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The upper crust of central Europe preserves a mosaic of tectonic blocks brought together by the Caledonian and
Variscan Orogenies. The lower crust, in contrast, appears to have undergone extensive reworking: the flat Moho
across broad areas and the absence of contrasts in seismic properties across tectonic boundaries suggest that the
Moho and lower crust are, effectively, younger than the upper crust. The evolution of the mantle lithosphere
below the Moho has been particularly difficult to constrain. In this paper, we use seismic, geological and geo-
chemical evidence to show that central Europe's mantle lithosphere has evolved continuously throughout the
Mesozoic and Cenozoic Eras, with episodes of lithospheric thinning causing surface uplift and volcanism and lith-
ospheric thickening – subsidence and sedimentation. High-resolution surface wave tomography reveals a strong
spatial correlation between locations of recent basaltic volcanism and currently thin lithosphere. We infer that
intraplate volcanism further back in the geological past is also an indication of lithospheric thinning at the
time. The north-central Europe's lithosphere was, thus, thinned at the time of the Permian volcanism, with its
subsequent, Post-Permian cooling and thickening causing the subsidence and sedimentation in the North Ger-
man and neighboring basins. This explains the presence of Permian volcanics atop presently thickened litho-
sphere. South of these basins, lithospheric thinning (evidenced by seismic data) is associated with the
volcanism of the Central European Cenozoic Igneous Province and surface uplift. Thin lithosphere here also cor-
relates spatially with highmelting rates, high silica contents, high temperatures and shallowmagma generation.
This synthesis highlights the dynamic nature of the lithosphere-asthenosphere boundary beneath central Europe
and, more generally, Phanerozoic continents. The boundary's depth varies in time; its deepening (lithospheric
cooling and thickening) causes subsidence and sedimentation; its shallowing (lithospheric thinning by thermal
erosion or delamination) is marked with uplift and intraplate volcanism.
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1. Introduction

Central and western Europe is one of the parts of the world where
modern geology developed as a science and, after centuries of scrutiny,
the geological record across the region is very well documented. Plate
tectonics has broughtmodern explanations for the formation of the Eu-
ropean landmass in the Caledonian andVariscanOrogenies in the Paleo-
zoic Era, and for active tectonics of theAfrica-Eurasia convergence. Yet, a
key piece of the puzzle is still missing. Whereas abundant evidence is
available on the structure and evolution of the upper and middle
crust, much less is known of the evolution of the deeper part of the
plate, including the lower crust and, in particular, the mantle litho-
sphere. The deep evolution of the lithosphere and its interactions with
the underlying asthenosphere are linked to the uplift and subsidence
r).
000, Pakistan.
of the Earth's surface and to intraplate volcanism across central Europe.
The difficulty in obtaining conclusive observational evidence, however,
has meant that both the deep lithospheric evolution and its effect on
surface tectonics and volcanism remain uncertain.

The lithosphere is the mechanically strong, outer layer of the Earth
that makes up the tectonic plates. It comprises the crust and the upper-
most, coldest part of the mantle - the lithospheric mantle. The litho-
sphere coincides, roughly, with the Earth's upper thermal boundary
layer, in which temperature is relatively low and increases with depth
along steep conductive geotherms. The conductive geotherms reach
the mantle adiabat near the bottom of the lithosphere. Further down,
heat transfer is primarily by convection within the warm, mechanically
weak sublithospheric mantle (the asthenosphere).

The thermal evolution of the lithosphere looks fairly simple beneath
the oceans: it cools and thickens monotonically from its birth at mid-
ocean ridges to its ultimate subduction into the deepmantle at subduc-
tion zones, as seen clearly in recent tomographic models (e.g., Schaeffer
and Lebedev, 2013). This dominant pattern is broken only by hotspots,
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which re-heat the oceanic lithosphere as it passes over them. After pass-
ing a hotspot, however, the plate would normally resume the cooling
and thickening process.

There is continuing debate on whether the thickness of the oceanic
lithosphere reaches a maximum at around 80 m.y. of the lithospheric
age (the “plate model”) or whether, instead, plate thickening according
to the “half-space coolingmodel” (e.g., Davis and Lister, 1974;McKenzie
et al., 2005) continues until the age of the oldest oceans on Earth today.
The apparent lack of heat-flow dependence on the lithospheric age for
old oceans (N80 Myr) and the flattening of the old oceans' bathymetry
are evidence for the plate model (e.g., Stein and Stein, 1992, 2015).
Yet, depth profiles of shear velocity and azimuthal anisotropy beneath
the oceans appear to evolve with the seafloor age following the half-
space cooling model, according to recent tomographic models (e.g.,
Becker et al., 2014; Schaeffer et al., 2016). In any case, it is clear that
the oceanic lithosphere, hotspots aside, cools and thickens at least
until 80 Myr of age, and then it either remains equally cold and thick
or may continue to cool and thicken further.

Compared to oceanic lithosphere, continental lithosphere is charac-
terized by much greater complexity in its structure and evolution,
owing, in part, to its much greater range of ages. The oldest ocean
floor within today's major ocean basins is Jurassic (around 180 Ma in
the western Pacific), and the oldest preserved in-situ oceanic crust
may be a remnant of the Neotethys Ocean beneath the Ionian Sea and
the east Mediterranean basin, still only Triassic in age (230–270 Ma)
(Müller et al., 2008). In contrast, the oldest intact fragments of continen-
tal crust are N4 billion years old (Bowring andWilliams, 1999), and it is
the Archean cratons (N2.5 Ga in age) that form the cores of today's con-
tinents. The global igneous record shows pronounced continental crust
age peaks at 2.7 and 1.9 Ga, with some compilations suggesting another
peak at 1.2 Ga (e.g., Condie, 1998; Hawkesworth et al., 2010). This re-
cord may not represent the true rates of crustal generation due to pres-
ervation artefacts (e.g. Gurnis and Davies, 1986) but it is clear that the
evolution of the continental lithosphere measures N3 billions of years.

A natural consequence of the cooling of the lithosphere at the Earth's
surface is that it will grow in thickness, up to a point when its bottom
portion becomes unstable and sinks into the underlying mantle (Bird,
1979). Mantle lithosphere beneath Archean cratons is compositionally
buoyant due to its depletion in basaltic components (e.g., Jordan,
1975, 1988). For this reason, the lithosphere beneath cratons can cool
and grow to a greater thickness than elsewhere (although it can be part-
ly rejuvenated and eroded: Foley, 2008; Legendre et al., 2012). In global
and continent-scale seismic tomography models, cratons stand out as
the most prominent high-velocity anomalies down to 200–250 km
depths, which reflects their coldest and thickest lithosphere (Debayle
and Ricard, 2012; French et al., 2013; Schaeffer and Lebedev, 2015).

Phanerozoic continental lithosphere, in contrast, never reaches
thicknesses comparable to that of the cratons. Density of the Phanerozo-
ic subcontinental lithospheric mantle (SCLM in the following) is higher
than that of the Archean SCLM (at the same pressure and temperature),
limiting the maximum Phanerozoic lithospheric thickness to about
150 km (Poudjom Djomani et al., 2001).

Like oceanic lithospheric mantle, the SCLM can also be thermally
eroded; it then cools and thickens again. These processes lead to and
are manifested by tectonic and magmatic consequences at the Earth's
surface. Thermal erosion and thinning of the SCLM are accompanied
by uplift and magmatism, whereas cooling of the lithosphere causes
subsidence and development of basins (e.g., Poudjom Djomani et al.,
2001). Stretching of the lithosphere can cause passive upwelling of the
asthenospheric mantle, also followed by subsidence due to cooling
(McKenzie, 1978). The thickening of the SCLM, however, is limited by
delamination (Bird, 1979). Phanerozoic SCLMshowspronounced lateral
variations, even when relatively stable, that is, not in immediate prox-
imity to active orogens (e.g. Cloetingh et al., 2007; Legendre et al.,
2012). This is a manifestation of dynamic processes involving the
SCLM, the lithosphere-asthenosphere boundary (LAB), and the
asthenosphere. Although theseprocesses are likely to havemajor effects
on continental tectonics and intraplate volcanism, they are still poorly
understood.

