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ABSTRACT

Anorogenic intra-plate magmatism was widespread in Europe from early Tertiary to Recent
times, extending west to east from Spain to Bulgaria, and south to north from Sicily to
northern Germany. Magmatism is spatially and temporally associated with Alpine-Pyrenean
collisional tectonics, the development of an extensive lithospheric rift system in the northern
foreland of the Alps, and, locally, with uplift of Variscan basement massifs (Massif Central,
Rhenish Massif, Bohemian Massif). The volcanic regions vary in volume from large central
volcanoes (e.g. Cantal, Massif Central;Vogelsberg, northern Germany), to small isolated
plugs (e.g. Urach and Hegau provinces in southern Germany). Within the Mediterranean
region, the Dinarides, the Pannonian Basin and Bulgaria, anorogenic volcanism locally post-
dates an earlier phase of subduction-related magmatism.

The major and trace element and Sr-Nd-Pb isotope characteristics of the most primitive
mafic magmatic rocks (MgO > 6 wt %) provide important constraints on the nature of the
mantle source and the conditions of partial melting.. These are predominantly sodic
(melilitites, nephelinites, basanites and alkali olivine basalts); however, locally, potassic
magma types (olivine leucitites, leucite nephelinites) also occur. In several localities (e.g.,
Sicily; Vogelsberg and the Rhine Graben, Germany; Calatrava, central Spain) olivine- and
quartz-tholeiites form a significant component of the magmatism. The sodic magmas were
derived by variable degrees of partial melting (~ 0.5 - 5 %) within a transitional zone between
garnet-peridotite and spinel-peridotite mantle facies, close to the base of the lithosphere; the
potassic magma types are interpreted as partial melts of enriched domains within the
lithospheric mantle. Mantle partial melting was induced by adiabatic decompression of the

asthenosphere, locally in small-scale, plume-like, diapirs which appear to upwell from ~ 400
km depth.



Tertiary and Quaternary volcanic activity within Europe occurs in two principal
geotectonic settings: referred to as orogenic and anorogenic by Wilson & Bianchini (1999).
Occurrences of calc-alkaline volcanism (0rogenic) in the Alpine chain, the Carpathians and
the Mediterranean region (Harangi et al., this volume) can be explained geodynamically in
terms of contemporaneous subduction, and will not be considered further in this review. Here
emphasis is placed on the extensive anorogenic, dominantly alkaline, volcanic province to the
north of the Alpine collision zone, including the Massif Central of France, the Rhenish Massif
of northern Germany, the Rhine Graben, and the Eger Graben within the northern part of the
Bohemian Massif in the Czech Republic (Figs. 1 & 2). Further to the east mafic alkaline
volcanism (anorogenic) post-dates a major phase of subduction-related volcanism in the
Pannonian Basin, the Dinarides (Serbia, Slovenia, Croatia, N. Bosnia), Bulgaria and western
Turkey. Further south,within the Mediterranean region, anorogenic volcanism occurs in
Sicily, Sardinia, Monte Vulture and the Veneto area of Italy, in the Alboran Sea and along the
northern coast of Africa, locally post-dating earlier phases of subduction-related magmatism.
Anorogenic magmatism also occurs in the Iberian peninsula, mainly in the Caltrava province
of south central Spain, and within the south-eastern Pyrenees near Olot.

Although magmatism initiated locally in the latest Cretaceous-Paleocene, the major
phase of activity in western and central Europe occurred in the Neogene (20-5 Ma), with a
subsidiary peak in the Pliocene (4-2 Ma), Figs. 3 & 4; eruptions continued locally to a few
thousand years BP. Magmatic activity within the European foreland of the Alpine orogen
(Fig.2) is typically mafic and occurs as small volume monogenetic centres (e.g. Eifel, Urach
and Hegau provinces of northern Germany), scattered necks and plugs (e.g. North Hessian
Depression, Germany) and fissure-controlled plateau basalts (e.g. Cézallier, Aubrac and
Coirons in the French Massif Central. Rarer central volcanic complexes (e.g. Cantal and Mont
Dore in the Massif Central; Vogelsberg in northern Germany) include significant volumes of
more differentiated magmas which can be related to processes of magmatic differentiation in
sub-volcanic magma chambers (e.g. Wilson et al., 1995a).

The volcanic fields are generally concentrated in lithospheric basement teranes which
have experienced tectono-thermal events within the last 300-400 Myr (e.g. the Variscan belt
of Europe); these typically have higher heat flow and thinner lithosphere than the surrounding
cratons (e.g. Baltic Shield) (Prodehl et al, 1992). A number are located on uplifted basement
massifs (e.g. Massif Central; Rhenish Massif; Bohemian Massif) which appear to be
dynamically supported by hot upwelling asthenospheric mantle diapirs (e.g. Granet et al.,
1995; Ritter et al., 2001; Wilson & Patterson, 2001). Magmatic activity was broadly
synchronous with the evolution of an extensive intra-continental rift system in western and
central Europe, subsequently referred to as ECRIS (East and Central European rift system),
the origins of which are intimately linked to the collision of Africa with Eurasia (Wilson &
Downes, 1992; Ziegler, 1992; Dezes et al, 2004).

The most common primitive mafic magma types are sodic basanites and alkali basalts;
highly silica-undersaturated, small melt fraction, nephelinites and melilitites occur much less
frequently, although they are the dominant magma type in some areas (e.g. Urach province of
Germany). Potassic alkaline mafic magmatism (e.g. leucitites, leucite nephelinites) occurs at
scattered localities throughout the province (e.g. Calatrava, Spain; Cantal and the Sillon
Houiller in the Massif Central; the West Eifel, Germany; Doupovské Hory and Ceské
Stredohori in the Bohemian Massif); however, only in the West Eifel do potassic magmas
predominate over sodic magma types. More exotic magma types, such as carbonatite, occur
very rarely (e.g. Kaiserstuhl in the Rhine Graben, Germany; Monte Vulture, Italy). Felsic
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magmatic rocks occur in most of the volcanic fields, sometimes in a bimodal association with
the basalts; complete differentiation series are, however, rare, and occur only in the central
volcanic complexes (e.g. Cantal).

THE GEODYNAMIC SETTING OF THE MAGMATISM

The Late Cretaceous-Cenozoic convergence of Africa-Arabia with Eurasia resulted in
the progressive closure of oceanic basins in the Mediterranean region and the collision of the
Alpine orogen with the southern passive margin of Europe. Compressional deformation of the
lithosphere within western and central Europe occurred as a response to the collisional
coupling of the Alpine and Pyrenean orogens with their forelands (Ziegler et al., 1995; Dézes
et al., 2004). Throughout the Tertiary there was a gradual shift of compressional tectonic
activity away from the foreland of the Carpathians and Eastern Alps to the foreland of the
Central and Western Alps, partly as a consequence of dextral translation between the
converging blocks during the late Eocene to Pliocene. Stresses related to the collision of
Iberia and Europe interfered with stresses transmitted from the Alpine collision front (Dézes
et al., 2004); these stresses played an important role in the Eocene reactivation of Permo-
Carboniferous fracture systems and the localisation of the Cenozoic rifts (e.g. Rhine Graben).

Convergence rates between Africa and Europe decreased rapidly during the late
Cretaceous and Paleocene (67-55 Ma) as the African and European plates became
mechanically coupled (Rosenbaum et al, 2002). During the late Paleocene (61-55 Ma) a pulse
of intense intra-plate compression affected western and central Europe, the East European
Craton and North Africa (Dézes et al., 2004; Fig. 3). Compressional stresses exerted by the
evolving Alpine and Pyrenean orogenic belts caused lithospheric buckling and basin inversion
up to 1700 km north of the orogenic fronts. This deformation was accompanied by local
intrusion of small-degree partial melts (e.g. melilitites and nephelinites) in the Massif Central,
Vosges, Black Forest, Rhenish Massif and Bohemian Massif.

During the early Eocene (~ 52 Ma) the convergence rate between Africa and Europe
gradually increased, followed by a decrease in the early Miocene (~ 19 Ma), Rosenbaum et al
(2002). Scattered volcanic activity occurred during the early and middle Eocene in the Massif
Central (Michon & Merle, 2001), the Rhenish Massif (Lippolt, 1982) and the Bohemian
Massif (Ulrych & Pivec, 1997). During the late Eocene extension initiated along the Massif
Central, Bresse and Rhine grabens by transtensional reactivation of older Permo-
Carboniferous fracture systems in a northerly directed compressional stress field (Dézes et al.,
2004). At the Eocene-Oligocene boundary, convergence of the West-Alpine orogenic wedge
with the European foreland changed to a NW direction (Ceriani et al., 2001), coincident with
the detachment of a southerly subducted lithospheric slab beneath the Central and Eastern
Alps and associated isostatic rebound of the European foreland lithosphere. (von
Blanckenburg and Davies, 1995)

North-directed compressional stresses from the Pyrenees combined with the forces
exerted by collisional tectonics in the Central Alps, induced the main Oligocene extensional
stage of ECRIS. The Pyrenean component of compressive stress relaxed during the late
Oligocene (Déezes et al., 2004) During the Oligocene the Rhine graben propagated
northwards, bifurcating into the Ruhr and Leine grabens (Fig. 2); rift propagation was
associated with an intensification of volcanic activity in the Rhenish Massif. In the northern
parts of the Massif Central rifting was accompanied from the late Oligocene by scattered
volcanic activity (Michon & Merle, 2001). In contrast subsidence of the Eger graben within
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the northern part of the Bohemian Massif commenced only towards the end of its Oligocene
magmatic phase.

During the Miocene extension continued in the Rhine, Ruhr and Leine grabens
(Schumacher, 2002); their triple junction (Fig. 2) was gradually uplifted and became the
focus of increased volcanic activity (Sissingh, 2003). Uplift of the Vosges-Black Forest dome
commenced between 19-20 Ma; this has been attributed to lithospheric flexuring in the Alpine
foreland (Schumacher, 2002; Dézes et al., 2004). Minor volcanic activity within the Upper
Rhine graben, including its rifted flanks, was associated with this phase of uplift from 18-7
Ma (Jung, 1999). Uplift and northward tilting of the Massif Central also commenced during
the early Miocene, followed by a rapid increase in volcanic activity during the middle and late
Miocene (Fig. 3; Michon & Merle, 2001).

