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This paper summarizes our recent research on the relationship between tectonics of the mantle lithosphere and of the
upper crust in the western Bohemian Massif. The rejuvenated Variscan junction of three mantle domains, the Saxothu-
ringian, Moldanubian and Tepld—Barrandian, delimited by different orientation of seismic anisotropy reflecting a con-
sistent fossil olivine orientation and belonging to originally separated microplates, plays important role in the crustal
architecture of the region. The crust above the mantle junction is the most active part of the BM characterized by perio-
dic earthquake swarms and mofettes emitting gases of mantle origin. Detected offsets of surface boundaries of the three
units from their mantle counterparts indicate a detachment of the rigid upper crust from the mantle lithosphere. Locati-
ons of major tectonic features like the Ohte (Eger) Rift, the West Bohemian Shear Zone and the Marianské Lazné Fault
were probably predisposed by the boundaries of the mantle lithosphere domains. We have suggested that the sublitho-
spheric mantle of the western BM acted as a major provider for heat and partial melts and the Variscan mantle bounda-
ries served as magma conduits for the late-orogenic granitic magmatism and, after their rejuvenation, also for the Ce-
nozoic volcanism. Similarly, the boundaries may have pre-determined the subsequent locations of sedimentary basins.
It is possible that also in other regions some of these so called intra-plate phenomena can be related to partly healed up
and later rejuvenated microplate boundaries.

List of abbreviations: BM — Bohemian Massif, BOHEMA — International project “BOhemian Massif HEterogeneity and
Anisotropy”, BP— Bor Pluton, CHB — Cheb Basin, DEKORP Deutsches Kontinentales Reflexionsseismisches Programm,
DP — Doupovské hory Mts., DU — Dyleti Unit, ECC — Erzgebirge (Krusné hory) Crystalline Complex, ECRIS — Euro-
pean Cenozoic Rift System, ER — Ohie (Eger) Rift, HSU — Horni Slavkov Unit, KH — Komorni Hirka, KHF — Krusné
Hory (Erzgebirge) Fault, KU — Kladsk4 Unit, KVP — Karlovy Vary Pluton, MD — Moldanubian Unit, MLC — Marianské
Lazné Complex, MLF — Maridnské Lazn¢ Fault, PF — Plesnd Fault, SB — Sokolov Basin, SP — Smr¢iny (Fichtelgebir-
ge) Pluton, ST — Saxothuringian Unit, T-junction — “triple” junction of the ST/TB/MD mantle lithospheres, TB — Tep-
la—Barrandian Unit, TCC — Tepla Crystalline Complex, TP — Tirschenreuth Pluton, WBSZ — West Bohemian Shear Zone,
ZEV — Zone of Erbendorf—Vohenstrauss, ZH — Zelezna Hirka, ZP — Zandov (also Lesny—Lysina or Kynzvart) Pluton.
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1. Introduction

The area of our study — the western Ohte (Eger) Rift (ER)
— is a part of the European Cenozoic Rift System (ECRIS,
Prodehl et al. 1995). This system of graben structures
and volcanic fields spreads over a distance of about
1000 km, including the French Massif Central, the Upper
Rhine Graben, the Eifel, the North Hessian Depression,
the Vogelsberg, the Ohie (Eger) Rift and the Pannonian
Basin. The widespread rifting and associated volcanism
in the foreland of the Alpine orogen is usually related
to the effects of Alpine collision (e.g. Ziegler 1992). On
the other hand, Granet et al. (1995) suggested that the
ECRIS may have a common source of a ‘plume-like’
volcanism in the mantle, manifested by the existence of
‘baby-plumes’ beneath the Variscan massifs. Teleseismic
tomography studies have imaged such relatively narrow

plumes beneath the French Massif Central (Granet et al.
1995) and the Eifel (Ritter et al. 2001).