Phanerozoic central Europe is a very suitable location to study these
processes. Its lithosphere has been amalgamated by a series of Phaner-
ozoic continent-continent collisions of Gondwana-derived terranes
during the Caledonian and Variscan orogenies (e.g. Franke and
Oncken, 1990; Berthelsen, 1992; Pharaoh, 1999; Thybo et al., 2002;
Franke, 2006). The subsequent episodes of intraplate volcanism and
sedimentary-basin development (e.g. Ziegler, 1990; Scheck and Bayer,
1999; van Wees et al., 2000; Ziegler and Dèzes, 2006; Lustrino and
Wilson, 2007; Torsvik et al., 2008) are indications for the rejuvenation
and cooling of the SCLM, respectively (as we discuss in detail in the fol-
lowing). The seismic properties of the crust in central Europe have been
studied extensively (e.g. EUGENO-Sworking group, 1988;Meissner and
Bortfeld, 1990; BABELWorking Group, 1993; Rabbel et al., 1995; MONA
LISA Working Group, 1997; Grad et al., 2005). R. Meissner – to whom
this special volume is dedicated - initiated and was involved in a num-
ber of deep seismic soundings of the crust in central Europe. The
major findings of these initiatives are that (1) the crust is relatively
thin (b35 km), most of it with a rather uniform thickness of 28 km to
32 km, (2) average crustal seismic velocities are rather low, (3) no ex-
pressions of terrane boundaries can be found in the lower crust, and
(4) there is widespread reflectivity in the lower crust (Meissner et al.,
1991; Meissner and Tanner, 1993; Meissner, 1999; Meissner et al.,
2006; Artemieva and Meissner, 2012). From these observations,
Meissner and co-workers inferred that the recent location of the crust-
mantle boundary (Moho) in the area is younger than the tectonic age
of the brittle upper crust, implying that the lower crust has been de-
formed during or after the Variscan orogeny.

In the northern part of the Variscan orogenic belt, basins formed in
the Lower Permian (Rotliegend), with differential tectonic movements
in the crust coming to a standstill in the Middle Permian (e.g. van
Wees et al., 2000). The central European lithosphere has been further af-
fected by the Permian volcanic event with a peak activity at about
290Ma (Torsvik et al., 2008). There is evidence for widespread volcanic
activity, especially in the Permianbasins south of the East EuropeanCra-
ton (EEC, Ziegler, 1990). It was followed by Mesozoic basin develop-
ment in central Europe and the southern North Sea (e.g. Ziegler,
1990), with wide areas of epicontinental platform sedimentation. Van
Wees et al. (2000) concluded that cooling of the lithosphere after ther-
mal erosion in the Permian played a major role for the basin develop-
ment. The sedimentation record is punctuated in many places, and
comprises alternations of shallowwater clastics, platform and basin car-
bonates, and occurrences of evaporites, mainly in theMiddle and Upper
Triassic. The Mesozoic sediments are unconformably superposed on
Lower Permian (Rotliegend) clastics forming post-orogenic molasse-
type deposits of considerable thickness in confined basins, and/or
Upper Permian (Zechstein) evaporites and associated mudstones. In
the Cenozoic, large areas in the south of central Europe were above
sea level, but in Northern Germany and the North Sea subsidence pro-
duced basins with sedimentary fills more than three kilometers thick,
mainly fine to coarse clastics. Further south and west, basin formation
and subsidence in the Cenozoic are intricately connected to the Europe-
an Cenozoic Rift System (e.g. Dèzes et al., 2004),which ismade up of the
Limagne, Bresse, Upper Rhine, Lower Rhine and Eger Graben structures,
to name the most important ones.

There are only a few locations of Mesozoic volcanism south of the
EEC and in central Europe, the volcanic field of Delitzsch-Bitterfeld
and of the Northern Upper Rhine Graben (Odenwald, Sprendlinger
Horst) (Schmitt et al., 2007; Krüger et al., 2013). But there iswidespread
Cenozoic volcanism in central Europe. Numerous intraplate volcanic
fields stretch broadly parallel to the Alpine front between the Eifel (Ger-
many) and Silesia (Poland) and form thenorthern E–Woriented zone of
the Central European Cenozoic Igneous Province (CECIP, Wimmenauer,
1974; Wedepohl and Baumann, 1999; Lustrino and Wilson, 2007). As
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listed in Table 1 and indicated in Fig. 1 they comprise the volcanic fields
of the Hocheifel (No. 2 in Table 1, Huckenholz and Büchel, 1988; Jung et
al., 2006), West and East Eifel (Nos. 1 & 3, Schmincke, 2007), Siebenge-
birge (No. 4, Jung et al., 2012; Kolb et al., 2012; Schubert et al., 2015),
Westerwald (No. 5, Haase et al., 2004), Vogelsberg (No. 6, Jung and
Masberg, 1998; Bogaard and Wörner, 2003), Hessian Depression (No.
7, Wedepohl, 1985), Rhön (No. 8, Jung and Hoernes, 2000; Meyer et
al., 2002; Jung et al., 2005), Heldburg Dyke Swarm (No. 9, Huckenholz
and Werner, 1990), Upper Palatinate (No. 10, Huckenholz and
Schröder, 1985), Ohre Rift (Nos. 11, 12, 13, Ulrych et al., 1999, 2008,
2011), Lusatia (No. 14, Büchner et al., 2015), Lower Silesia (No. 15,
Blusztain and Hart, 1989; Ladenberger et al., 2004; Badura et al., 2005),
andBruntal, easternMoravia (No. 16, Cajz et al., 2012). Some smaller vol-
canic fields are located separately in SW Germany: Kaiserstuhl (No. 17),
Hegau (No. 18) and Urach (No. 19, Brey and Keller, 1982; Geyer and
Gwinner, 1984; Hegner et al., 1995; Wimmenauer, 2003; Schreiner,
2008).

In this paper, we present high resolution surface wave tomography
of the lithosphere and asthenosphere in central Europe and relate the
results to the location and composition of Cenozoic intraplate volcanic
fields. We put together geophysical and geological evidence on the
structure and Post-Permian evolution of the lithosphere and suggest a
model for the Mesozoic and Cenozoic evolution of the post-orogenic
SCLM in central Europe.

2. Brief overview of seismic studies of the European lithosphere

High-resolution seismic images can help to improve our under-
standing of the SCLM and its relationship to surface tectonics and volca-
nism. The central European lithosphere has been investigated
extensively over decades of seismic reflection and refraction profiling,
particularly in the 1980s and 1990s. In addition to resolving the archi-
tecture of the European crust, the controlled-source profiles have also
clearly shown that sub-Moho reflectivity is in general low, concordant
with global observations of Phanerozoic extensional zones (DEKORP,
Meissner and Rabbel, 1999). Exceptions to the rule in central Europe
(north of the Alps) are mantle reflections dipping from the Moho into
the mantle north of the Harz Mountains, upper mantle reflections
Table 1
Location and main geochemical properties of volcanic fields within the CECIP plotted in Figs. 8
Data are taken from: Hoch-Eifel – Jung et al., 2006; Fekiacova et al., 2007a, 2007b;West- and Ea
Jung et al., 2012; Westerwald – Lippolt and Todt, 1978; Haase et al., 2004; Vogelsberg – Bogaa
Abratis et al., 2007;HeldburgDyke Swarm – owndata, Huckenholz andWerner, 1990;Upper Pa
2009; Doupovske Hory, Ceske Stredohory–Ulrych et al., 1999, 2011; Haase and Renno, 2008; La
Lower Silesia – Badura et al., 2005; Bruntal, eastern Moravia – Cajz et al., 2012; Kaiserstuhl, He

Volcanic field No. in Fig. 8 End of main
activity in Ma

Average degree
of partial meltin

West Eifel 1 b0.1 (Ar) 2–5
Hocheifel 2 35 (Ar) 3–6
East Eifel 3 b0.1 (Ar) 5–8
Siebengebirge 4 6 (Ar) 5–9
Westerwald 5 20 (K) 5–8
Vogelsberg AB/OT 6 16–19 (Ar) 8–13
Vogelsberg BAS 14–19 (Ar) 4–6
Hessian Depression 7 13 (K) 5–10
Rhoen 8 18 (Ar) 5–7
Heldburg Dyke Swarm 9 12 (Ar) (4–7)
Upper Palatinate 10 19 (Ar) (3–6)
Vogtland Marianske Lazne Fault Zone 11 20 (K) (2–3)

b1 (K)
Ohre Rift 12 15 (K) (4–7)
Labe Zone 13 22 (K) (2–3)
Lusatia 14 22 (Ar) (3–6)
Lower Silesia 15 21 (K) (4–7)
Bruntal, eastern Moravia 16 0.8-4 (K) (4–6)
Kaiserstuhl 17 16 (A) (5–8)
Hegau 18 11 (K) (3–4)
Urach 19 11 (K) (2–3)
associated with the Caledonian collision of Baltica with East Avalonia
in the North Sea (BIRPS, Klemperer and Matthews, 1987 and MONA
LISA, Abramovitz and Thybo, 2000) and in the southern Baltic Sea
(BABEL Working Group, 1991). The latter feature has been interpreted
as a seismic image of a Precambrian subduction zone.