Minor compressional deformation of the European lithosphere also occurred during
the late Miocene- early Pliocene and in Pliocene-Quaternary times (Fig. 3; Dézes et al.,
2004). Extension continues to the present day along the Rhine and Ruhr grabens, whereas
subsidence of the Massif Central grabens ceased during the Miocene. Within the Rhenish
Massif, volcanic activity shifted to the Eifel region during the Pliocene and Quaternary,
coinciding with an acceleration of uplift (Garcia-Castelanos et al., 2000). Uplift of the
northern Bohemian Massif, which initiated during the early Miocene, continued throughout
Plio-Quaternary times accompanied by renwed volcanic activity (Ulrych et al, 1999; Michon
& Merle, 2001). This uplift has been attributed to lithospheric flexuring (Ziegler & Dézes,
this volume) In the northern Massif Central volcanic activity resumed at the beginning of the
Pliocene (peaking between 4 and 1 Ma), whereas in the south a second peak of activity
occured between 3.5 and 0.5 Ma (Michon & Merle, 2001); volcanism was accompanied by
renewed uplift.

On a regional scale there appears to be a broad correlation between the timing of
magmatic activity within the northern foreland of the Alps and changes in the regional stress
field (Fig. 3). A detailed compilation of the available geochronological data for the Massif
Central suggests that the main volcanic phases may be associated with periods of
compressional stress relaxation in the foreland of the Alpine orogenic belt (Wilson &
Patterson, 2001). Magmas must rise through the crust and upper part of the lithospheric
mantle through fracture systems; consequently, it is possible that the distribution of Cenozoic
magmatism within Europe could be related to reactivation of pre-existing lithospheric
discontinuities (e.g. Permo-Carboniferous sutures and fault systems) in response to changes in
the regional stress field. The maximum horizontal stress direction within western and central
Europe rotated from NNE-SSW to NNW-SSE during the Late Eocene/Early Oligocene to
NW-SE in the Late Oligocene (Schreiber & Rotsch, 1998). The orientations of linear chains
of volcanic necks and scoria cones commonly reflect the orientation of the contemporary
stress field. In most areas Cenozoic rifting initiated earlier than the main phase of magmatic
activity and is frequently offset spatially from both magmatism and areas of basement uplift.
In a number of areas (e.g. Rhine Graben; Massif Central), however, there is evidence for
minor early Tertiary magmatic activity which pre-dates the onset of rifting (Fig.3).

The largest Cenozoic rift within central Europe, the Rhine Graben, is about 300 km
long and 35-40 km wide. It trends NNE-SSW oblique to the NE trending structural grain of
the Variscan crystalline basement of Europe (Moldanubian and Saxothuringian terranes; Fig.
2). The northern end of the rift is located to the SE of the Rhenish Massif at the boundary
between the Saxothuringian and Rhenohercynian Variscan basement terranes. Extension and
subsidence occurred mainly between Oligocene (~ 35 Ma) and Miocene times. Subsidence in
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the southern part of the rift was interrupted by basement uplift and the magmatic activity of
the Kaiserstuhl volcano (Keller et al., 1990). It is notable that whilst the Rhine Graben is the
most highly extended part of the European rift system, it is largely non-magmatic for much of
its length, suggesting that lithospheric extension and decompression-induced partial melting
of the upper mantle is not necessarily the main cause of magma generation within the
European volcanic province. The Miocene volcanic complex of the Vogelsberg is located at
the northern end of the Rhine Graben where it splits into two branches at the boundary
between the Saxothuringian and Moldanubian Variscan basement terranes (Fig. 2).

AGE AND CHARACTERISTICS OF THE VOLCANIC FIELDS
Rhenish Massif

Cenozoic volcanism in northern Germanyis concentrated in a 350 km long, E-W
trending zone extending from the Eifel in the west to the Rhon-Heldberg area in the east (Fig.
2; Wedepohl & Baumann, 1999). Volcanic activity started during the Eocene and Oligocene
in both the eastern and western extremities of the belt. The climax of volcanic activity
occurred between 16 and 18 Ma in the Vogelsberg volcano in the central part of the belt.
Volcanism ceased about 5 Myr ago followed by a Quaternary resurgence of activity in the
East and West Eifel. Most of the volcanic rocks are relatively primitive alkali olivine basalts,
nepheline basanites and olivine nephelinites; quartz tholeiites, however, occur in the
Vogelsberg and North Hessian Depression. Locally (e.g. Eifel, Siebengebirge, Westerwald
and Rhon) extreme differentiation of the parental mafic magmas produced phonolites and
trachytes. In the Eifel district predominantly potassic magmas, including leucitites, were
erupted.

The Miocene Vogelsberg is a shield volcano (Bogaard & Woérner, 2003) which
erupted basanites, alkali basalts, quartz tholeiites and limited volumes of highly evolved
magmas ranging from hawaiite to trachyte. It has an eruptive volume of ~ 600 km®, probably
making it the largest volcanic centre within the European volcanic province (Jung &
Masberg, 1998). The volcano is located to the east of the Rhenish Massif, close to the triple
junction of the Rhine, Ruhr and Leine Grabens (Fig. 2). Volcanism commenced in the Early
Miocene (~ 22-23 Ma), however, the main phase of activity began ~ 18 Myr ago and peaked
between 16 and 17 Ma. The Rhon and Northern Hessian Depression volcanic fields are
closely related, both spatially and temporally, to the Vogelsberg and erupted a similar range
of magma types (Wedepohl et al., 1994; Jung & Hoernes, 2000).

In the East and West Eifel volcanic fields about 300, typically small-volume,
eruptions occurred from monogenetic centres between 700,000 and 10,800 BP (Schmincke et
al., 1983; Worner et al., 1986), associated with about 250 m of uplift. The volume of magma
erupted is quite small (about 15 km), but the actual volume of magma generated at mantle
depths must have been significantly greater (70-100 km’; G. Worner, personal
communication, 2004). Two geochemically, spatially and temporally distinct groups of
sodic-potassic alkaline volcanics were erupted in the East Eifel; in the NW these include
nephelinites, leucitites and their differentiates (erupted > 400 ka), whereas in the SE basanites
and their differentiates predominate (erupted between 400 and10 ka; Lippolt et al., 1990). The
West Eifel volcanic field covers an area of ~ 600 km” and comprises about 240 volcanic
centres; these erupted predominantly leucitites and nephelinites with subordinate basanites.
About 12,900 years ago there was a major Plinian eruption of the Laacher See volcano which
produced ~ 6.3 km® of phonolitic tephra, causing a major environmental impact (Litt et al,
2003).



Volcanic activity in the Westerwald started in the Oligocene with the eruption of
basalts and trachytes (Schreiber & Rotsch, 1998); the main phase of activity had ended by 20
Ma, although there were short periods of reactivation, with the eruption of basalts, in the
Miocene and Pleistocene (Fuhrmann & Lippolt, 1990). Volcanic activity appears to have been
synchronous with minor uplift of the Rhenish Massif, which commenced at the end of the
Oligocene, strengthened during the Quaternary and continues to the present-day (Meyer et al.,
1983).

On the basis of palacomagnetic data, Schreiber & Rotsch (1998) proposed that the
north-eastern part of the Rhenish Massif has rotated clockwise by 10-16° since the late
Oligocene, associated with a system of dextral strike-slip faults. The Quaternary West and
East Eifel volcanic fields are located in the non-rotated western Rhenish Massif block. Block
rotation is considered to have initiated in the Late Oligocene due to small changes in the
direction of the maximum horizontal compressive stress from NNW to NW.

Southern Germany

Volcanism in southern Germany is confined to a few small regions including the
Urach and Hegau provinces to the east of the Rhine Graben, the rift flanks of the Rhine
Graben and the Kaiserstuhl volcano which is axially located within the graben where it
bisects the Vosges-Black Forest dome (Keller et al., 1990; Glahn et al., 1992; Fig. 2). On the
basis of K-Ar dating and stratigraphic constraints it is likely that the main phase of volcanic
activity ranges from about 45 to 15 Ma (Keller et al., 2002). However, Keller et al. (2002)
have recently dated amphibole phenocrysts from an olivine melilitite dyke (Trois Epis) in the
Vosges at 60.9 £0.6 Ma; this suggests that magmatism began some 15 Myr before the onset
of graben formation, contemporaneous with the onset of major horizontal crustal shortening
in the Western Alps (Gebauer, 1999) and a major phase of foreland compression (Ziegler et
al., 1995).

Magmatism occurs as a series of dykes, plugs/necks and diatreme pipes, concentrated
in two sectors: (1) the Vosges-Black Forest Dome, which is the location of the maximum
updoming of the Rhine Graben rift flanks, and the only axially located volcano in the graben
(Kaiserstuhl); (2) in the north between Heidelberg and Frankfurt, mostly in the crystalline
basement of the Odenwald. Scattered volcanic centres also occur along the flanks of the rift
(e.g. Mahlberg). The primary magmas are highly undersaturated mafic alkaline types,
predominantly olivine nephelinites and olivine melilitites with high Mg -numbers, Ni and Cr
contents. The Miocene Kaiserstuhl complex (15-18 Ma) is an alkaline carbonatite complex
which also includes potassic magmas (Schleicher et al. 1990).

The Urach province is an olivine melilitite diatreme field with more than 350
individual volcanic necks for which K-Ar ages range from 11-16 Ma (Lippolt et al., 1973).
Most of the diatremes are composed of tuffs of olivine melilitite and olivine melilite
nephelinite. The main period of activity is in the middle Miocene, from 16-17 Ma. There does
not appear to be any correlation between fault tectonics and the location of the diatremes,
although the majority are located in a synclinal structure, the “Urach Trough", in which
subsidence has occurred since mid-Triassic times. The Hegau volcanic field, some 100km
further south, has a greater variety of magmatic rock types including olivine melilitite,
olivine-nepheline melilitite and phonolite, diatreme facies pyroclastics and carbonatites. K-Ar
ages range from 7-15 Ma, with emplacement of olivine melilitites between 8.5 and 12 Ma.



