LEEM rocks suggest the involvement of a shallow sub-
continental lithosphere mantle source variably modified by slab-derived components. The
definition of the Ligurian-Provencal Basin as a classical “back-arc” basin should be replaced
to “intra-arc” basin, because of the presence of the same type of coeval igneous rocks on both

shoulders of the Ligurian-Provencal Basin.
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The second igneous phase occurred in the late Miocene-Pliocene time span (LMP) and
emplaced basalts with high MgO and TiO, and Na-alkaline serial affinity. These rocks mark
the transition from the previous subduction-related LEEM activity to an “anorogenic”
magmatism, a feature that is common for many other Cenozoic igneous districts of the
Central-Western Mediterranean area. The isotopic composition of LMP rocks is consistent
with derivation from a sub-lithospheric mantle source, approximately located at the
spinel/garnet transition boundary, with HiMu (i.e., involving recycled lithologies) and EM-II
(involving terrigenous sediments or interaction with local upper crust) compositions.
Additional processes such as shallow-level crustal contamination or the introduction of
subducted sediments or fluids into the mantle source, or even interaction with LEEM
source/melts were also active, as indicated by the sporadic occurrence of “anomalous”
compositions (e.g., relatively low TiO, and Nb, mantle-normalized patterns with Nb-Ta and
Ba troughs observed in sample FEM31).

The new “°Ar/*Ar data allow us to shift back the beginning of the first igneous phase of
Provence at ~41 Ma ago, ~7 Ma earlier than previously thought, and to shift forward the last
manifestations of the second igneous phase to ~5.6 Ma ago, up to ~1 Ma earlier than
previously known. The first could imply that also the beginning of the NW-directed
subduction beneath the southern European paleo-margin should be moved back. This
possibility seems however unlike, as only sporadic igneous activity is recorded in Central-
Western Mediterranean area in the late Eocene. Therefore, following Carminati et al. (2012)
and Lustrino et al (2013), the earliest subduction-related igneous phases are here considered
related to the pushing effects of the subducting Alpine Tethys over the ancient lower crust of
the overriding plate, rather than to the dehydration of the subducting slab and the associated

melting of the mantle wedge. This also excludes the postulated “adakitic” nature of the
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Provence microdiorites (“estérellites”), emplaced at ~34 Ma ago and classically considered to

mark the onset of subduction-related magmatism in Provence.
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Figure captions

Fig. 1. Geological schetch map of Provence (modified from BRGM Geological Map of
France 1:250000) with locations of collected LEEM and LMP Cenozoic igneous rock
samples. MDF: Mid-Durance Fault System; AF: Aix-en-Provence Fault.

Fig. 2. Crossed polarizers photomicrographs for selected representative rock samples from the
two Cenozoic igneous cycles of Provence (LEEM and LMP). a) LEEM basaltic andesite
sample FEM7 showing a porphyritic texture with more abundant plagioclase and lesser
clinopyroxene phenocrysts (tabular crystals at the centre, with high interference colours)
set within a hypocrystalline groundmass; b) LEEM andesite sample FEM20 showing the
typical porphyritic texture dominated by plagioclase phenocrysts; ¢) LEEM dacite sample
FEM9 with a porphyritic texture dominated by plagioclase phenocrysts; d) LMP basalt
sample FEMB33 with the characteristic aphyric texture with sporadic olivine
microphenocrysts (e.g., lower right) set within a hypocrystalline groundmass.

Fig. 3. Composition of the analysed a) feldspar and b) pyroxene crystals from the rocks of the
two Cenozoic igneous cycles of Provence (LEEM and LMP).

Fig. 4. Age release, radiogenic Ar content and K/Ca spectra for plagioclase and groundmass
concentrates from five representative samples from the two Cenozoic igneous cycles of
Provence (LEEM and LMP).

Fig. 5. TAS classification diagram (LeMaitre, 2002) for whole-rock compositions for the two
Cenozoic igneous cycles of Provence (LEEM and LMP). Also shown are the literature data
for coeval Cenozoic “orogenic” and ‘“anorogenic” rocks from Sardinia, Spain, Corsica-
Estérel, Languedoc, Northern Apennines and Alps (see ESM1 for bibliographic sources).
The dotted line separates the fields for subalkaline and alkaline rock series (Irvine and

Baragar, 1971).
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Fig. 6. a) K0 vs. SiO;, (modified after Le Maitre, 2002) and b) FeO*/MgQO vs. SiO, diagrams
for the rocks of the two Cenozoic igneous cycles of Provence (LEEM and LMP). Symbols
and literature data as in Fig. 5. In b) the thick black lines separate high-Fe, medium-Fe and
low-Fe series according to Arculus (2003), whereas the gray dashed line separates
tholeiitic and calcalkaline series after Miyashiro (1974).

Fig. 7. Selected major element binary variation diagrams for the rocks of the two Cenozoic
igneous cycles of Provence (LEEM and LMP). Symbols and literature data as in Fig. 5.