Overall, the Moho in central Europe is relatively flat, even across
crustal terrane boundaries. Average crustal velocities are found to be rel-
atively low, and sub-Moho seismic velocities are largely homogeneous,
with only few localized deviations (Kraichgau, Hessian depression,
Aichroth et al., 1992). These observationshave prompted the interpreta-
tion that the Pre-Variscan lower crust and mantle lithosphere did not
survive the Variscan orogeny and that they have been delaminated
(Meissner and Rabbel, 1999; Artemieva and Meissner, 2012).

The SCLM itself is most commonly investigated by passive seismic
methods, including seismic tomography and receiver functions. Seismic
tomography yields either 3D models of the subsurface (usually, the dis-
tributions of P- or S-wave velocities within the crust and mantle) or 2D
maps of the phase or group velocities of surface waves. The tomographic
models are smoothed, due to approximations in the wave propagation,
limited data coverage, the applied parametrization, and smoothness con-
straints. Receiver functions, in contrast, are used for the detection of
sharp crustal and upper mantle discontinuities beneath seismic stations.

First seismic tomographic studies of central Europe date back to the
1980s, after permanent networks have been installed across the conti-
nent in the 1970s. In northern Europe, Calcagnile (1982) derived the
first map of the lithospheric thickness of the Baltic Shield from surface
wave measurements, estimating the thickness at N170 km (as com-
pared to the 200–250-km estimates of today). The Baltic Shield's litho-
sphere has now been imaged, with varying resolution, by numerous
surface wave studies and waveform inversions on the global scale
(Trampert and Woodhouse, 1995; Masters et al., 2000; Zhou et al.,
2006; Peter et al., 2008; Lebedev and van der Hilst, 2008; Boschi et al.,
2009; Ritsema et al., 2011; Khan et al., 2011) and regional scales
(Ritzwoller and Levshin, 1998; Villaseñor et al., 2001; Bruneton et al.,
2004; Levshin et al., 2007; Weidle and Maupin, 2008; Legendre et al.,
2012; Rickers et al., 2013), and also in bodywave tomography on global
(e.g. Grand et al., 1997; Grand, 2002) and regional (Spakman, 1990)
scales. Seismic velocity anomalies are strongly positive in the mantle
and 9. With the age of activity as indicated if 40Ar/39Ar (Ar) or K/Ar (K) ages are available.
st-Eifel –Mertes and Schmincke, 1985; Schmincke, 2007; Siebengebirge – Kolb et al., 2012;
rd and Wörner, 2003; Lower Hessia – Wedepohl, 1985; Rhoen – Jung and Hoernes, 2000;
latinate –Rohrmüller et al., 2005;Huckenholz and Schröder, 1985; Vogtland–Abratis et al.,
be (Elbe) Zone – Vaněčková et al., 1993; Ulrych et al., 2008; Lusatia – Büchner et al., 2015;
gau – Keller, 2008; Urach – Hegner et al., 1995.

and range
g in %

Average SiO2 content of
primary magmas in %

Min. temperature in °C
(Green and Falloon, 1998)

Depth in km
(Green, 1972)

42 1260 90
43 1270 80
44 1280 70
45 1295 60
44 1280 70
50 1340 40
45 1295
47 1310 60
44 1280 70
43 1270 70
42 1260 80
38 1200 110

43 1270 70
38 1200 110
42 1260 90
44 1280 70
43 1270 80
44 1280 70
39 1230 100
38 1200 110



Fig. 1. Tertiary and Quaternary volcanic fields in Central Europe (dark black areas). VG: Viking Graben, OG: Oslo Graben, STZ: Sorgenfrei-Tornquist Zone, CG: Central Graben, HG: Horn
Graben, GG: Glückstadt Graben, RT: Rheinsberg Trough, TTZ: Tornquist-Teisseyre Zone, BDF: Bornholm-Darlovo Fault Zone, KCF: Koszalin-Chojnice Fault Zone, MB: Brabant Massif,
WNB: West Netherlands Basin, BFB: Broad Fourteens Basin, CNB: Central Netherlands Basin SHB: Subhercynian Basin, GE: Gardelegen Escarpment, AB: Altmark Basin, ESB: HCM: Holy
Cross Mountains, FL: Frankonian Lineament, DF: Donau Fault, BF: Bavarian Fault, LNF: Landshut-Neuoetting Fault, URG: Upper Rhine Graben. After Wilson and Downes (1991), van
Balen et al. (2000), McCann (2008), Scheck-Wenderoth et al. (2008).
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lithosphere down to about 150 km decreasing gradually further down,
to bottom of the mantle lithosphere. Furthermore, tomographic studies
indicate lateral heterogeneity within the mantle lithosphere of this cra-
ton, likely related tometasomatism (e.g. Bruneton et al., 2004; Legendre
et al., 2012; Pedersen et al., 2013) aswell as thermal erosion at themar-
gins of the craton (e.g. Legendre et al., 2012; Maupin et al., 2013).

Receiver function observations across the craton has been
interpreted as evidence for smaller depths of the lithospheric base at
160–200 km, with indications for horizontal layering within themantle
lithosphere, possibly related to the assembly of the shield (e.g. Olsson et
al., 2007; Kind et al., 2013).

Across the Trans-European Suture Zone (TESZ) the transition to
Phanerozoic Europe is generally associated with a distinct step in litho-
spheric thickness from ~200 km on the East European Platform to
~100 km in central Europe, a feature visible in all tomographic models
(Zielhuis and Nolet, 1994; Nolet and Zielhuis, 1994; Schweitzer, 1995;
Alsina and Snieder, 1996; Marquering and Snieder, 1996; Villaseñor et
al., 2001; Cotte and Pedersen, 2002; Plomerova et al., 2002; Gregersen
et al., 2010; Legendre et al., 2012; Schaeffer and Lebedev, 2013) as
well as Receiver Function studies (Geissler et al., 2010; Kind et al.,
2013; Knapmeyer-Endrun et al., 2013) although the sharp transition
observed around the Tornquist-Teisseyre Zone (TTZ) in the southeast
becomes more gradual towards the Sorgenfrei-Tornquist Zone (STZ)
in the northwest (Gregersen et al., 2010; Soomro et al., 2016).

In central Europe, lateral variations in seismic velocities in themantle
lithosphere are overall rather small but there are substantial variations
in the lithospheric thickness. The LAB across Europe is found to undulate
around central depths of about 100 km (Babuška et al., 1984; Babuška
and Plomerová, 1992; Geissler et al., 2010; Knapmeyer-Endrun et al.,
2013; Maystrenko and Scheck-Wenderoth, 2013) except for the region
of the Rhenish Massif (Ritter et al., 2001; Budweg et al., 2006; Mathar
et al., 2006; Seiberlich et al., 2013) and the Pannonian Basin (Dando et
al., 2011; Legendre et al., 2012) where the lithosphere is significantly
thinner. Variations in lithospheric thickness from temperature models
are similar (N200 km on EEP, ~150 km in western Europe, ~50 km in
the Eifel, Goes et al., 2000; Scheck-Wenderoth and Maystrenko, 2013).
Modelling of heat flow observations for mantle geotherms is difficult
due to the heterogeneity in crustal structure as well as recent tectonic
activity in many areas but existing models confirm a thermal thickness
of 100–150 km over most parts of Variscan Europe (Artemieva et al.,
2006; Scheck-Wenderoth and Maystrenko, 2013).

The sub-lithospheric upper mantle beneath central Europe is gener-
ally characterized by low S-wave velocities from about 100 to 300 km
depth (Zielhuis and Nolet, 1994; Marquering and Snieder, 1996;
Bijwaard and Spakman, 2000; Villaseñor et al., 2001). These observa-
tions are largely persistent inmodern tomographic studieswhich reveal
more and more details owing to their increasing resolution capabilities
(e.g. Zielhuis and Nolet, 1994; Legendre et al., 2012; Schaeffer and
Lebedev, 2013; Zhu and Tromp, 2013). However, details of the LAB to-
pography and of properties of the SCLM in central Europe haven't
been resolved by regional tomographic studies yet whereas local tomo-
graphic studies show higher resolution for smaller regions but do not
provide regional images (e.g. Mathar et al., 2006) or do not resolve
properties of the SCLM (e.g. Ritter et al., 2001).

To the south, the SCLM of central Europe is strictly bounded by the
Alpine orogen. A crustal root reaching beyond 50 km depth has been

Image of Fig. 1


Fig. 2. Coverage of the surface wave tomography. Color coded is the number of paths per
1° × 1° cells for a period of 55 s.White triangles indicate broad-band seismic stations. Note
that the region outside is covered as well. The coverage is however lower there.