Massif Central

Most of the alkaline magmatic activity in France has occurred within the uplifted
Variscan basement of the Massif Central, with subordinate amounts further south in the
Languedoc (Wilson and Patterson, 2001). The Massif is divided by a NNE-SSW trending
late-Variscan strike slip fault, the Sillon Houiller, which represents a major discontinuity
between two distinct lithospheric domains (Fig. 2; Alard et al., 1996). The eastern Vosges-
Auvergne domain is distinguished from the western Limousin domain by thinner crust (<29
km) overlying upper mantle with low seismic velocity (Nicolas et al., 1987; Granet et al.,
1995; Zeyen et al., 1997). The characteristics of the Vosges-Auvergne domain have been
ascribed to lithospheric thinning above an upwelling asthenospheric mantle diapir.

Cenozoic volcanic activity is concentrated in two main areas (Wilson & Patterson,
2001). A chain of volcanoes extends in an approximately N-S direction along the western
edge of the Limagne graben. From north to south these are the Chaine des Puys, the large
stratovolcano of Mont Dore, the basaltic plateau of Cézallier, the central volcano of Cantal
and the Aubrac mountains. Southeast of the Limagne graben, surrounding the Le Puy basin,
the volcanic areas of Velay, Devés and Vivarais comprise some of the youngest activity.
Many of the volcanic fields show pronounced NW-SE trending alignments of eruptive centres
(e.g. Aubrac, Coirons, Velay, Deves), sub-parallel with a diffuse system of normal faults and
graben segments which may represent the continuation of the N-S trending Limagne graben
to the SE. In contrast, the volcanic fields of the Chaine des Puys, in the northern part of the
Massif, and Escandorgue, in the extreme south, consist of a large number of volcanic cones
aligned in a N-S direction. The changing orientations of these volcanic lineaments reflect the
changing orientation of the regional stress field within Europe throughout the Tertiary.

Magmatism peaked between the Upper Miocene and the Pliocene (10-5Ma) with
widespread eruption of plateau basalts (alkali basalts and basanites) across the province
(Deves, Cézallier, Coirons, Aubrac and Escandorgue) and the formation of the Cantal central
volcano (400 km®; Downes, 1983). Significant volumes of alkali basalt were associated with
this phase of activity and the volume of differentiated lavas increased substantially. A second
peak of volcanic activity, between 4-2 Ma resulted in the formation of the Mont Dore volcano
(200 km’; Briot et al., 1991), and of the Chaine de la Sioule, Devés and Escandorgue
provinces oriented along NE-SW, NW-SE and N-S fractures respectively. Important uplift
along the southeast border of the Massif coincided with this magmatic peak (Derruau, 1971).

Czech Republic-Southwest Poland

Paralleling the Alpine tectonic front, although located much farther north, lies the Eger
Graben in the Czech Republic (Fig. 2). Its location, parallel to the Saxothuringian-
Moldanubian Variscan suture zone, and indeed utilising the suture as its southern margin,
may be a response to lithospheric doming of the Bohemian Massif. Ulrych & Pivec (1997)
have recognised three magmatic phases on the basis of K-Ar data:

(1) pre-rift melilitite-nephelinite magmatism (79-49 Ma) on the rift flanks.

(i1) syn-rift (42-16 Ma) bimodal basanite-trachyte and nephelinite-phonolite

magmatism, followed by a second phase of activity from 13-4 Ma.

(iii)  late-stage melilitite-olivine nephelinite activity (2-0.26 Ma) in the westernmost

part of the rift near Cheb.

Cenozoic volcanism extends from the German-Czech border eastwards to Upper Silesia in
Poland and northern Moravia (Fig. 2). The magmatic rocks range in composition from
8



melilitites, basanites, alkali basalts and carbonatites to trachytes (Blusztajn and Hart 1989;
Kopecky 1966). Local occurrences of bimodal alkaline magmatism extend for ~ 40km both
north and south of the main rift faults; melilite nephelinite magmas are characteristic of the
SE border fault. The two main volcanic centres within the graben are the Doupovské Hory
and Ceské Stredohori complexes. Doupovské Hory, in the west, is a stratovolcano
approximately 30km in diameter, containing a mixture of sodic and potassic mafic magmas
and their differentiates (Kopecky 1966). The volcano-sedimentary complex of Ceské
Stredohori, further to the east, is the most significant region of intra-plate alkaline volcanism,
characterised by lava flows, tuffs, plugs, small sub-volcanic intrusions and dykes of basanite-
trachyte with minor nephelinite-phonolite series magmas (Ulrych & Pivec, 1997; Ulrych et
al., 2001). On the basis of available K-Ar data (Shrbeny, 1995; Wilson & Rosenbaum,
unpublished data), the main phase of volcanism in the Ceské Stredohori was from Late
Eocene to Middle Miocene (42-15 Ma); much smaller volumes (< 1 %) of magmatism
occurred from 13-9 Ma (mid-Late Miocene), and there was a resurgence of activity in
Pliocene-Quaternary times.

Pannonian Basin

The geodynamic evolution of the Pannonian Basin and its relationship to the Alpine-
Carpathian orogenic belt has been the focus of a number of recent studies (e.g. Cloetingh &
Lankreijer, 2001 and references therein). The development of the Carpathian foldbelt and
associated back-arc extensional basins is linked to the Mesozoic-Cenozoic collision of
Eurasia with a number of continental microplates including the Italo-Dinaride block.
Southward subduction of the European plate under the northern margin of the Pannonian
Basin during Paleocene-Eocene times is evidenced by a chain of calc-alkaline volcanoes.
Calc-alkaline magmatic activity started in the Eocene and culminated in the Miocene
(Downes et al., 1995a). Extension ended in late Miocene times and was followed by a phase
of Plio-Pleistocene alkali basaltic volcanism.

The Neogene alkaline volcanism of the Carpathian-Pannonian region (Fig. 1) has been
extensively studied (e.g. Szabo et al., 1992; Embey-Isztin et al., 1993; Embey-Isztin &
Dobosi, 1995; Vaselli et al., 1995; Downes et al. 1995b). Pécskay et al. (1995) present a
comprehensive review of the timing of magmatic activity. Alkaline magmatism (including
both alkali basalts and rare potassic/ultrapotassic lavas) occurred sporadically from 17 - 0.5
Ma, partly contemporaneously with subduction-related magmatism in some areas (20-0.2
Ma). Within the Inner Carpathians calc-alkaline magmatism migrated eastwards in time
(Eocene-Miocene in the Northern Carpathians/Pliocene-Quaternary in the Eastern
Carpathians of Romania; Pécskay et al., 1995). The alkaline volcanism is also oldest in the
western part of the Pannonian Basin but youngest in the central regions (Embey-Isztin et al.,
1993). In the eastern Transylvanian Basin late Tertiary-Quaternary volcanism associated with
both extension and subduction occurred simultaneously (Downes et al., 1995b). The alkaline
volcanic rocks exhibit two age groups; an older phase at 17-7 Ma and a younger phase from
6-0.5 Ma. Potassic lavas (shoshonites) range in age from 15-1 Ma. Episodic Quaternary
volcanism has occurred in the West Carpathians, East Carpathians, Persani Mountains and
Apuseni Mountains.

Dinarides

Much less attention has been focused on the southern part of the Pannonian Basin and
its links with the Dinaride tectonic zone to the south (Fig. 1). This province extends from
eastern Slovenia, through northern Croatia, and northern Bosnia into Serbia. Lateral
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movements of several hundred km along the Periadriatic Lineament in the Alps, Oligocene
and Micocene magmatism, and Neogene block rotations provide evidence for substantial
mobility in this transitional region (Sachsenhofer et al., 2001).

The northern Dinarides were created by the collision of the northeastern parts of the
Apulian plate and the southern margin of the Eurasian plate, which commenced in the Late
Jurassic-Early Cretaceous (Tari & Pamic, 1998); during this stage ophiolites were obducted
onto the Apulian plate. Uplift of the Dinarides occurred during the Late Eocene-Early
Oligocene associated with andesitic-dacitic volcanism and pyroclastic activity (32-22 Ma).
Extension started in the Early Miocene but terminated by the end of the Middle Miocene.
High levels of volcanic activity from 16-12 Ma resulted in a suite of basalts, andesites, dacites
and rhyolites. Eruption of alkali basalts occurred from 10-8.5 Ma (Pamic et al., 1995).

In Serbia there was a distinct phase of alkaline mafic magmatism (mainly basanites)
during the Paleocene-Eocene (62-40Ma; Jovanovic et al., 2001; Cvetkovic et al., 2004).
Magmatism occurred after the termination of Upper Cretaceous subduction and cessation of
calc-alkaline volcanic activity, and mainly occurs in the former arc and fore-arc regions. The
alkaline mafic magmas, however, display no subduction-related fingerprint in their
geochemistry. It is possible that the magmatism was related to slab-break-off of eastward-
subducted oceanic lithosphere.

Bulgaria

In Bulgaria there is a 250 km long, N-S trending magmatic province, ranging in
composition from potassic basanite to alkaline lamprophyre (camptonite), which is closely
associated with extensional tectonics. In the north (Moesian platform) the magmatism is of
Lower Miocene age, whereas in the south (Rhodope Zone) it is Eocene to Oligocene in age.
Monogenetic volcanoes and domes dominate the northern part, whereas sills and dyke
swarms are more common in the central and southern areas (Vaselli et al., 1997). As in
Serbia, the alkaline magmatism post-dates an earlier (Lower Oligcene) phase of calc-alkaline
magmatism (Marchev et al., 1998).

Italy, Sicily and Sardinia

Intra-plate alkaline magmatism, which is geochemically distinct from the orogenic
magmatism of the Roman Volcanic Province (Wilson & Bianchini, 1999), occurs mainly in
Sicily (the Iblean Plateau and Mt. Etna), the Veneto province in the Po Plain region of
northern Italy, in central Italy at Monte Vulture, and in Sardinia, Fig. 1.

The extension-related, anorogenic, magmatism (5-0.1 Ma) in Sardinia, post-dates an
earlier phase of subduction-related magmatism (32-13 Ma), and is characterised by the
eruption of both subalkaline and alkaline lavas (including primitive and more differentiated
magma types; Beccaluva et al., 1977; 1987; Rutter, 1987). Whilst there is no clear temporal
trend, the eruption of subalkaline lavas appears to have occurred preferentially during a short
period with a climax at about 3.5-3 Ma (Montanini and Villa, 1993), followed by more
widespread eruptions of alkaline magmas. The Plio-Pleistocene subalkaline basic-acid
magmatism of Mt. Arci (Cioni et al., 1982; Dostal et al., 1982) appears to be transitional in
chemistry between that of the earlier Oligo-Miocene subduction-related cycle and the
younger alkaline magmas. This may reflect the presence of an inherited "subduction-related"
component in the mantle source of the magmas. Gasperini et al. (2000) have suggested, on
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the basis of the Sr-Nd-Hf isotope systematics of Pleistocene basalts from Logudoro, that their
mantle source may contain a recycled crustal component from a subducted oceanic plateau.