Fig. 8. Selected trace element binary variation diagrams for the rocks of the two Cenozoic
igneous cycles of Provence (LEEM and LMP). Symbols and literature data as in Fig. 5.

Fig. 9. Primitive-mantle normalized diagram [after Lyubetskaya and Korenaga (2007)] for the
a) LEEM and b) LMP Cenozoic igneous rocks from Provence. The estimated composition
of global subducted sediments (GLOSS-II; Plank, 2014) and the field for the typical HiMu-
OIB locality (high-p, i.e., high 2U/*Pb, Ocean Island Basalt from St. Helena Island,
Southern Atlantic Ocean; Kawabata et al., 2011 and references therein) are reported for
comparison.

Fig. 10. a) *Nd/*Nd vs. &'Sr/%Sr, b) 2Pb/*Pb vs. 2°°Pb/*™Pb, c) 2%®pb/?™Pb vs.
206pp/204ph and d) 2°’Pb/%®Pb vs. 2%®Ph/*®Pb diagrams for the rocks of the two Cenozoic
igneous cycles of Provence (LEEM and LMP). Symbols and literature data as in Fig. 5.
Also shown are the isotopic compositions for BSE (Bulk Silicate Earth) and ChUR
(Chondritic Uniform Reservoir), the DMM (Depleted MORB Mantle), HiMu-OIB (high-p
Ocean Island Basalt) and EM-I and EM-I1 (Enriched Mantle I and I1) mantle end-members,
the 4.56 Ga Geochron and the Northern Hemisphere Reference Line (NHRL).

Fig. 11. a) 2°°Pb/**Pb vs. ¥'Sr/*Sr, b) 2"Pb/2*Ph vs. #Sr/?°Sr and c) 2°®Pb/***Pb vs. ¥'Sr/*0Sr
diagrams for the rocks of the two Cenozoic igneous cycles of Provence (LEEM and LMP).

Symbols and literature data as in Fig. 5.
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Fig. 12. a) Mg# in clinopyroxene vs. Mg# whole rock and b) CaO/Na,O in plagioclase vs.
CaO/Nay0 in whole rock diagrams for the rocks of the two Cenozoic igneous cycles of
Provence (LEEM and LMP). The equilibrium curves for Ko(Fe-Mg)®™/™! = 0.27+0.03 and
for different values of Kp(Ca-Na)P™" [with respective H,O contents in the melt, according

to Martel et al. (2006)] are also shown.

Table captions

Table 1. Results of laser step-heating “°Ar/**Ar dating for the rocks of the two Cenozoic
igneous cycles (LEEM and LMP) of Provence. Rock type: A = andesitic; D = dacitic; B =
basalt.

Table 2. Major- and trace element concentrations (respectively in wt.% recalculated to 100%
water-free, and in ppm) and age-corrected Sr-Nd-Pb isotope ratios for some representative
rock samples from the two Cenozoic igneous cycles (LEEM and LMP) of Provence. Rock
type: A = andesitic; D = dacitic; B = basalt. LOI = (mass) loss on ignition (wt.%); Mg# =

molar Mg/(Fe®*+Mg+Mn): bdl = below detection limit.
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Tables

Click here to download Table: FEM (Tables).xIsx

Error-weighted

consecuitve

consecutive

. Total +20 +20 - X 39 age from  +2¢ . 39 +2¢

sample cycle '°° material gasage (internal oon A0EOM e mal probabilit - steps included  “Anc oo o (internal  (“°Ar/*®Ar); +26 probability steps included - “Arypreferred (internal

k  analyzed (Ma)  error) concordant arror) in the % plot (Ma)  error) in the % age (Ma) error)

segment (Ma) calculation calculation

FEM4 LEEM A plagioclase 33.09 0.40 32.64 0.80 0.13 13/20 (8t0 20) 77.6 32.47 0.78 305 30 0.11 13/20 (8t0 20) 77.6 32.47 0.78
FEM23 LEEM A plagioclase 35.23  0.52 3241 0.48 0.37 7/18 (5to 11) 50.5 31.48 0.70 351 18 0.32 9/18 (5t0 13) 65.9 31.40 0.84
FEM30 LEEM D nplagioclase 46.56 0.58 40.82 0.73 0.24 9/17 (8to 16) 66.8 39.3 2.7 339 75 0.28 9/17 (8to 16) 66.8 40.82 0.73
FEM33 LMP B groundmass 5.59 0.12 5.574 0.093 0.13 12/14 (3to 14) 99.1 5.59 0.13 294 9.8 0.093 12/14 (3to 14) 99.1 5574 0.093
FEM35 LMP B groundmass 5.65 0.12 5.67 0.16 0.12 4/13(5t08) 58.4 5.47 0.25 429 130 0.72 5/13 (4t08) 67.8 5.67 0.16
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