Fig. 3. Phase velocity map at 12 s period. Perturbations are shown in percent with respect
to an average phase velocity of 3.21 km/s. The contours indicate sediment thickness in the
Central European Basin System north of 50°N according to Scheck-Wenderoth and
Lamarche (2005). AF: Alpine Front, BM: Bohemian Massif, PanB: Pannonian Basin, PB:
Paris Basin, STZ: Sorgenfrei-Torqnuist Zone, TTZ: Tornquist-Teisseyre Zone.
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imaged by active seismic profiling, receiver functions and local earth-
quake tomography (e.g. Schmid et al., 1996; Schmid and Kissling,
2000). It was long assumed that the European lithosphere is southward
subducting beneath the entire Alpine arc. A renewed discussion of the
geodynamics of the Alpine collision was initiated by the tomographic
model by Lippitsch et al. (2003) that clearly showed a north-ward di-
rected subduction beneath the Eastern Alps, thus invoking the need
for more detailed investigations of the deep structure below the orogen
and its forelands, which is presently tackled by the pan-European
AlpArray initiative (http://www.seismo.ethz.ch/alparray).

3. Surface wave tomography

The improved resolution of modern tomographic models owes
strongly to the rapid increase in station coverage across the continent
since the late 1990s, withmethodological developments and increasing
computational power facilitating the progress in models. With denser
seismic networks, model parameterization (node spacing or cell sizes)
can be reduced and resolution of the models significantly enhanced.
To exploit these massive data volumes and their inherent information
on the structure of the lithosphere, automated processing routines are
required to extract observables from the waveform data which can be
used for high-resolution seismic tomography. Surface wave phase ve-
locities are particularly suited for lithospheric scale imaging as they
can be measured with high accuracy over a large bandwidth which
covers sensitivity from the shallow crust (b20 km, ~10 s period) to as-
thenospheric depths (N250 km, N200 s period) and their particularly
sensitive to vertical variations in shear wave velocity, thus largely
avoiding vertical smearing effects often present in investigations with
body wave data.

In a recent study we have processed N1.3 million waveforms from
N1000 seismic stations in central Europe and surroundings, performing
N12million individual inter-station phase velocity dispersionmeasure-
ments (Soomro et al., 2016). After selection of smooth and reliable
phase velocity curves with path-wise averaging we obtained a dataset
of 63,000 inter-station Rayleigh wave phase velocity dispersion curves
with an average standard error of b0.5%. From these accurate measure-
ments we calculated and present in the following new isotropic Ray-
leigh wave phase velocity maps across central Europe. The estimated
lateral resolution is about ~100 km (Soomro et al., 2016). The obtained
coverage is indicated by Fig. 2.

At short (b20 s) period Rayleigh wave phase velocity sensitivity is
restricted predominantly to themiddle and lower crust, although strong
anomalies in the shallow crust may be overprinting the maps. This is
nicely seen in Fig. 3 at 12 s period, where the deep sedimentary cover
in the Central European Basin System (CEBS) is expressed by very
slow seismic velocities that cover an area from the North Sea to the Pol-
ish Basin. A comparison with sediment thickness (Scheck-Wenderoth
and Lamarche, 2005) in the CEBS illustrates the resolving power of the
presented maps. Sedimentary thickness contours align well with the
outline of low velocity anomalies in the CEBS and, moreover, the ampli-
tude of the anomaly is lowest in the North Sea, where the sediments
reach thicknesses of N12 km. Towards the east, the sedimentary basin
narrows in the Polish Basin (see 2500 m contour in Fig. 3) and the
deep (N7500 m) depression within it appears less strong as compared
to the North Sea. South of the CEBS there is no significant sedimentation
(except for the deep Po basin south of the Alps) and faster velocities
north of the Alps attribute to that. Along the Alpine and Carpathian
Arc and in the Pannonian Basin slightly below average phase velocities
are dominant with minimum values in the region of the Vienna Basin
with b6 km sediments (e.g. Hölzel et al., 2008). For a comparison of
short period surface wave phase velocities with sedimentary thickness
in central Europe on a larger scale we refer to Soomro et al. (2016).

At 25 s period (Fig. 4) the most striking pattern is the clear separa-
tion between higher phase velocities in central and northern Europe
from slower regions south of the Alpine Front (AF) and the convergence
zone of Carpathian Arc and TTZ. Those variations can be largely related
to variations in crustal thickness. Moho depths north of the Alps are
known to vary only slightly around 30–35 km (e.g. Meissner and
Rabbel, 1999) which is expressed by relatively faster velocities in the
phase velocitymap due to partial sensitivity to sub-Moho seismic veloc-
ities. This is particularly noteworthy since this “homogeneity” in Moho
depth and sub-Moho velocities is opposed to the strong tectonic subdi-
vision in top basement levels across the region. In the Alps, as well as
along the central sections of the TTZ, crustal thickness reaches depths
of N40 km (e.g. Grad and Tiira, 2009) leading to reduced surface wave
phase velocities as the 25 s waves sense more crustal rocks. Towards
the Carpathian-Pannonian System reduced velocities indicate that de-
spite shallow crust, also variations in seismic velocities within the

http://www.seismo.ethz.ch/alparray
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Fig. 4. Phase velocity map at 25 s period. Perturbations are shown in percent with respect
to an average phase velocity of 3.7 km/s. AF: Alpine Front, AS: Alpine Suture, BM:
Bohemian Massif, EL: Elbe Line, EEC: East European Craton, IS: Iapetus Suture, PanB:
Pannonian Basin, PB: Paris Basin, RS: Rheic Suture, STZ: Sorgenfrei-Torqnuist Zone, SxTS:
Saxothuringian-Moldanubian Suture, TS: Thor Suture, TTZ: Tornquist-Teisseyre Zone,
VF: Varisan Front.
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crust (Carpathians) or effects of a shallow asthenosphere (Pannonian
basin) influence the 25 s maps.

In Fig. 5 we present our 55 s period phase velocity map which is
dominantly sensitive to variations in shear wave velocity at mantle lith-
ospheric depths (70–120 km). Contrary to the shallowest mantle litho-
sphere, the mantle lithosphere is more heterogeneous at those depths.
Faster than average velocities prevail in the northern part, most notably
northeast of the Tornquist-Teisseyre Zone (TTZ) on the thick, old and
cold mantle lithosphere of the East European Craton (EEC). Note also
Fig. 5. Phase velocity map at 55 s period. Perturbations are shown in percent with respect
to an average phase velocity of 3.98 km/s. Locations of Cenozoic volcanic fields are
indicated by triangles. Colored dots mark locations of one-dimensional models given in
Fig. 6. AF: Alpine Front, AS: Alpine Suture, BM: Bohemian Massif, black dot, CEA: Central
European Asthenosphere, red dot, EEC: East European Craton, blue dot, EL: Elbe Line, IS:
Iapetus Suture, PanB: Pannonian Basin, PB: Paris Basin, RS: Rheic Suture, STZ:
Sorgenfrei-Torqnuist Zone, SxTS: Saxothuringian-Moldanubian Suture, TS: Thor Suture,
TTZ: Tornquist-Teisseyre Zone, WECML: Western European Continental Mantle
Lithosphere, North German Basin: green dot, Polish Basin: cyan dot.
the sharp increase in seismic velocities across the TTZ east of 15°E.
While velocities in the mantle lithosphere of the EEC are very fast,
phase velocities in the WECML are still largely above average, although
with reduced amplitude. South of the Variscan front, however, below
average phase velocities seem to prevail which extend from theRhenish
Massif directly above the CEA indicated in Fig. 5 to the Alpine Foreland
and to the Lower Rhine area to the northwest. This is consistent with
previous observations of a shallow asthenosphere in central Europe
(Central European Asthenosphere, CEA) beneath the Rhenish Massif,
the Vogelsberg region and the upper Rhine graben (Ritter et al., 2001;
Mathar et al., 2006; Legendre et al., 2012), although the lateral extent
and confined contours of the CEA have been previously less clear com-
pared to thismap. Interestingly, themantle lithosphere of the Bohemian
Massif is surrounded by low velocities especially towards the NW in the
region of the Eger Rift and towards the NE in Lower Silesia indicating a
shallow asthenosphere also in those regions. Major properties of the
LAB topography are obviously not related to Variscan structures (Fig.
5). This is an indication that the recent LAB topography is the result of
post-Variscan processes.

In order to relate frequency dependent phase velocities more quan-
titatively to shear-wave velocities at depth we show in Fig. 6 inversion
results for 5 selected representative locations. The locations are indicat-
ed in Fig. 5. In Fig. 6 the measured phase-velocity dispersion curves are
given as assembled fromphase velocitymaps at 30 different frequencies
between 8 s and 300 s (Soomro et al., 2016) together with uncertainties
(grey areas). Broad-band Rayleigh wave dispersion curves are sensitive
to shear-wave velocities at a broad depth range from the upper crust
down to the uppermantle at about 300 kmdepth. The strong variability
in phase velocities at short periods below about 20 s is due to the influ-
ence of crustal properties on the dispersion curves. Low phase velocities
in the North German Basin (green) are caused by large sedimentary
thicknesses. Between about 20 s and 200 s phase velocities are sensitive
to properties of themantle lithosphere and asthenosphere. Phase veloc-
ities in the EEC (blue) are significantly larger than in the Phanerozoic
regions.