Several phases of Cenozoic volcanic activity have been recognised in the Iblean area
of southern Sicily. Miocene and Plio-Pleistocene volcanics occur in the northern part of the
Iblean platform, toward the Apennine-Maghrebian compressional front (Beccaluva et al.,
1998). The Miocene magmatic phase is predominantly alkaline in composition, characterised
by a low melt production rate. After a period of low-level activity from about 6.5 to 4 Ma, a
new cycle, with a higher melt production rate, initiated in the Lower-Middle Pliocene, lasting
until the Lower Pleistocene. This cycle is characterised by an abrupt compositional change to
magmas of predominantly tholeiitic affinity. The melt production rate gradually decreased
after the climax of volcanic activity and magmas of various geochemical affinities were
erupted simultaneously. Sporadic eruptions of highly undersaturated alkaline lavas occurred
in the northernmost part of the plateau, towards Mount Etna, during the Lower Pleistocene. It
is difficult, however, to study the migration of volcanism from the Iblean area to the Etna
area, as the transition zone is obscured by recent sediments.

Mount Etna is the largest active volcano in Europe with an estimated volume of 500-
600 km3. It is polygenetic, with several distinct stages to its evolution. The oldest volcanic
products (ca 600,000 years BP; Gillot et al., 1994) are of tholeiitic affinity and outcrop
sporadically at considerable distances from the present volcanic focus. Alkaline mafic
magmatism commenced around 220,000 years BP (Condomines et al., 1982; Gillot et al.,
1994), and for a short period tholeiitic and alkaline magmas erupted simultaneously. More
recent magmatism has been entirely alkaline and the erupted lavas have become
progressively more differentiated with time, consistent with the development of a high-level
magma chamber system beneath the volcano (Clocchiatti et al., 1988; Tanguy et al, 1997;
Corsaro & Pompillio, 2004). The volcanic activity of Etna has been attributed to differential
roll-back of a slab of subducted oceanic lithosphere and the formation of a slab window
through which upwelling of deeper upper mantle material has occurred (Armienti et al,
2004). In contrast, Montelli et al. (2004) have proposed the existence of a deep mantle
plume beneath Etna based upon a new seismic tomographic model.

During the past 10 Myr there has also been extensive magmatism offshore in the
Sicily Channel, including the islands of Pantelleria and Linosa. The eruptive products range
in composition from nepheline basanite to tholeiitic basalt and their differentiates (Beccaluva
et al., 1981; Calanchi et al., 1989).

The Late Pleistocene Mt. Vulture stratovolcano has an unusual geodynamic setting at
the intersection of NE-SW and NW-SE trending fault systems at the easternmost border of the
Appenine thrust front (Beccaluva et al., 2002). Its eruptive products include pyroclastic
deposits and basanitic and melilititic lavas; carbonatites have also been reported.

Localised occurrences of late Paleocene- late Oligocene extension-related
(anorogenic) alkali basalts, basanites and subordinate transitional basalts occur in the Veneto
region of northern Italy (Siena and Coltorti, 1989; De Vecchi and Sedea, 1995; Milani, 1996).
The age of the magmatism is based primarily upon stratigraphical constraints and may extend
into the Miocene.
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Spain

During the Late Miocene-Quaternary extension-related (anorogenic) alkaline
magmatism occurred in central Spain in the Calatrava province ( Lopez-Ruiz et al. 1993;
Cebria and Lopez-Ruiz, 1995), in northeastern Spain near Olot, just south of the Pyrenees
(Cebria et al., 2000), to the NW of Cartagena (Tallante) within the Betic Cordillera and at
Cofrentes and Columbretes Island (Wilson & Bianchini, 1999; Fig. 2). Extension post-dated
the main phase of Alpine compression, giving rise to a series of basins, some of which were
magmatically active (Doblas & Oyarzun, 1989). In the Olot area Miocene-Quaternary
volcanic vents are associated with NW-SE and NE-SW trending fault systems. The oldest
magmatism follows the trend of the NE-SW orientated Cenozoic European rift system,
whereas the youngest (Garrotxa) magmatism follows NW-SE fault trends related to Alpine
convergence in the Pyrenees.

North African Margin-Alboran Sea

Tertiary-Quaternary magmatic activity also occurs along the whole western
Mediterranean margin of North Africa (Fig. 1) from Morocco to Tunisia. This may be divided
into two stages: Late Cretaceous-Mid-Eocene (ca 42Ma) and Early Miocene-Recent (Wilson
& Guiraud, 1998; Wilson & Bianchini 1999). The bulk of the magmatism appears to postdate
a major phase of Aquitainian-Burdigalian (ca 20 Ma) compression induced by the Alpine
collision, and has many similarities to that of the Betic Cordillera of southern Spain
(Hernandez et al., 1987; Lonergan & White, 1997). The earliest magmatic rocks have calc-
alkaline affinities becoming progressively more alkaline with time. Given the complex
geodynamic setting of the western Mediterranean, and the limited amount of geochemical and
geochronological data on the magmatic rocks in both the Betic-Rif and Maghrebide belts, it is
difficult to constrain the precise tectonic setting in which the magmas were generated. Some
authors consider that the Miocene calc-alkaline volcanic episode post-dated active subduction
(e.g. Hernandez & Lepvrier, 1979), whilst others link it directly to subduction (Tricart et al.,
1994; Lonergan & White, 1997) or to slab detachment in the Tertiary (Zeck et al., 1992;
Monié et al, 1992).

Duggen et al. (2003) have demonstrated that between 6.3 and 4.8 Myr ago there was a
marked change in the geochemistry of the magmatism in the western Mediterranean from
subduction-related to intra-plate which was synchronous with the Messinian salinity cricis.
They relate this to westward roll-back of an eastward dipping slab of Tethyan oceanic
lithosphere, delamination of a block of continental lithosphere beneath the Alboran Sea, and
associated asthenospheric upwelling. The younger (6.3-0.65 Ma) volcanic rocks are alkali
basalts and basanites plus differentiates. The change over from calc-alkaline and shoshonitic
magmatism to intra-plate alkaline magmatism was transitional; the youngest shoshonites are
dated at 4.8 Ma. The alkaline mafic rocks are similar to oceanic island alkali basalts from the
Canary Islands (OIB), and to those from elsewhere in the European Volcanic Province.

Western Turkey

The Western Anatolian volcanic province of Turkey (Fig. 1) is located at the eastern end
of the Aegean arc, which results from the northward subduction of the African plate beneath
the Aegean. Calc-alkaline volcanic activity commenced in the Late Oligocene-Early Miocene,
followed by alkali basaltic volcanism from Late Miocene to Recent times. This change in the
style of the volcanism has been attributed by some authors to a change in the regional stress
field from N-S compression to N-S extension (Yilmaz 1990; Giileg, 1991). Seyitoglu & Scott
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(1992), however, consider that the transition to N-S extensional tectonics actually commenced
much earlier in the latest Oligocene-Early Miocene. Seyitoglu et al. (1997) have demonstrated
that within the youngest volcanic sequence there is a change from potassic magmatism in the
Miocene to more sodic (anorogenic) alkaline magmatism in the Quaternary. The geochemical
characteristics of the potassic magmas are inferred to reflect the presence of an inherited
subduction-modified component in their mantle source.

Large volumes of trachyandesitic-dacitic lava flows and pyroclastic deposits of
Miocene age are associated with small volumes of alkali basalt lava flows in the Galatia
volcanic province of northwest Central Anatolia (Wilson et al., 1997). The volcanism
postdates continental collision, occurring in a trans-tensional tectonic setting associated with
movement along the North Anatolian Fault zone. Alkali basalts were erupted during two
distinct time periods in the Early Miocene (17-19 Ma) and Late Miocene (<10 Ma); the Early
Miocene basalts have geochemical characteristics which suggest the involvement of a
subduction-modified mantle source component in their petrogenesis, whereas the late
Miocene basalts are identical in their geochemical characteristics to anorogenic alkali basalts
erupted throughout western and central Europe and the Mediterranean domain.

TEMPORAL DISTRIBUTION OF THE VOLCANISM

From the Late Eocene (ca 40 Ma) to the present day, anorogenic magmatic activity
occurred throughout the European and African margins of the Tethyan collision zone and
within the Mediterranean region (Wilson & Bianchini, 1999). Major phases of volcanism
occur in the Early Miocene and in the Late Miocene-Pliocene, though activity was not
widespread until the Late Miocene (Figs. 3, 4). Magmatism locally continues to a few
thousand years BP (e.g Chaine des Puys, Massif Central; Laacher See, Eifel province of the
Rhenish Massif). This major regional volcanic flare up may reflect a fundamental
reorganisation of the convection system within the upper mantle intimately associated with
the Alpine collision.

In a number of areas there is also evidence for an earlier phase of Paleocene-Eocene
volcanism, for example: the Massif Central and the Bohemian Massif (Downes, 1987,
Malkovsky, 1987; Baranyi et al., 1976; Horn et al., 1972), eastern Serbia and southern
Romania (Downes et al., 1995b; Jovanovic et al., 2001), the Rhine Graben (Keller et al.,
2002), the Pannonian Basin (Pecskay et al., 1995), and the Veneto province (De Vecci &
Sedea, 1995). A number of authors (e.g. Lippolt et al, 1973) have suggested that magmatic
activity actually started in the Late Cretaceous; these older ages are, however, suspect as they
are based on K-Ar age determinations on altered whole rocks. Keller et al. (2002) have
recently demonstrated that supposed ~ 85 Ma nephelinites from the Rhine Graben (dated
originally by K-Ar) are actually Paleocene in age (~ 61 Ma) when re-dated by Ar-Ar
geochronology on amphibole phenocryst mineral separates.