From the point of geodynamics, the western ER is the
most active part of the Bohemian Massif (BM). Active
tectonics is primarily manifested by Cenozoic volcanism
(Ulrych et al. 2000), gas emanations containing high
proportions of mantle-derived CO, and He (Weinlich et
al. 1999), as well as by the periodic occurrence of shal-
low earthquake swarms (Horalek and Fischer 2008) and
neotectonic crustal movements (Bankwitz et al. 2003;
Schunk et al. 2005). The question of a possible source of
mantle fluids is important namely in relation to the recent
increase of *He/*He ratios observed by Bréuer et al. (2005).
The authors interpreted the observation as an evidence for
ascending mantle-derived melt and as an indication of a
possible future unrest in this presently inactive volcanic
region.
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The concentration of various ongoing geodynamic
phenomena in a small area of the western ER called for
a study focused on the interaction between near-surface
tectonics and geodynamic processes at depth. Geoscien-
tists from 10 institutions in the Czech Republic, Germany
and France cooperated within the BOHEMA project (BO-
hemian Massif HEterogeneity and Anisotropy, Babuska
et al. 2003) to study the structure and dynamics of the
lithosphere and asthenosphere of the western BM. Central
to the BOHEMA project was a passive seismic experi-
ment in 2001-2003, which provided important set of data
for the high-resolution teleseismic tomography down to
a depth of about 250 km and for a model of large-scale
seismic anisotropy of the mantle lithosphere in the west-
ern BM (Plomerova et al. 2007; Babuska et al. 2008).

This paper summarizes major results on fabrics of
the mantle lithosphere retrieved up to now from passive
seismic experiment of the BOHEMA international project
(Babuska et al. 2003). We have focused on the western
ER above the junction of three mantle lithospheres,
the Saxothuringian (ST), Moldanubian (MD) and the
Tepla—Barrandian (TB) units, delimited by mapping their
seismic anisotropy at the dense BOHEMA network of
temporary stations (Plomerova et al. 2007; Babuska et al.
2008). Tectonics of the mantle lithosphere most probably
predisposed formation of the western ER, affected paths
for late Variscan and Cenozoic magmatism as well as the
location of sedimentary basins. We coin the idea that it is
important to look beneath the Moho discontinuity when
we want to understand geodynamic processes recorded
in tectonics and in magmatic products of the complex
crustal structure. The paper does not have ambitions to
solve a complicated tectonic development of the region
and it does not present details of geophysical methods
used to infer structure of the mantle lithosphere published
elsewhere (see references to individual results). The pa-
per aims at providing a review of seismological results on
deep lithosphere structure of the region to contribute to
a holistic view and better understanding of the coupling
between tectonic processes near the surface and deep-
seated dynamics of the mantle lithosphere. Such approach
is important for developing future models, which will
realistically consider the entire lithosphere in tectonic
history of the complex Variscan collision zone.

2. Mantle investigations of the western
Bohemian Massif by teleseismic methods

Most of constrains on the upper mantle structure of the
western BM come from teleseismic body waves trav-
elling through the entire Earth and recorded at dense
networks of stations in the region. Changes in seismic
wave velocities, both with depth as well as laterally, are

retrieved from deviations of the travel times of longitu-
dinal P waves and from polarization of shear-waves. De-
viations in seismic wave propagation relative to a radial
Earth velocity reference model are exploited in seismic
tomography resulting in isotropic images of the Earth
interior. We also model a large-scale anisotropy (fabric)
of the upper mantle by analysing directional variations of
the P-wave travel times and polarization of shear waves
(shear-wave splitting).

2.1. Seismic tomography

Plomerova et al. (2007) presented initial tomographic
model of the upper mantle beneath the whole BM down
to 250 km, with variance improvement of 71 % and the
highest resolution in the western part of the massif. For
this paper we selected velocity perturbations in three
layers of the model comprising the mantle lithosphere
beneath the BM along with two perpendicular vertical
cross-sections (Fig. 1). Depth of the model depends
on lateral size of the array of seismic stations and the
resolution depends on a density of crossing rays within
the investigated volume. Therefore, not only a sufficient
amount of data, but also a good azimuthal and incidence
angle coverage is needed. Data for the tomography (P-
wave arrival times) were measured on the BOHEMA
network recordings of more than 240 teleseismic earth-
quakes, which provided 13 500 rays for the tomographic
inversion, with a lateral resolution of about 20 km in the
upper mantle.

The sufficient lateral resolution allowed searching for
a hypothetical narrow (~ 50 km in diameter) and vertical
low-velocity anomaly beneath the ER, which would be
similar to plumes found beneath the other Variscan mas-
sifs — the French Massif Central and the Eifel (Granet
et al. 1995; Ritter et al. 2001). In general, velocity per-
turbations in the tomographic images (Fig. 1) are weak
and correlate with large-scale tectonic features. But they
did not image any distinct low-velocity heterogeneity
down to 250 km, which could be interpreted as a magma
chamber or a mantle plume. There are weak negative
perturbations in the mantle beneath the western part of
the ER, which can be traced down to the bottom of the
model. But they do not form any tube-like low-velocity
heterogeneity, which could be associated with a narrow
uprising plume below the rift at these depths. Moreover,
this tomography, which is corrected for crustal effects,
shows such well-resolved negative perturbations of
comparable amplitudes also in other parts of the model
(Fig. 1) though their resolution may be lower due to a
lower number of stations. However, incorporating the
stations in the eastern and southern BM is important for
resolving the mantle down to 250 km below the ER. We
interpret the negative perturbations in the western BM by