In Fig. 6 on the bottom the corresponding optimal one-dimensional
shear-wave velocity models are given. They are obtained by an iterative
gradient search algorithm followingMeier et al. (2004). Velocities in the
crust as well as theMoho depth are strongly damped towards the back-
groundmodels derived from the crustalmodel EuCRUST-07 (Tesauro et
al., 2008). Below the Moho the background models follow the global
ak135 model (Kennett et al., 1995, dashes line in Fig. 6). Model uncer-
tainties are estimated from second derivatives around the optimal
model (Meier et al., 2004). Note the overall very good consistency be-
tween measured phase velocities and synthetic curves for the optimal
models (Fig. 6, top). Strong variations in shear-wave velocity up to
about 8% are present in the uppermost mantle (Fig. 6, bottom). The
presence of the asthenosphere beneath the Phanerozoic SCLM is clearly
indicated by a strong reduction in the shear-wave velocity in all models
expect in the model for the EEC (blue model in Fig. 6). Due to the
smooth nature of the surface wave sensitivity kernels, the depth of the
LAB is more difficult to estimate from inversion results of surface
waves but can be approximately found in the middle of the zone
where larger velocities within the SCLM decrease towards lower veloc-
ities in the asthenosphere (e.g. Bartzsch et al., 2011). The depth of the
LAB can be estimated by inversion of accurate phase velocity measure-
ments with an uncertainty of 10 km to 20 km for LAB depths lower
than 100 km (Bartzsch et al., 2011). Differences in LAB depth are easier
to resolve than absolute LAB depths by comparing the depth of the tran-
sition towards low velocities in the asthenosphere between models.

The about 250 km thick lithosphere of the East European Craton
(blue model in Fig. 6) is in contrast to much lower lithospheric thick-
nesses in Phanerozoic central Europe (all other models in Fig. 6). The
shallowest asthenosphere is found in central Europe (red model in Fig.
6) where phase velocities at intermediate periods are lower than aver-
age (Fig. 5). The significant reduction in the shear-wave velocity

Image of Fig. 4
Image of Fig. 5


Fig. 7. Phase velocity map at 55 s period. Perturbations are shown in percent with respect
to an average phase velocity of 3.98 km/s. Locations of Mesozoic volcanic fields
(volcanoes) and the outline of the Rotliegend volcanics in the CEBS north of 50°N are
indicated according to Scheck-Wenderoth and Lamarche (2005). AF: Alpine Front, AS:
Alpine Suture, BM: Bohemian Massif, Central European Asthenosphere, EL: Elbe Line, IS:
Iapetus Suture, PanB: Pannonian Basin, PB: Paris Basin, RS: Rheic Suture, STZ:
Sorgenfrei-Torqnuist Zone, SxTS: Saxothuringian-Moldanubian Suture, TS: Thor Suture,
TTZ: Tornquist-Teisseyre Zone, WECML: Western European Continental Mantle
Lithosphere.

Fig. 6. (top) Phase velocities for optimalmodels at 5 selected locations. The grey areas showmeasured local phase velocitieswith uncertainties. The locations are indicated in Fig. 5with the
same colors as in Fig. 6. BohemianMassif: black, Central European Platform: red, East European Craton: blue, North German Basin: green, Polish Basin: cyan. Dotted curves give the phase
velocity for the background models for the EEC (left) and the NGB (right). (bottom) Optimal one-dimensional local shear-wave velocity models in the upper mantle resulting from the
inversion of the dispersion curves together with estimated uncertainties (grey filled areas). Dotted lines indicate the background models for the EEC (left) and the NGB (right).

64 T. Meier et al. / Tectonophysics 692 (2016) 58–73
between about 70 km and 300 km depth is indicating the shallow as-
thenosphere in this region (Fig. 6). Beneath the Bohemian Massif the
LAB is located about 20 km to 30 km deeper and the asthenosphere is
found between about 90 km and 230 km depth (black model in Fig.
6). The mantle lithosphere in the North German Basin is clearly thicker
(greenmodel in Fig. 6) with a LAB depth of about 120 km. A similar LAB
depth but much lower shear-wave velocities are found for the Polish
Basin (cyanmodel in Fig. 6). Interestingly, beneath the BohemianMassif
and the North German Basin shear-wave velocities increase again sig-
nificantly beneath the asthenosphere (black and green models in Fig.
6) indicating considerable heterogeneity in central Europe also below
the asthenosphere.

Particularly the colocation of Cenozoic volcanism in central Europe
with the extended low velocity anomaly is remarkable as it shows
that the Cenozoic volcanism in central Europe occurs in regions with a
thin lithosphere and a shallow asthenosphere (Fig. 5, Fig. 6). The litho-
sphere in these regions is thinned by up to about 40 km compared to
the surroundings if a LAB depth of about 40 km to 60 km is assumed
in the Eifel region (e.g. Mathar et al., 2006; Seiberlich et al., 2013 and
Fig. 6) compared to LAB depths of about 100 km and larger beneath
the CEBS, the Bohemian Massif and the Paris Basin (e.g. Babuška and
Plomerová, 1992; Maystrenko and Scheck-Wenderoth, 2013 and Fig.
6). Remarkable is further that all regions with a thin lithosphere
(≪100 km) beneath continental regions in Europe are locations of Ce-
nozoic intraplate volcanism (Legendre et al., 2012) indicating that a
thinned lithosphere is a major prerequisite for the occurrence of
anorogenic intraplate volcanism.

While the extended region of reduced seismic velocities in the
Pannonian Basin at 55 s (Fig. 5) can be attributed to an overall shallow
asthenosphere (Dando et al., 2011; Legendre et al., 2012), velocity
anomalies in the Alps are of variable sign. In the western central Alps
high velocities are indicative for subduction of the Eurasian plate to-
wards the south beneath Adria. While in the east there are no
indications for a southward subduction in accordance to local body
wave tomography (Lippitsch et al., 2003).

In Fig. 7 we compare the occurrence of the Rotliegend volcanics in-
dicative for massive volcanism at about 290 Ma with Rayleigh wave
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Fig. 8. Location of the analyzed volcanic fields of the CECIP (Table 1) plotted on top of the
phase velocity map at 55 s. AF: Alpine Deformation Front, BM: Bohemian Massif, CEA:
Central European Asthenosphere, EL: Elbe Line, RS: Rheic Suture, SxTS: Saxothuringian-
Moldanubian Suture, TTZ: Tornquist-Teisseyre Zone. The numbering of the volcanic
fields refers to Table 1.
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phase velocities at 55 s.While the Cenozoic volcanism is associatedwith
a thin lithosphere (redmodel in Fig. 6) this is at present not the case for
the Rotliegend volcanism in the area of the North German Basin (green
model in Fig. 6). But it has to be assumed that at the time of the volca-
nism this area has been characterized by thermal heating from below
and a thin lithosphere (vanWees et al., 2000). After the Rotliegend vol-
canism the North German Basin has been a site of almost continuous
subsidence and sedimentation (e.g. Scheck-Wenderoth and Lamarche,
2005). This has been related to cooling of the mantle lithosphere (van
Wees et al., 2000). Here we show that the area of the Rotliegend volca-
nics is indeed now a site of a rather normally thick continental litho-
sphere (green model in Fig. 6). This holds also for the sparse locations
of Mesozoic volcanism in the area. We will discuss these observations
further in Section 5.

4. Comparison to geochemical properties of the CECIP

In this section, we first review the geochemical properties of mafic
magmas that form intraplate volcanic fields (cf. Section 1 and Fig. 1)
which themselves form the Central European Cenozoic Igneous Prov-
ince (CECIP) and compare them then to the tomographic images of
the lithosphere-asthenosphere system. The mafic rocks in the volcanic
fields of the CECIP are almost exclusively silica-undersaturated mafic
volcanics such as melilitites, nephelinites, basanites and alkalic basalts.
Primary tholeiitic basalts are restricted to the Vogelsberg volcanic field
(Jung and Masberg, 1998; Bogaard and Wörner, 2003). Silica-saturated
rocks in other fields, e.g., Rhoen andHessian Depression, are products of
crustal assimilation as indicated by their isotope characteristics
(Wedepohl, 1985; Jung and Hoernes, 2000). Additionally, a number of
fields of smaller eruptive volumes occur in southern Germany mainly
bound to graben systems: Odenwald (Schmitt et al., 2007), Kaiserstuhl
and Hegau (Keller, 2008), Urach (Hegner et al., 1995). Within these
fields strongly silica-undersaturated mafic rocks dominate (e.g.,
melilitites (U), melilite-nephelinites, basanites and nephelinites, incl.
carbonatitic differentiates. The age of the magmas is either Late Creta-
ceous (O: 68 Ma) or Miocene (K, H, U: 16–11 Ma).