By the Lower Eocene, volcanic activity had extended into the northern Rhine Graben
region and in the upper Eocene commenced in the Rhenish Massif (Lippolt, 1982). However,
the volume of volcanic rocks at 40Ma was still small compared to the volume subsequently
emplaced in Neogene-Recent times. In the French Massif Central magmatism continued in
the Bourgogne region and initiated in the Forez graben in the NE part of the massif
(Patterson, 1996). The Veneto district of northern Italy also became magmatically active at
this time (De Vecchi and Sedea, 1995). Dykes were intruded along the flanks of the Rhine
Graben (Lippolt, 1982; Wilson & Keller, unpublished. data).

13



The onset of major volcanism occurred in the Oligocene in the Bohemian Massif
(Doupovské Hory and Ceské Stredohori; Ulrych & Pivec, 1997), the Massif Central (Cantal,
Patterson, 1996), the Rhenish Massif (Siebengebirge, Westerwald and Rhon sub-provinces;
Lippolt, 1982; Wedepohl et al., 1994; Jung & Hoernes, 2000), the Odenwald in the Rhine
Graben region (Lippolt, 1982), and in southern Bulgaria (Marchev et al., 1998). Magmatic
activity was intimately associated with regional rifting (Ziegler, 1992). Magmatic activity
continued in the Veneto district throughout the Oligocene (De Vecci & Sedea, 1995).

The Neogene (Miocene-Pliocene) sub-period was characterised by a peak in volcanic
activity throughout Europe. Magmatism occurred in southern and central Germany (Urach,
Hegau, North Hessia, Upper Palatinate, Vogelsberg; Lippolt et al., 1973; Jung & Masberg,
1998; Bogaard & Worner, 2003), Spain (Calatrava, Olot; Lopez-Ruiz et al., 1993; Cebria et
al., 1995; Cebria et al., 2000), the French Massif Central (Patterson, 1996; Wilson &
Patterson, 2001), southern Italy (Sicily Channel, Iblean plateau in Sicily; Wilson & Bianchini,
1999), Burgenland (eastern Austria), central Slovakia and northern Bulgaria. Some of the
largest volcanic edifices in the province (e.g. Cantal, Massif Central) were formed at this
time. Concurrently, activity in the Siebengebirge, Westerwald and Rhon regions of northern
Germany abated, and the focus of volcanic activity moved eastwards with the eruption of
quartz tholeiites in the North Hessian Depression. Soon afterwards, eruptions began to
construct the Vogelsberg and Kaiserstuhl volcanic complexes (Lippolt, 1982; Schleicher et al,
1990; Jung & Masberg, 1998). Magmatic activity continued, and became more widespread, in
the Bohemian Massif throughout the Miocene (Kopecky, 1966; Ulrych & Pivec, 1997).
During the Pliocene the Massif Central, the Calatrava province of central Spain and the
Bohemian Massif remained volcanically active, whereas in the Rhenish Massif and south
German fields magmatic activity diminished considerably (Patterson, 1996; Lopez-Ruiz et al.,
1993; Wedepohl et al., 1994; Ulrych & Pivec, 1997).

Alkali basaltic volcanism continued throughout the Pliocene and into the Quaternary
in the Massif Central (e.g., Chaine des Puys, Vivarais), Italy (Etna), Sardinia, northern
Germany (Eifel), Spain (Tallente, Olot, Calatrava), Hungary (Balaton Highlands, Little
Hungarian Plain), Romania (Banat and Persani Mountains), eastern Austria (Graz Basin),
central and southern Slovakia, southwest Poland and the Czech Republic (Eger Graben).
Quaternary magmatism is not known in Calatrava or the south German volcanic fields
(Wedepohl et al., 1994; Cebria & Lopez-Ruiz 1995). Important Pleistocene activity in the
Bohemian Massif occurs in west Bohemia and northern Moravia (Wimmenauer, 1974).
Quaternary eruptions in the Rhenish Massif are concentrated in the Eifel volcanic field on the
western margin of the massif, and are characterised by a high proportion of potassic magmatic
rocks (Mertes & Schmincke, 1985). In the Massif Central, the most northerly volcanic fields
(Chaine des Puys and Mont-Dore) were active alongside those in the extreme east (Vivarais)
and extreme south (Escandorgue and Languedoc), Patterson (1996). In all cases, the volume
of magmatism is subordinate to the Neogene phase of activity, suggesting a general decline in
the amount of melt being produced. Volcanic activity contined to ~ 4000y BP in the Chaine
des Puys.

There does not appear to be any evidence of a geographical progression in the main
locus of magmatism with time (Fig. 4). This suggests that magmatic activity is not occurring
in response to a single process, such as lithospheric extension, but rather to a combination of
processes in this complex geodynamic setting.
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RELATIONSHIP BETWEEN MAGMATISM AND BASEMENT UPLIFT

The geology of western and central Europe is characterised by a series of domal uplifts
(Massif Central, Rhenish Massif, Bohemian Massif, Armorican Massif, Vosges-Black Forest
dome) of Variscan basement, up to 500-600 km in diameter, surrounded and on-lapped by
younger sedimentary sequences (Fig.2). Basement uplift is generally considered to have
initiated during the Neogene, extending over a period of some 15-20 Myr (Ziegler, 1990,
1992). In detail, however, the timing of uplift is not well constrained; preliminary results
from a programme of fission track studies to characterise the uplift history from east to west
across Europe (A. Hurford, personal communication) suggest that parts of the Variscan
basement were already exhumed by the Early Cretaceous. Additionally, there is stratigraphic
evidence to suggest that both the Rhenish Massif and the Massif Central were close to sea-
level during the Oligicene (Dézes et al., 2004).

The Rhenish Massif has probably been a permanent high since the end Carboniferous
Variscan orogeny (ca 300 Ma; Garcia- Castellanos et al., 2000). Tertiary uplift started with
large-scale tilting during the Palacocene following a long period of tectonic stability during
the Mesozoic. Doming initiated during the Eocene, with the major phase of uplift during the
Late Oligocene. Uplift continued during the Neogene and Quaternary, accelerating during the
Middle Pleistocene. The locus of maximum uplift during the last 800,000 years (250 m) is
broadly coincident with the location of a slow velocity anomaly in the upper 400 km of the
mantle, identified by Ritter et al. (2001) as a mantle plume on the basis of a local seismic
tomography experiment.

A number of the Tertiary-Quaternary volcanic fields within Europe are located on
uplifted basement massifs (e.g. Massif Central, Eifel, Bohemian Massif), some of which
appear to be dynamically supported by convective upwellings within the upper mantle (eg.
Granet et al., 1995; Wilson & Patterson, 2001; Ritter et al, 2001). Elsewhere, however, areas
of uplifted basement (e.g. the Ardennes within the Rhemish Massif; Armorican Massif; Fig.
2) are devoid of Tertiary-Quaternary magmatic activity. Equally, not all of the volcanically
active areas are located on uplifted basement (e.g. Pannonian Basin). Consequently, it seems
clear that there is not a simple correlation beween basement uplift, diapiric upwelling of the
asthenosphere and magma generation processes.

The presence of a regional erosional hiatus at the Mesozoic-Cenozoic boundary
throughout western and central Europe may mark the initiation of basement uplift in the
Massif Central, Vosges-Black Forest region, North Hessian Depression, Rhenish Shield,
Bohemian Massif, Armorican Massif and the Ardennes (Ziegler, 1990); no European rifting
or Alpine collision events are known this early. 'Laramide' basin inversion in the central and
west Netherlands Basin (Van Wijhe, 1987), Lower Saxony basin (Betz et al., 1987) and on
the west margin of the Bohemian Massif (Schroder, 1987) attest to continued uplift into the
Mid- and Upper Palacocene. Further inversion between the upper Eocene and the Lower
Oligocene coincides with the first substantial magmatic episode in the Odenwald, south of the
Rhenish Massif.

Following a period of Mid-Oligocene subsidence (shown by periodic transgressions
onto the Rhenish Massif; Meyer et al., 1983), uplift of the Vosges-Black Forest Massif dome
and the Massif Central resumed in the Upper Oligocene (Illies, 1977). Uplift was initially
restricted to rift shoulders, but quickly increased in intensity and extended throughout western
and central Europe (including the Massif Central, eastern Paris Basin, Vosges and Black
Forest mountains, Rhenish Massif, Hessian Depression, Harz Mountains and the Bohemian
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Massif (Ziegler, 1990). Strong uplift throughout the Lower Miocene to Lower Pliocene
coincided with inversion of the Leine, south Ruhr valley and French grabens (Meyer et al.,
1983; Ziegler, 1992), a sharp rise in volcanic activity (Lippolt, 1982) and strong uplift in the
Alps and Alpine fore-deep (Lemcke, 1974; Malkovsky, 1987). Uplift continued throughout
the Pliocene and Pleistocene to the present day in the Massif Central, Rhenish Massif and
Bohemian Massif (Becker, 1993). Rhenish shield uplift is currently 0.4 - 0.6mm/yr, with a
maximum of Imm/yr coinciding spatially with the distribution of recent magmatism in the
Eifel (Fuchs et al., 1983; Garcia-Castellanos et al, 2000).

The regional onset of basement uplift at the Mesozoic-Cenozoic boundary across
Europe, associated with early dyke intrusions (e.g. Rhine Graben), occurred at least 20Myr
before the main onset of rifting. This suggests that the main trigger for the Tertiary
magmatism within Europe is the diapiric upwelling of mantle beneath the base of the
lithosphere. No contemporaneous collisional events are known from the Alps at this time,
although extension along the Reykjanes, Aegir and Mohns ridges in the North Atlantic may
have induced compressional stresses within the European lithosphere at this time(Becker,
1993).

In a number of areas within the European volcanic province (e.g. Massif Central,
Rhenish Massif, northern Bohemian Massif) crustal uplift and surface magmatism during the
Cenozoic are strongly linked, both spatially and temporally (Patterson, 1996). The most
recent volcanic eruptions from the Rhenish Massif, for example, coincide with highest
measured uplift rates (Garcia- Castellanos et al., 2000). Uplift in these three areas correlates
spatially with the locus of low velocity anomalies in the upper mantle which have been
interpreted as small-scale mantle plumes (e.g. Granet at al, 1995; Wilson & Patterson, 2001).
The Vosges-Black Forest dome is, however, distinct from the other uplifted areas. It is
somewhat smaller (~300km wide), appears to originate by lithopheric flexuring and is not
currently rising.

GEOPHYSICAL STUDIES OF THE UPPER MANTLE

Babuska & Plomerova (1992) have shown that the thickness of the lithosphere
beneath western and central Europe is typically 100-120 km; this is a regional characteristic
of the Variscan basement. In the northern part of the Massif Central the lithospheric thickness
increases to 140 km, whilst thinning to 70-80 km occurs beneath the main grabens (e.g.
Limagne Graben). The western Alps have a deep lithospheric root (> 170 km). The
asthenosphere-lithosphere boundary below the SE part of the Rhenish Massif is elevated to ~
60 km depth (Babuska & Plomerova, 1992), and to ~70 km below the Vogelsberg (Braun &
Berckhemer, 1993). The lower crust beneath the Vogelsberg is characterised by a strongly
reflective zone at ~20 km depth and a Moho depth of ~ 28km, suggesting the presence of a
lower crust underplated and intruded by basaltic magma.

Babuska et al. (2002) have produced a more detailed lithospheric model for the Massif
Central showing that the lithosphere is thick (100-140 km) in the northern and western parts
but thinner (70-80 km) in the south beneath the main volcanic regions of Cantal and Mont
Dore to the east of the Sillon Houiller fault (a late Variscan sinistral transfer fault; Fig. 2).
Additionally, there are significant differences in the orientation of seismic anisotropy within
the mantle lithosphere of the western and eastern Massif Central. The eastern Massif Central
appears to consist of two domains separated by an E-W trending boundary. Based on studies
of spinel peridotite mantle xenoliths exhumed by the Cenozoic basalts, this boundary
corresponds to a terrane boundary between a northern cratonic and a younger southern
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domain (Lenoir et al., 2000), each characterised by differently orientated tectonic structures
(Michon & Merle, 2001). Babuska et al. (2002) have suggested that the magmas feeding the
Cenozoic magmatism of the Massif Central migrated to the surface mainly along such
reactivated basement sutures, which are probably trans-lithospheric fault systems. Other
areas in which such basement control on the locus of magma migration may be important
include the Eger Graben and the volcanic fields of northern Germany (Eifel, Vogelsberg,
North Hessian Depression).

Both regional and local seismic tomography studies have imaged anomalously low
seismic velocities in the upper mantle beneath western and central Europe (e.g. Spakman et
al., 1993; Zielhuis & Nolet, 1994; Hoernle et al., 1995; Granet et al., 1995; Goes et al., 2000;
Ritter et al. 2001), consistent with a model of discrete upper mantle diapirs beneath each of
the major volcanic fields. None of these studies resolved structure below the 660 km
discontinuity. A recent European tomographic model (Bijwaard & Spakman, 1999; Goes et
al., 1999), however, has provided some evidence that the upper mantle velocity anomalies
may be rooted in the lower mantle. Between 900-1200 km depth there appears to be a semi-
circular low velocity structure which links the Iceland plume, a Central European velocity
anomaly and a plume-like structure beneath the Canary Islands which may continue to the
core-mantle boundary. Low seismic velocities in the upper mantle are considered by Goes et
al. (1999) to reflect the presence of mantle some 100-200 °C hotter than its surroundings.
They attribute the geometry of the velocity anomaly to deflection of a lower mantle plume by
relatively flat lying subducted slabs on the 660 km discontinuity at the base of the upper
mantle (Piromallo et al., 2001).

Ritter et al. (2001) have demonstrated the existence of a 100 km wide, finger-like P-
wave velocity anomaly in the upper mantle beneath the Eifel volcanic field which extends to a
depth of at least 400 km; this could be about 150-200 °C hotter than the surrounding mantle if
the entire velocity anomaly is translated into a temperature contrast. This is similar to the
structure reported by Granet et al. (1995) beneath the Massif Central. Receiver function
analysis indicates a depression of the 410 km seismic discontinuity beneath the Eifel
consistent with a thermal anomaly of this magnitude (Grunewald et al., 2001). In the lower
mantle beneath Europe, Goes et al. (1999) discovered a 500 km x 500 km anomaly at 660-
2000 km depth which might be the lower mantle source of this upper mantle thermal
anomaly. However a connection between this lower mantle structure and the upper mantle
diapir has not been demonstrated. Keyser et al. (2002) have demonstrated that there is a
“hole” in the low velocity channel beneath the Eifel at about 200 km depth consistent with an
increase in the shear modulus; this might correspond to the depth of onset of partial melting.
These authors also located a low velocity region further east beneath the Vogelsberg at about
170-240 km depth. Since there has been no volcanic activity in the Vogelsberg since the mid-
Miocene, this anomaly is difficult to interpret; it could reflect a waning Miocene thermal
anomaly, or a new diapric upwelling which has not yet reached the base of the lithosphere. It
is important to recognise that variations in seismic velocity within the mantle can represent
anomalies in composition, temperature and anisotropy. Kyser et al (2002) indicate that the —
5% (negative) perturbation in S wave velocity (Vs) between 31-170 km depth below the Eifel
is consistent with an excess tempeature of 100K plus ~ 1% partial melt. In the lower part of
the asthenosphere the vs anomaly is at least —1 %, consistent with a temperature anomaly of >
70 K combined with the presence of water in the upwelling mantle.

Piromallo et al. (2001) have used a high-resolution seismic tomographic model to
study the structure of the upper mantle beneath Europe. They show that between 400 and 600
km depth there is an ellipsoidal region, 2000 km x 4000 km in area and ~ 100-150 km thick,
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of faster seismic velocities which might locally inhibit the vigour of upper mantle convection
(Fig. 1). Wortel & Spakman (2000) also identified the presence of a layer of fast material
under the Mediterranean region. If this layer represents a region of cold subducted oceanic
lithosphere, its presence would cause a temperature inversion in the upper mantle below 500
km which might greatly modulate the style of mantle convection, locally slowing down the
circulation. Such a scenario might invalidate the commonly used assumption of an adiabatic
temperature gradient in the upper mantle, as transient convection might not be sufficiently
vigorous to create an adiabatic condition (Matyska & Yuen, 2001). The presence of a regional
“cool spot” in the Transition Zone (i.e. the region of fast seismic velocities) might explain
why the major volcanic regions within Europe (Fig. 1) appear to be located peripherally to the
fast velocity anomaly in the Transition Zone.

On the basis of a detailed seismic tomographic study of the Massif Central, France,
Granet et al. (1995) proposed that all of the major Tertiary-Quaternary volcanic fields of
western and central Europe (Fig. 1) are underlain by finger-like thermal anomalies in the
asthenosphere, sourced from a laterally extensive layer close to the base of the upper mantle.
Wilson & Guiraud (1998) subsequently suggested that similar features may underlie other
Tertiary-Quaternary volcanic fields in northern (Hoggar and Tibesti massifs) and central
(Darfur Dome) Africa, and in the Canary Islands. The location of these volcanic fields to the
north and south of the Alpine collisional tectonic front suggests that the generation of diapiric
instabilities in the upper mantle might be linked to subduction processes, including slab
break-off, during continental collision of Africa with Eurasia. The scale-length of the diapirs
(100-500 km diameter) is much smaller than that typically associated with mantle plumes
(1000-2000km diameter) which have been inferred to trigger the flood basalt volcanism of the
so-called Large Igneous Provinces or LIPs (White and McKenzie, 1989). Additionally, unlike
LIPs, the characteristic volcanism is of alkali basalts, basanites and nephelinites and their
differentiates, although locally eruptions of subalkaline (tholeiitic) basalts do occur. In this
respect the volcanism shows strong similarities to that of many Atlantic oceanic islands (e.g.
Canary Islands, Azores, Cape Verdes) and to island chains within the southwestern Pacific
which are inferred to be plume-related. It has been suggested that individual volcanic island
chains within the Pacific Ocean represent the locus of hotspots rising from the upper
boundary of a much larger wavelength upwelling or “super-swell” within the mantle (McNutt,
1998). Such a model may also be applicable to the convective instabilities which have been
inferred to underlie the European volcanic province. On the basis of seismic tomographic
images, Goes et al. (1999) have suggested that a low velocity structure between 660 and 2000
km depth represents a lower mantle plume upwelling beneath central Europe which may feed
smaller-scale upper mantle plumes beneath each of the volcanic fields.

RELATIONSHIP BETWEEN THE LOCATION OF MAGMATISM AND BASEMENT STRUCTURE

Within the Variscan basement of Europe, a series of elongate, east-west trending terranes
(Rhenohercynian, Saxothuringian and Moldanubian) have been identified (Franke, 1989),
separated by deep, laterally persistent fault zones, interpreted as tectonic sutures (Fig. 2).
These major structural units of the European lithosphere resulted from the collision, during
the Devonian and Carboniferous, of Laurasia with Gondwana and a number of intervening
microplates. The terrane boundaries may be regions of anomalously thin, irregular or weak
lithosphere and appear to have exerted a significant control on the location of subsequent
Cenozoic magmatism within Europe, possibly acting as pathways for magma ascent through
the lithosphere.
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Huismans (1999) has demonstrated that asthenospheric diapirism can be generated by
rifting processes. Extension of heterogeneous lithosphere could create differential topography
at the base of the lithosphere, which might induce further upwelling of low density
asthenosphere, resulting in magma generation and surface uplift. Thus, it is possible that the
Variscan structural fabric of Europe may have pre-conditioned the subsequent locations of
Tertiary-Quaternary volcanism.

THE GEOCHEMICAL CHARACTERISTICS OF THE MAGMATIC ROCKS
How do we classify magmatic rocks as anorogenic?

Magmas of orogenic and anorogenic affinity can be distinguished based on their
major and trace element and Sr-Nd-Pb isotope geochemical characteristics (Wilson &
Bianchini, 1999). The variation of K»O/NayO (weight ratio) as a function of SiO, (wt %)
content can sometimes be quite an effective tool for discrimination; magmas of orogenic
affinity frequently have a K»O/NayO ratio >1.5, whereas anorogenic magmas always have a
K»0/NajO ratio <1. Caution must be exercised, however, as there are also examples of low-K

subduction-related volcanic suites. Much more effective discriminants are trace element ratio
plots such as Th/Yb versus Ta/Yb as proposed by Wilson & Bianchini (1999).