In the northern transect of the CECIP from the Eifel to NW Bohemia/
Vogtland the Miocene to recent magmas on average exhibit increasing
Si-saturation and decreasing REE enrichment (indicated by decreasing
(La/Yb)N-ratios) approaching the volcanic field of the Vogelsberg volca-
nicfield. Alkalic to tholeiitic basalts only erupted during thefirst pulse of
activity in the Vogelsberg volcanic field (16–19 Ma) while melilitite
bearing nephelinites or melilitites only occur in the Vogtland to the
east or in the Quaternary Eifel volcanic fields to the west. The
Vogelsberg volcanic field is located at the crossing of the CECIP with
the northern extension of the Paleogene Upper Rhine graben structure
(Ziegler, 1994). Based on experimental data by Green (1972) and
Green and Falloon (1998) the chemical variations from melilitites to
tholeiitic basalts can be modelled as the result of (1) an increasing de-
gree of partial melting from 2% to some 15% (values are readjusted
based on the REE melting model explained in Haase et al., 2004) com-
bined with increasing melt proportions of the shallower spinel-
lherzolite (b2 GPa) instead of the garnet-lherzolite mantle source, as
well as (2) shallower equilibration depths of melt segregation ap-
proaching the elongation of the Upper Rhine graben structure. The iso-
topic uniformity of the those mafic volcanics in the CECIP without
crustal assimilation indicates a uniform, primarily depleted and second-
arily slightly enriched, amphibole-bearing mantle source throughout
the transect, independent of the time of eruption (Abratis et al., 2007;
Kolb et al., 2012; Jung et al., 2012). Only east of the Bohemian Massif
the mantle source differs as is indicated by isotopical heterogeneity of
the mafic magmas in Lower Silesia (Ladenberger et al., 2004).

Within the Bohemian Massif the chemical variations in the igneous
melts indicate an overprint during melt generation by two lithosphere
penetrating NNW-running tectonic structures paralleling the
Tornquist-Teisseyre Lineament: (1) along the Labe (Elbe) Zone (No.
13 in Table 1), (2) along the zone of recent earthquake swarms crossing
the Ohre Rift in the Cheb Basin (No. 12). Approaching these structures
the Si-saturation ofmaficmagmas decreases tomelilite-bearing compo-
sitions (Ulrych et al., 2008). According to REE melting models the
amount of partial mantle melting is reduced and the depth of melt sep-
aration increased to N90 km(Dasgupta et al., 2007; Green, 1972;Wilson
et al., 1995), which is indicated by a strong HREE depletion in the rocks
(Abratis et al., 2009). As the volume of erupted magma is reduced as
well, the melting environment is similar to that at oceanic fracture
zones. This may possibly be explained by the cooling effect of these tec-
tonic elements on the melting zone or by metasomatically induced lin-
ear lithospheric mantle heterogeneities (e.g. MgCa-carbonates) (Brey,
1978; Abratis et al., 2009) possibly corresponding to paleo plate bound-
aries (Babuska et al., 2007).

In Fig. 8 the location of analyzed volcanic fields is compared to the
phase velocity map at 55 s that is strongly sensitive to variations in
the LAB depth between about 70 km to 120 km. Obviously, the volcanic
fields occur in regions of a shallow asthenosphere as seen by seismic ve-
locities or at its rim. The lattermeans that volcanic activity is often found
above transitions from deeper to shallower asthenosphere. This sup-
ports the suggestion e.g. by Lebedev et al. (2006) that intraplate volca-
nism is caused by decompressional melting of mantle material flowing
from deeper levels beneath regions of a thick plate towards regions of
a shallow LAB. The colocation of volcanic fields and low velocities in
the upper mantle beneath the CECIP has already been noted by
Hoernle et al. (1995) using a low resolution tomographic model avail-
able at that time. They related the intraplate volcanism to an upwelling
mantle. Similarly, Ritter et al. (2001) found evidence for low velocities
in the upper mantle beneath the volcanic fields of the Eifel and
Vogelsberg regions. Our tomographic images support the findings that
the volcanic activity is located above uppermantle regionswith low ve-
locities; we relate however the location of the intraplate volcanism of
the CECIP to LAB topography.

As shown in Fig. 6 and discussed in Section 3, low velocities in Fig. 8
indicate a shallow LAB. Low velocities may be caused by high tempera-
tures or by the presence of fluids. These are the two variables that Ritter
et al. (2001) use to explain the characteristics of the so-called Eifel
plume. While an excess temperature of 100–150 °C are taken as causes
to explain the P-wave velocities being reduced by 1–2%, partial melt in
an OH-bearing metasomatised lithospheric mantle are thought to
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cause the 5% reduction of S-wave velocities. From a shallow LAB imaged
by seismic methods we can however not conclude that immediately
below this seismic LAB mantle material with a MORB source composi-
tion possibly enriched by deep plume material is present. Instead
below the seismic LAB a mixture of heated lithospheric mantle and
mantle material intruded from below is present. This model is deduced
to explain themajor and trace element aswell as isotope characteristics
of the alkaline lavas in the CECIP:while theprimitivemantle normalized
negative K-anomalies require amphibole as OH-bearing mineral in a
metasomatically enriched lithospheric source, the HIMU-component
in the isotope ratios is taken as evidence for the asthenospheric compo-
nent (e.g., Kolb et al., 2012; Schubert et al., 2015). However, the latter ar-
gument is not conclusive as the HIMU component is as well present in
hydrated SCLM xenoliths (Witt-Eickschen et al., 2003; Witt-Eickschen,
2007).

In Fig. 9 we show the spatial distribution of the average partial melt-
ing, the SiO2 content of the melts, the average temperature of the
magma generation, and the depth of the magma generation. Also the
age of the latest volcanic eruption in the considered volcanic fields is
given. First, there is no evidence for a spatialmigration of volcanic activ-
ity or a hot spot track within the CECIP. With respect to time, the volca-
nic activity shows a rather random distribution. It started about 70 Ma
ago, showed the strongest activity at about 15 Ma and is obviously on-
going. Furthermore, the degree of partial melting, the temperature
and the depth of melt generation show a remarkable spatial variability
with the tendency that the strongest activitywith highest temperatures
and lowest depths of melt generation occurring in the center of the LAB
upwelling in the Vogelsberg region. Contrarily, at the rim of the shallow
asthenosphere melt generation tends to occur at deeper levels, lower
temperatures, lower partial melting, and low Si02 content. Melt genera-
tion seems to be scattered between the current shallow LAB depth and a
depth of about 100 km – approximately the thickness of the plate in the
surroundings of the shallow LAB. The spatial variability of the geochem-
ical properties of the volcanic fields rules out the presence of a large sin-
gle magma reservoir beneath the CECIP. These observations may be
explained by intrusion of hot mantle material into the SCLM causing
the seismically imaged LAB to rise. Rejuvenation of the SCLM is accom-
panied by intrusion of hot mantle material from below resulting in
Fig. 9. Average degree of partial melting, average SiO2 content, average temperature and
depth of magma generation in the volcanic fields of the CECIP (size of the circles)
plotted on top of the phase velocity map at 55 s. The color of the circle indicates the age
of the latest activity.
distributed partial melting andmixingwith heated and partially melted
former SCLM. We can rule out simple end member models of either a
complete replacement of the SCLM by hot sublithospheric mantle (pos-
sibly by plume material) as well as a simple buckling of the SCLM with
only conductive heating frombelow. The uplifted seismic LABmarks the
transition between the more or less intact SCLM above and heated lith-
ospheric mantle material with intrusions and scattered nests of partial
melting below. We conclude that thermal erosion of the SCLM accom-
panied by uplift and volcanic activity is the result of heating by intrusion
of sublithospheric mantle as indicated in Fig. 10.

The evolution of the subcontinental lithospheric mantle in central
Europe can be further constraint by analyzing mantle xenoliths found
in the CECIP. Only those from a few fields (Eifel, Lower Hessia, Rhoen,
and Massif Central) have been studied in detail (Stosch and Lugmair,
1986; Downes and Dupuy, 1987; Stosch, 1987; Witt and Seck, 1989;
Kramm and Wedepohl, 1990; Rudnick and Goldstein, 1990;
Witt-Eickschen and Kramm, 1998; Downes, 2001; Witt-Eickschen et
al., 2003). The least modified xenoliths seem to be light rare earth
(LREE) depleted protoliths with a Paleoproterozoic depletion age of
~2 Ga (Stosch, 1987). A subsequent multistage enrichment and deple-
tion history prior to 1.1 Ga must be deduced for some peridotite xeno-
liths based on their Pb isotope composition (Stosch and Lugmair,
1986). Themajority of xenoliths experienced a large-scale metasomatic
modification in consequence of presumably the Hercynian subduction
(Downes, 2001). Evidence for such an event is provided by Sr, Nd, and
Pb isotope characteristics in granulitic xenoliths (Rudnick and
Goldstein, 1990). Witt and Seck (1989) deduced from textural evidence
that this metasomatic event was associated with lithospheric deforma-
tion. Lu-Hf data fromunveined xenoliths imply a resetting of the isotope
system by an event b200 Ma (Thiemens and Sprung, 2015). Based on
textural, geochemical and Sr-Nd-isotope evidence this event must
have occurred sometime prior to the Cenozoic volcanism (Witt-
Eickschen et al., 1998), presumably by melt infiltration during the
early Cretaceous (Wilson et al., 1995). Beneath the Eifel common addi-
tional vein mineralisations are associated with the Cenozoic volcanism
(Witt-Eickschen et al., 1998).

5. Post-Permian evolution of the SCLM in central Europe

The evolution of the lithosphere in the Eifel and the upper Rhine
Graben regions as well as of the CEBS have been subject of a number
of studies (e.g. Ziegler, 1990, 1994, 2002; Scheck and Bayer, 1999; van
Wees et al., 2000; Dèzes et al., 2004; Brink, 2005; Scheck-Wenderoth
Fig. 10. Sketch of the model for the uplift of the lithosphere-asthenosphere boundary
(LAB) in the Central European Cenozoic Igneous Province (CECIP). The lower dashed
line indicates the LAB before thermal erosion of SCLM. The solid line indicates the recent
LAB upwelling as inferred from seismic observations. Below the recent LAB heated SCLM
is mixing with upwelling asthenospheric mantle. The upper dashed line indicates the
Moho.
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and Lamarche, 2005; Ziegler and Dèzes, 2006). Also the response of the
lithosphere to external tectonic forces since the late Cretaceous has
been investigated (e.g. Cloetingh et al., 1999; Marotta et al., 2002;
Mazur et al., 2005; Kley and Voigt, 2008). In contrast to the Variscan as-
sembly of central Europe there are however no regional large-scale
models for the Post-Permian evolution of the lithosphere available. In
this section and in Fig. 11 we sketch the evolution of the lithosphere
in central Europe from the lower Permian onwards based on geological
evidence in order to explain the current state of the SCLM as imaged by
seismic tomography. We discuss the data presented here in the context
of an evolutionary model that can be tested against all available obser-
vations from surface evolution, tectonic crustal structure, and the varia-
tions of Central European volcanism in space and time. In some cases,
the possible conclusions are rather obvious, in other cases, e.g. regarding
the volcanismnear the SWmargin of the Baltic Shield, in theNorth Ger-
man Basin and in the North Sea, a simple correlation between the for-
mer thermal state of the upper mantle and volcanism is less easy to
establish.

As discussed in the previous sections, intraplate volcanic activity is a
manifestation of increased heat flow from below the SCLM, and there-
fore occurs in regions with a thin lithosphere. This is now the case in
the region of the CECIP, and has to be inferred also for the time of the
volcanic activity in the CEBS in Lower Permian times. After cessation
of the volcanic activity there, cooling of the lithosphere caused a density
and thickness increase, resulting in subsidence and sedimentation. Seis-
mic tomography shows that the lithosphere in this region is about
100 km thick today. Thus, the LAB of the continental lithosphere may
be a dynamic boundary, similar to the LAB of the oceanic plates. The
evolution of the Phanerozoic SCLM in central Europe is inferred based
on the following arguments: (1) Large-scale subsidence indicated by
sedimentation without strong extension is interpreted as evidence for
cooling of the lithosphere and for an increase of the lithospheric thick-
ness. (2) The presence of intra-plate volcanism is taken as evidence
for a shallow asthenosphere and a thin plate. (3) Large-scale upliftwith-
out strong compression is interpreted as evidence for a rise of the LAB
and a thinning of the lithosphere. (4) Small-scale topography is as-
sumed to result mainly from deformation of the brittle upper crust or
erosion. The schematic NNE-SSW oriented profile in Fig. 11 reaches
from the southern margin of the East European Craton (EEC) towards
the Alps, crossing the North German Basin (NGB) and the CECIP. The
thickness of the EEC is assumed to be almost constant in time with a
thickness of about 250 km.

5.1. State of the lithosphere after the Variscan orogeny

There is much evidence in the literature that the areas underlying
the central EuropeanPlatform(CEP) and theNGBweremade of normal-
ly thick or even thin continental crust (e.g. Meissner and Bortfeld, 1990;
Aichroth et al., 1992). The presence of abundant granitic plutons and
widespread laminated lower crust (see upper image in Fig. 11) can be
interpreted as a consequence of a thickened Variscan orogenic crust col-
lapsing by the end of the Carboniferous (e.g. Franke and Oncken, 1990;
Franke, 2006). This processwas accompanied bywidespreadmigmatite
formation (e.g. Tanner and Behrmann, 1995) and/ormylonitization and
shearing (e.g. Krohe and Eisbacher, 1988), magmatic underplating, or a
mixture of these processes (e.g. Meissner et al., 2006). Below the crust-
mantle boundary the tectonic processes driving the changes to the
crustal structuremay have been lithospheric delamination and astheno-
spheric upwelling (e.g. Schott and Schmeling, 1998; Arnold et al., 2001).
This prompted the widespread volcanism and further crustal extension
in the lower Permian, and defines the “starting model” for the litho-
spheric evolution in central Europe in the Mesozoic and Cenozoic (Fig.
11a).
Fig. 11. Sketch of the Mesozoic and Cenozoic evolution of the SCLM in central Europe. See text
Lithosphere-Asthenosphere Boundary, NGB: North German Basin.
Furthermore, the laterally rather homogeneous SCLM found by DSS
and our tomographic studies (Legendre et al., 2012; Soomro et al.,
2016) is consistent with the SCLM in the region of the Variscan and Cal-
edonian orogenies forming, or at least getting strongly deformed and
homogenized, after terrane collision. This implies, further, a post-Perm-
ian age of large parts of the current SCLM in central Europe. Our findings
also support the suggestion by Meissner et al. (1991) that the seismic
signature of the lower parts of the lithosphere in central Europe, includ-
ing the lower crust and the lithospheric mantle, are effectively younger
that of the brittle upper crust. The high-velocity lower crust in the re-
gion of the NGB may have been very likely formed by intrusions in the
lower Permian (Rabbel et al., 1995).

5.2. Cooling as indicated by Mesozoic basin subsidence and sedimentation

After the cessation of extensive volcanism in the Permian, the area of
the NGB developed as a shallow-water, epicontinental basin, while
most of the southern part of the CEP remained above sea level. By the
beginning of the Triassic, terrestrial or shallow marine sedimentation
prevailed throughout (see Fig. 11b), in response to slow and continuous
basin subsidence. The most straightforward way to explain this subsi-
dence in terms of tectonic processes is continuous freezing of mantle
lithosphere to the base of the continental crust in central Europe. As
stated above, the evolution of the LABmay have progressed as a dynam-
ic feature akin to that beneath oceanic plates. This leads to a total aver-
age thermal subsidence in the order of two or three kilometers over
about 100 Ma – a fact that can be accounted for in the sedimentary re-
cords at least of the major basins (e.g. Ziegler, 1990; van Wees et al.,
2000; Scheck-Wenderoth and Lamarche, 2005).

From the Early Jurassic onwards (Fig. 11c) basin subsidence con-
tinues, with the exception of the southeastern part of the CEP, where
the sedimentary record is very condensed or even punctuated, especial-
ly in the surroundings of the Bohemian Massif (see 1000 m isopach of
sediment thickness in Fig. 3). In most parts, however, sedimentation is
not interrupted, especially in the NGB. South of the CEP, made up of
the Bohemian Massif and the South German Platform, sedimentation
becomesmore andmore pelagic through time, in response to the evolu-
tion of the Tethyean passive margin through the Jurassic and the Creta-
ceous with basin carbonates and predominantly fine clastics. This
development is best depicted in the Helvetic units of Switzerland, and,
to a lesser extent, in Austria (e.g. Faupl and Wagreich, 1992; Lihou and
Allen, 1996; Behrmann and Tanner, 2006). Subsidence at the southern
margin of the CEP, thus, is more related to crustal and lithospheric
stretching, and less to a signal of asthenospheric upwelling.