The range of magma types observed

Within the European volcanic province the anorogenic suites include both alkaline
and sub-alkaline magma series, ranging from basalts to more silica-rich compositions. In
general, only the most primitive mafic magmas (basalts sensu lato; SiO, < 55 wt %, MgO > 6
wt %) can provide information about the nature of their mantle source, and, consequently, we
focus on the geochemical characteristics of such rock types in subsequent discussions. Table
1 lists the literature sources of the major and trace element and Sr-Nd-Pb isotope data which
we have used to characterise the different European volcanic provinces. A total-alkalis (Na,O
+ K,0) versus silica (Si0O,) variation diagram, Fig. 5, indicates a wide spectrum of magma
compositions ranging from silica-poor nephelinites and melilitites (foidites), through alkali
basalts and basanites to transitional and subalkaline basalts (tholeiites).

The geochemical characteristics of the most primitive alkaline mafic magmas erupted
throughout the region are, in general, remarkably similar to those of oceanic island basalts
(OIB) inferred to be related to the activity of mantle plumes, and of other regions of
Cenozoic continental intra-plate volcanism (e.g. Wilson & Downes, 1991). Locally where the
alkaline magmatism post-dates a recent episode of subduction-related magmatism (e.g.
Sardinia, Pannonian Basin, Dinarides, Bulgaria, Western Turkey), the earliest magmatic rocks
may preserve the fingerprint of earlier fluxing of the upper mantle by subduction- zone fluids.
Localised oceanic spreading centres within the Mediterranean domain preferentially sample a
depleted mantle source component, similar to the source of mid-ocean ridge basalts (MORB),
although in the Tyrrhenian Sea this is clearly modified by a subduction-related fluid flux
(Wilson & Bianchini, 1999).

Sr-Nd-Pb isotope and trace element chemistry of the most primitive mafic magmas

In Sr-Nd isotope space (Fig. 6) the European basalts define a linear array trending
from '**Nd/"**Nd ratios of around 0.5130 towards Bulk Earth values (0.51264); this array may
reflect mixing of partial melts derived from different mantle source components (e.g. Wilson
& Downes, 1991; Wilson & Bianchini, 1999; Wilson & Patteson, 2001). An isotopically
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distinct group of quartz tholeiites from northern Germany fall below the array, which may be
attributable to crustal contamination of the magmas. A series of broadly linear arrays are also
evident in Nd-Pb and Pb-Pb isotope space (Fig. 7), fanning away from a common focal point,
although there is considerable dispersion of the data. These Sr-Nd-Pb isotope signatures have
been attributed to the mixing of partial melts derived from a common, possibly plume-related,
asthenospheric mantle source component known as the Low Velocity Conmponent (LVC;
Hoernle et al., 1995) or European Asthenospheric Reservoir (EAR; Cebria & Wilson, 1995)
and a number of regionally heterogeneous sub-continental Ithospheric mantle components
(Cebria & Wilson, 1995; Granet et al., 1995; Hoernle et al., 1995).

It is generally accepted that the increasing degree of undersaturation in SiO, within the
sequence olivine tholeiite-alkali olivine basalt-basanite-nephelinite-melilitite principally
results from decreasing degrees of partial melting at increasing depth in the mantle (e.g.
Wilson, 1989). Constraints on both the depth and degree of partial melting can be provided by
the concentration of highly incompatible trace elements in the most primitive mafic magmas,
the enrichment of light Rare Earth Elements (LREE) over heavy Rare Earth Elements
(HREE) and the CaO/Al,Os ratio. Trace element ratios (e.g. La/Yb or La/Sm) where the
numerator has a greater degree of incompatibility than the denominator exhibit a regular
decrease from nephelinite and basanite to olivine tholeiite, consistent with increasing degrees
of partial melting. High CaO/Al,03, La/Yb and Nb/Y ratios suggest that the alkali basaltic
(sensu lato) magmas were derived from a garnet-bearing mantle source. Enrichment of highly
incompatible trace elements and LREE, and strong fractionation of LREE over HREE, can,
however, be explained either by moderate degrees of partial melting of an enriched source or
smaller degrees of melting of a more depleted source.

Fig. 8 illustrates the variation of Nb/Y versus Zr/Nb compared to model melting
curves for 0.5-5 % partial melting of spinel- and garnet-peridotite facies mantle from Harangi
(2001). This clearly indicates that, in most of the volcanic provinces, the mantle partial
melting column spans the transition from garnet- to spinel-peridotite facies mantle, probably
close to the base of the continental lithosphere (cf Bogaard & Worner, 2003). Degrees of
partial melting are typically less than 1%. Only in those regions in which sub-alkaline
tholeiitic basalts occur (e.g. northern Germany, Pannonian Basin and the Iblean Plateau,
Sicily) does the degree of partial melting approach 5%; these tholeiitic basalts clearly
equilibrated at somewhat shallower depths in spinel-peridotite facies mantle and may include
a significant lithospheric mantle source component in their petrogenesis. The insets in Fig. 8
show the variation of Nb/Y versus K;O/Na,O. There is generally a poor correlation between
these two parameters. However, it is clear that the most sodic basalts (lowest K,O/Na,O) are
the subalkaline tholeiites. The distinctive melilitites from the Urach and Hegau volcanic fields
to the east of the Rhine Graben have the highest Nb/Y ratios consistent with an extremely low
degree of partial melting (<0.5%) within the garnet stability field.

A Rare Earth Element (REE) ratio plot of La/Yb versus Gd/Yb (Fig. 9), also supports
a model of mixing of partial melts from garnet- and spinel-peridotite facies mantle in the
petrogenesis of the magmas. Magmas derived in equilibrium with a mantle source in which
garnet is a residual phase have high La/Yb and Gd/Yb ratios because Yb is a compatible trace
element in garnet (i.e. it preferentially partitions into garnet rather than the co-existing melt),
but is incompatible in spinel.

The ratio of CaO/Al,05 shows a strong negative correlation with wt % SiO, (Fig. 10)
consistent with increasing degrees of partial melting from the melilitites (Urach-Hegau) to the
subalkaline tholeiites of northern Germany and the Iblean Plateau (Sicily). A significant
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proportion of the more silica-rich alkaline mafic magmas also have distinctly low CaO/Al,O3
ratios. Many of these samples also have variably elevated K,O/Na,O ratios, consistent with
their derivation from enriched, probably lithospheric, mantle sources which had been fluxed
by subduction-related fluids either during Variscan orogenesis or Alpine collision.

In primitive mantle normalised trace element variation diagrams (Fig. 11) the alkali
basalts, basanites and nephelinites are typically characterised by marked depletions of K and
Rb relative to Ba and Nb, consistent with the presence of residual amphibole or phlogopite in
their mantle source. The negative K anomaly disappears in the highest degree partial melts
(tholeiitic basalts) consistent with the complete melting of the K-bearing phase in the mantle
source. The potassic magma types inferred to be partial melts of enriched lithospheric mantle
sources (leucite nephelinites and leucite basanites) have relatively flat trace element patterns
and no K anomaly. The absence of a K anomaly suggests that any K-bearing phase in their
mantle source (i.e. phlogopite or amphibole) must have completely melted.

DiscussION

One of the major problems in petrogenetic studies of intra-continental plate alkaline
magmatism is the identification of the source of the primary magmas, in particular whether
this is located in the mantle part of the lithosphere, the underlying convecting asthenosphere,
or both. It has often been argued that since the basalts have Sr-Nd-Pb isotopic characteristics
similar to those of oceanic basalts then they must originate in the asthenosphere (e.g. Wilson
& Downes, 1991). A number of workers have argued that mantle plumes must be involved in
the generation of the Central and Eastern European province volcanic rocks (e.g. Wedepohl et
al., 1994; Wedepohl & Baumann, 1999; Wedepohl, 2000). This remains, however, a subject
for debate.

Wilson & Downes (1991, 1992) suggested that the most primitive mafic alkaline
volcanic rocks within the Tertiary-Quaternary extension-related magmatic province of
western and central Europe (Fig.2) have major and trace element and Nd-Sr-Pb-O isotopic
characteristics which suggest the involvement of both lithospheric and asthenospheric source
components in their petrogenesis. The model developed here to explain regional variations in
the geochemistry of the most primitive mafic magmas proposes that the sodic magma types
(melilitites, nephelinites, basanites, alkali olivine basalts) are derived from a common
asthenospheric mantle source, which we term the European Asthenospheric Reservoir (EAR;
Cebria & Wilson, 1995). The EAR is synonymous with the Low Velocity Component (LVC)
of Hoernle et al. (1995). The potassic lavas (leucitites, leucite basanites) are envisaged to
originate from locally enriched enriched portions of the mantle lithosphere which have been
fluxed by subduction-related fluids during Variscan or younger collisional events.

The geochemical characteristics of the lithospheric end-member are in part
constrained by those of spinel lherzolite mantle xenoliths entrained within the magmas.
Available Sr-Nd-Pb isotopic data (e.g. Downes & Dupuy, 1987; Hartmann & Wedepohl,
1990; Rosenbaum et al. 1997; Zangana et al., 1997; Downes, 2001; Wilson & Rosenbaum,
unpublished data) suggest that there are widespread but systematic isotopic heterogeneities
within the different structural domains within the European lithosphere which may become
imprinted upon any asthenosphere-derived magmas passing through them. Phlogopite-
amphibole bearing lithospheric mantle, probably metasomatised during or after the Variscan
orogeny, appears be the predominant source of potassic mafic magmas within the province
(Wilson & Downes, 1992). Amphibole is relatively common within the European mantle
xenolith suites (Downes, 2001), whereas phlogopite typically only occurs in those regions in
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which potassic magma types are erupted. Detailed studies of mantle xenoliths from the Eifel
province of northern Germany (Witt-Eickschen et al., 1998) have revealed the presence of at
least two metasomatic enrichment events; one related to modification by subduction-related
fluids during the Variscan orogeny and a more recent vein-type infiltration of presumed
Tertiary-Quaternary age.

In the context of the petrogenesis of the primary magma spectrum within the European
volcanic province, an important question is whether we can identify specific magma
compositions which appear to be derived directly from the asthenosphere (or the thermal
boundary layer at the base of the lithosphere) which do not appear to have experienced
significant degrees of interaction with enriched lithospheric mantle domains en route to the
surface. Melilite nephelinites and melilitites are, in general, rather rare highly silica-
undersaturated mafic magmas which occur at scattered localitites throughout the European
Tertiary-Quaternary volcanic province (Fig.2). The best known occurrences are Ciudad Real
in Spain, Marcoux in the French Massif Central, Essey-la-Cote and Grand Valtin in the
Vosges, the Ohre rift of the Czech Republic, Kaiserstuhl in the Rhinegraben, the Eifel
province of the Rhenish Massif and the Urach and Hegau provinces to the east of the Rhine
Graben (Wilson et al., 1995b). Locally, however (e.g. Urach and Hegau provinces of
Germany, Eger Graben of the Czech Republic) they are a volumetrically significant
component of the spectrum of mafic magmas erupted. Melilitites may, therefore, be the most
likely candidates for primary partial melts of the thermal boundary layer at the base of the
lithosphere, representing the incipient melting of the most fusible parts of the upper mantle
(Wilson et al., 1995b; Hegner et al., 1995). In some cases their Sr-Nd-Pb isotope
characteristics appear to represent the primary asthenospheric end-member of the European
mafic-ultramafic magma spectrum (e.g.Wilson & Downes, 1991, 1992); however, in many
cases the melilitites appear to have a hybrid lithosphere-asthenosphere signature.

Bogaard & Warner (2003) have proposed that High-Ti basanites forming the earliest
eruptives in the Vogelsberg area of northern Germany are partial melts of lithospheric mantle
which had been metasomatised during the initial stages of uplift of the Rhenish Massif at ca
70 Ma. Subsequent eruptions of tholeiitic basalts are considered to represent higher degrees of
partial melting of a much more depleted mantle source component, located either in the lower
lithosphere or uppermost asthenosphere. The depleted mantle source component is
geochemically similar to MORB-source mantle. With time the influence of an EAR-like
source component in the petrogenesis of the Vogelsberg magmas appears to increase as the
degree of melting decreases. The sequence is similar to that predicted by Gallagher &
Hawkesworth (1992) and Hawkesworth & Gallagher (1993) for the sequential evolution of
basaltic volcanism in a region extending above a thermal anomaly in the mantle.

Magma generation within the European upper mantle during the Cenozoic was most
probably triggered by adiabatic decompression partial melting of the asthenophere, the
solidus of which was locally lowered by the infiltration of slab-derived fluids above
contemporaneous subduction zones. Decompression melting may have been triggered locally
by lithospheric flexuring in the fore-bulge of the Alps (e.g. Urach province of Germany;
Vosges-Black Forest dome), by lithospheric extension (e.g. Limagne Graben; Pannonian
Basin; Eger Graben) or by upwelling of asthenospheric mantle diapers (e.g. Massif Central,
Eifel). If such diapirs are hotter than the ambient mantle, the rising mantle will intersect the
solidus at greater depths; thus much less lithospheric thinning is required to produce relatively
large volumes of melt. The amount of melting, and hence the composition of the magmas, is
strongly influenced by the local thickness of the lithosphere (e.g. Ellam, 1992). For the
generally small amounts of lithospheric extension observed within the European volcanic
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province (e.g. Merle et al., 1998), it is clear that partial melting requires either an
anomalously hot or a volatile-rich mantle source.

The convective instabilities (mantle diapirs) which have been inferred to provide the
dominant control on magmatism in a number of areas have been imaged by high-resolution
seismic tomography (e.g. Granet et al., 1995; Ritter et al., 2001). Their scale-length suggests
that they most probably originate as instabilities within the upper mantle. Their velocity
contrast with the surrounding mantle is consistent with a temperature anomaly of up to 100-
150 °C hotter than the ambient mantle. Convective de-stabilisation of the upper mantle may
have been initiated by the Alpine collision and the consequent global reorganisation of plate
motions. Small-degree, CO,-H,O enriched partial melts from the ascending mantle diapirs
may have frozen at the base of the lithosphere creating a heterogeneous carbonated
phlogopite-lherzolite layer (Wilson et al., 1995b). Partial melting of this layer, during
subsequent lithospheric extension or thermal thinning, could produce melilitite-like magmas.

Enrichment of the base of the lithosphere by infiltration of small-degree partial melts
could have taken place in several stages, related to Neogene diapiric upwelling of the
asthenosphere. It is possible, however, that widespread pollution of the shallow mantle
beneath Europe with a plume-like component could have occurred in the Late Cretaceous-
Early Tertiary associated with outflow from the Iceland plume system in the North Atlantic,
from the Canary Islands plume, or perhaps even earlier during the Mesozoic when there was
widespread plume-related magmatism globally (Wilson, 1992). Clearly the simplest model
would be to relate the enrichment of the base of the lithosphere to Tertiary mantle upwelling.

SUMMARY

The distribution of the major volcanic provinces within Europe is broadly anti-correlated
with the location of a zone of high-velocity, presumed subducted slab material, in the base of
the upper mantle (500-600 km depth). Many of the major volcanic fields are located around
the periphery of this velocity anomaly (Fig.1), coincident with the distribution of small-scale
convective instabilities (mantle diapirs) in the upper mantle imaged by the local seismic
tomography experiments (e.g. Granet et al., 1995; Ritter et al., 2001). Triggering of these
upwellings may partially be a response to plate subduction and slab detachment during the
Alpine collision. Alternatively it is possible that there is a more complex relationship
between extensional tectonics within the Alpine foreland and the presence of discontinuities
in lithospheric thickness between adjacent terrane blocks (e.g. Massif Central, Rhenish
Massif); extension of heterogeneous lithosphere, consisting of a collage of accreted Variscan
teranes, might have induced localised convective instabilities in the upper mantle.

Based on the above scenario, melt generation in the asthenosphere and the base of the
lithosphere is inferred to be the consequence of decompression partial melting, triggered by
mantle upwelling. Locally, melt generation is enhanced by the presence of hydrous fluids
from contemporaneous or earlier subduction zones e.g. Pannonian Basin, Sicily, W. Turkey.
Whilst the mantle part of the lithosphere may locally contribute to the magmatism, the main
magma source region is sub-lithospheric. Lithospheric architecture, however, clearly plays an
important role in the location of the volcanic fields.

Plate-scale stresses have controlled the development of the Cenozoic rift system
within Europe, often reactivating older Carboniferous fault systems and terrane boundaries.
Most of the major rifts (e.g Rhine graben, Limagne Graben) are, however, only weakly
magmatic. This demonstrates that passive lithospheric exension alone cannot be the main
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trigger for magma generation. Changes in the orientation of the regional stress field may play
an important role in controlling the migration of mantle-derived magmas through the crust
and, thus, the periodicity of the magmatism.
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FIGURE CAPTIONS

Fig. 1: False coloured topographic map of Europe and the Mediterranean region indicating
the locations of the main Tertiary-Quaternary volcanic fields discussed in this review. Also
shown is the location of a zone of high velocity mantle within the mantle Transition Zone
(500-600 km) beneath Europe (from Piromallo et al., 2001) which may be a region of
subducted slabs at the base of the upper mantle. The ages of such slabs cannot be constrained;
however, they most probably represents remnant of subducted Tethyan oceanic lithosphere.
The variable size of the red asterisks, marking the location of individual volcanic fields,
indicates, schematically, the relative volume of magmatism.

Abbreviations: TTZ- Tornquist-Tesseyre Zone

Fig. 2: Relationship of the main Tertiary-Quaternary volcanic fields in western and central
Europe to zones of uplifted basement, major rift systems and the Variscan basement terranes
of central Europe. After Wilson & Patterson (2001) and Wilson & Downes (1991).
Abbreviations: PBF — Pas de Bray Fault; SHF — Sillon Houiller Fault; V/BF — Voges-Black
Forest dome; RG- Rhine Graben; RH — Rhenohercynian terrane; S- Saxothuringian terrane;
M- Moldanubian terrane; NHD- North Hessian Depression.

Fig. 3: Chronology of Tertiary-Quaternary volcanism within Europe and the Mediterranean
region in relation to major periods of lithospheric extension, basement uplift and phases of
Alpine compression. For data sources see text. Note that the time scale from 65 to 25 Ma is

compressed.
Abbreviations: CS -Ceské Stredohori; DH- Doupovsky Hory:; TS- Tyrhennian Sea

Fig. 4: Summary of the changing distribution and intensity of Tertiary-Quaternary
magmatism throughout Europe and the Mediterranean region. See text for details.

Fig. 5: Total alkali-silica variation diagrams for the most primitive mafic magmatic rocks
The classification boundaries are from Le Bas et al. (1986). The dashed grey line in (¢) marks
the subdivision between alkaline and subalkaline magma series.

Sources of data: see Table 1

Fig. 6: Variation of "*Nd/"**Nd versus *’Sr/*®Sr for the most primitive mafic volcanic rocks.
EAR — isotopic composition of the European asthenospheric Reservoir from Cebria & Wilson
(1995). BE - Bulk Earth. Sources of data: see Table 1.

Fig. 7
(a) Variation of "*Nd/"**Nd versus ***Pb/***Pb for the most primitive mafic volcanic
rocks.
(b) Variation of *’Pb/”**Pb versus **Pb/***Pb for the most primitive mafic volcanic rocks.

EAR — isotopic composition of the European asthenospheric Reservoir (EAR) from Cebria &
Wilson (1995). Sources of data: see Table 1

Fig. 8: Variation of Nb/Y versus Zr/Nb for the most primitive mafic volcanic rocks.

Curves are model melting curves from Harangi (2001) for 0.5 -5% partial melting of spinel-
and garnet-peridotite facies mantle. Sources of data: see Table 1

Model parameters (from Harangi, 2001):

Source composition: Zr 11.3 ppm, Nb 0.72 ppm, Y 2.7 ppm

Source mineralogy:

Spinel |herzolite: 0158 — opx30 — cpx10-sp2 (%)
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Garnet lherzolite: 0159.9 — opx25.5 — cpx8.8 — g15.8 (%)

Melting modes:

ol1.2 — opx8.1 — cpx76.4 —spl4.3 (%)

ol1.2 — opx8.1 — cpx36.4 — gt54.3 (%)

Fig. 9: Variation of La/Yb versus Gd/YDb for the most primitive mafic volcanic rocks.

Sources of data: see Table 1

Fig. 10: Variation of CaO/Al,0; versus SiO, for the most primitive mafic volcanic rocks.

Sources of data: see Table 1

Fig. 11: Primitive mantle normalised trace element variation diagrams for representative
primitive mafic volcanic rocks. Normalisation constants from McDonough & Sun (1995).

Sources of data: see Table 1
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