5.3. Reappearance of volcanism in the northern study area in the Jurassic
and Cretaceous

What is special in the northern part of the study area is the appear-
ance of magmatic rocks in the NGB, the North Sea, and the boundary
zone to the Eastern European Platform (Fig. 11c). This magmatism is
enigmatic, mainly because it appeared in a large number of areas
(Skåne, Forties, Egersund Basin, Northern Germany, Northern North
Sea; see e.g. Furnes et al., 1982; Ritchie et al., 1988; Bergelin, 2009;
Bergelin et al., 2011) and lasted for a long time, mainly culminating in
three phases (c. 180–160 Ma, 145 Ma, 110 Ma), and producing overall
very limited amounts of melt. The concept of a pluton beneath the
NGB in the area of Bramsche is interesting and controversial (e.g. discus-
sion in Brink, 2013), but has found wide support in the geophysical and
sedimentological literature, explaining anomalous diagenesis in overly-
ing sediments.

In some of the cases there is evidence for these melts resulting from
minimummelting of hydrated uppermantle peridotites (see discussion
for further discussions. CEP: Central European Platform, EEC: East European Craton, LAB:
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Image of Fig. 11
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in Bergelin et al., 2011). So, this type of intraplate magmatism is proba-
bly not related to a thermal upwelling, but more likely a reflection of
melting prompted by ponded fluids at the base of the lithosphere. It is
not easy to imagine the origin of such fluids, but they could be remains
of detached hydrated lithospheric slabs, be it from the Caledonian or the
Variscan orogenies.More discussion of this idea can be found in Bergelin
et al. (2011).

On the other hand sedimentation in the CEBS has been widely
interrupted in the Jurassic (e.g. Scheck and Bayer, 1999; Hansen et al.,
2005; Scheck-Wenderoth and Lamarche, 2005) supporting the view
that the volcanism in the area has been associated with some region-
al-scale uplift at the surface and an upwelling of the LAB (Fig. 11c).

5.4. Compressional tectonics, Upper Cretaceous

Fig. 11d shows that the CEP and NGB areas were subjected to more
subsidence in the northern part, and – especially in the Upper Creta-
ceous - to compressive tectonics (e.g. Mazur et al., 2005). The associated
N-S shortening probably relates to the beginning Alpine convergent
orogeny (left in the fourth drawing, Fig. 11). It should be borne in
mind that – although creating impressive structures like the Harz
Boundary Fault, the Frankonian Line (Fig. 1) andmany other fault struc-
tures, the overall shortening strains are relatively minor, and probably
did not contribute much to the lithospheric thickening. In contrast, a
rather strong lithosphere has been suggested for the NGB because the
inversion focused on the southern and to a lesser extent on the northern
margins of the basin whereas there is little evidence for internal defor-
mation in the axial parts of the basin (Mazur et al., 2005). This is consis-
tent with the recent normal or even enlarged lithospheric thickness in
the region (Fig. 6). Interestingly, there was considerable deformation
in the axial part of the Polish Basin indicating a rather weak rheology
of the lithosphere. This may correspond to the low shear-wave veloci-
ties in the SCLM in this region (Fig. 6).

5.5. Evolution since the Tertiary and current state of the lithosphere

Fig. 11e illustrates the discussion that is included in the descriptive
part of this paper (Section 3). In terms of tectonics it is important to
note that the evolution of the European Cenozoic Rift System (Ziegler,
2002) and widespread volcanism coincide in space and time, but do
so only very broadly. As a rift system, the structure is only weakly mag-
matic, and seems to resemble more a passive rift. Where volcanism is
observed it is often younger than the rifting initiation (e.g. Upper
Rhine Graben; Fig. 1), and localization of the magmas appear more as
a consequence of deformation than the other way round. Large parts
of the system are also distinctly non-magmatic, like the Northern
Rhine Embayment or the North Sea (Fig. 1). This strongly supports our
inference that it is mantle processes that influence the LAB changes be-
neath the CEP and the NGB. It is likely that the LAB has been uplifted in
central Europe during the Cenozoic coeval with the volcanism and the
uplift. The low lithospheric thickness and the large amount of uplift of
the LAB in the region of the CECIP cannot be explained by pure buckling
of the lithosphere due to inversion tectonics. Also, sublithosphericman-
tle currently found at depth between the recent LAB and about 100 km
is the result of melting of a formerly thicker SCLM and intrusions by
mantle material from larger depths. This is consistent with a larger
thickness of the lithosphere before the Late Cretaceous. First evidence
for volcanic activity in the CECIP and incipient uplift is found at about
80 Ma. These observations yield constraints for the age of the shallow
asthenosphere in central Europe: it has been developed since about
this time.

Also in the region of Mesozoic volcanism the lithosphere shows
today a thickness of about 80 km to 120 km implying cooling and thick-
ening of the SCLM north of the CECIP in the Cenozoic. Further to the
northeast, the lithosphere beneath the North Sea has been thinned by
extension at that time.
It is interesting to note in Fig. 11 the southward migration of the re-
gion of intraplate volcanism and thinned Phanerozoic lithosphere
through time since the Early Jurassic. This may be related to the north-
wardmovement of the Eurasian plate over a thermal anomaly anchored
in the mantle below. Alternatively, asthenospheric flow guided by LAB
topography and caused by the convergence and subduction of Adria
and Eurasia in the Alpine region since the Upper Cretaceous may have
played a role. The variability of the Phanerozoic LAB with time may be
further enhanced by proximity to margins of cratonic lithosphere,
where hotmaterialmay flow upwards from under the thick lithosphere
beneath cratons towards the shallower LAB depth beneath surrounding
continental mantle lithosphere and where deformable Phanerozoic
continental lithosphere is in contact with stable cratonic lithosphere.

A deeper source for the mantle upwelling has to be assumed in the
first scenario whereas an asthenosphere confined to shallower depths
flowing beneath the SCML would be present in the second scenario.
To distinguish between these scenarios or a mixture of both, high reso-
lution tomographic images of the Eurasianmantle below300 kmaswell
as images of seismic anisotropy indicating asthenospheric flow are
needed.

6. Conclusions

Surface-wave tomography using automated measurements of Ray-
leigh wave phase velocities with all currently available data yields
phase-velocitymaps in broad period ranges, sampling S-wave velocities
at various depths, from shallow crustal structures (including sedimen-
tary basins) to the lower crust and theMoho, to the SCLM, and to the as-
thenosphere below. We observe that (1) the lithosphere is thinner in
regions of Cenozoic intraplate volcanism in the CECIP compared to re-
gionswith no Cenozoic volcanism; (2) the lower SCLMof the Bohemian
Massif is surrounded to thewest, north, and northeast by asthenospher-
ic mantle; (3) an about 100–120 km thick lithosphere is found beneath
the North German Basin southwest of the STZ; (4) the SCLM in central
Europe appears to be rather homogeneous and its present isotropic-av-
erage, seismic-velocity structure does not show any contrasts across the
Caledonian and Variscan terrane boundaries that are mapped at the
surface.

A remarkable correlation between geochemical properties of volca-
nic fields in the CECIP and the topography of the LAB in central Europe
is found: high melting rates, high silica contents, high temperatures
and low depths of magma generation are found preferably in regions
of low lithospheric thicknesses and vice versa. Furthermore, there is
geochemical evidence that magma in the CECIP has not been generated
in pure sublithospheric mantle. Indications for melting of the SCLM can
be found. Therefore, low lithospheric thicknesses observed in central
Europe at present are a result of melting of the SCLM and intrusion of
sublithospheric mantle into the SCLM in the Cenozoic.

Beneath the North German Basin, the LAB is found currently at
depths of about 100 km to 120 km. Thus, the lithosphere in the region
of nearly continuous subsidence and sedimentation since the Permian
is significantly thicker than beneath the low mountain ranges of the
CECIP. Remarkably, in the region of thicker lithosphere thick layers of
Rotliegend volcanics are present indicating a thermal impulse and low
lithospheric thicknesses at this earlier time. These observations point
to temporal changes of the LAB depth in central Europe and highlight
the dynamic nature of the Phanerozoic continental LAB. The presence
of relatively thick lithosphere in the region of the North German Basin
is consistent with subsidence and sedimentation there being caused
by the cooling of continental lithosphere and an increase of the LAB
depth. The synthesis of tomographic results with geological and geo-
chemical evidence results in a generic model for the Mesozoic and Ce-
nozoic evolution of the continental lithosphere in central Europe.

Themodel developed byMeissner and coworkers for central Europe,
with a brittle upper crust that has preserved the imprint of pre- and syn-
orogenic deformation and overlays a lower crustwith a nearly flatMoho
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and a seismic structure indicating post-collisional deformation and in-
trusions, can be extended to the SCLM showing a variable thickness in
time and space due to the influence of post-orogenic processes. This
modelmay be applicable to the post-collisional evolution of the Phaner-
ozoic SCLM in regions beyond central Europe, for example the Aegean or
Anatolia, where a largely new SCLM has probably formed beneath the
crust assembled by nappe stacking and terrane accretion.
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