172



Mantle lithosphere control of rift tectonics

Layer 3: 35—70 km

52°

100 117 12 43 14 15 160 177 18

Layer 4: 70-1035 km_

Along the Eger Rift

52°
0
5174 i
-200 1
" 0 200 400
1001 12 43 1a 15 16 17 18 Across the Eger Rift
Layer 5: 105-141 km 0 ' '
-200 - -
F I i I
0 200 400
l P velocity perturbations
| |
5% 0 5%

Fig. 1 Plane views of tomographic images of smoothed P-velocity perturbations in the lithosphere—asthenosphere system of the Bohemian Massif
(BM) selected for three deep layers (left) from Plomerova et al. (2007) and projections of the seismic stations (triangles). Two vertical cross-se-
ctions (see Layer 3 for their location) through the velocity perturbation model (right) along and across the Ohte (Eger) Rift (ER) indicate the li-
thosphere thinning beneath the rift. Major Variscan massifs in central-western Europe are shaded (top right).

a lithosphere thinning along the whole ER and the posi-  across the rift (Fig. 1). The low-velocity perturbations

tive perturbations in the southern BM by a lithosphere
thickening to the south beneath the Moldanubian Unit.
To show velocity variations related to the ER,
Plomerova et al. (2007) constructed two cross-sections
through the velocity perturbation model — along and

form a broader, ridge-parallel anomaly, which can be
interpreted as an asthenosphere updoming (a lithosphere
thinning), mapped there also, for instance by Babuska
and Plomerova (2001) and derived by Heuer (2006) and
Geissler et al. (2010) from receiver function studies.
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2.2. Mapping of seismic anisotropy

Seismic anisotropy provides key information to our
understanding of tectonic fabric of the lithosphere—as-
thenosphere system (Babuska and Cara 1991). Thanks
to systematic preferred orientation of olivine crystals and
their elastic anisotropy, the mantle lithosphere exhibits
a consistent large-scale seismic anisotropy of domains
in dimensions of several hundred kilometres (Babuska
and Plomerova 2006, for review) observed in directional
variations of longitudinal-wave velocities and in shear-
wave splitting. Teleseismic shear-wave splitting, the
analogy of the light birefringence, is generally considered
as a proof of the upper mantle anisotropy, and represents
the most common method to study the seismic anisot-
ropy (see, e.g., Savage 1999, for review). The presence
of seismic anisotropy, as an almost ubiquitous property
of the mantle, is now documented by extensive sets of
data from temporary arrays of seismic stations covering
a large variety of tectonic settings. We use two meth-
ods to evaluate anisotropic parameters of body waves.
Directional variations of the parameters we then invert
to retrieve 3D anisotropic self-consistent models of the
mantle lithosphere (Sileny and Plomerova 1996).

If seismic waves propagate through anisotropic media
(Fig. 2), we record early arrivals (negative residuals)
for waves propagating in high-velocity directions and
delayed arrivals (positive residuals) for waves propagat-
ing in low-velocity directions. To show the spatial varia-
tions of relative P velocities and to study the P-velocity
anisotropy, we construct for each station a P-residual
sphere showing azimuth-incidence angle dependent
terms (directional terms) of relative residuals in a lower
hemisphere projection. All the calculations are related to
a velocity mean — a directional mean which represents an
isotropic velocity in the volume beneath a station. As the
directional mean forms a reference level in each sphere,
the P spheres can be compared easily, regardless of differ-
ences in the lithosphere thickness, which is the dominant
high-velocity heterogeneity in the uppermost mantle and
affects the station means. To reduce effects due to sedi-
ments and variable crustal thickness and velocities, we
apply crustal corrections derived from results of deep
seismic soundings and receiver function analysis in the
first step of calculations, i.e., in computing the absolute
P residuals as differences between the observed travel
time and the travel time calculated according to a refer-
ence radial Earth model. We have used the IASP91 Earth
model (Kennett 1991). For details of the method we refer
to, e.g., Babuska and Plomerova (1992).

Similarly to other regions, also in the BM we often
observe the so-called ‘bipolar’ pattern of the P spheres,
where negative directional terms consistently prevail in
one half of the hemisphere, while positive ones dominate

in the other half. Relating the early and delayed arrivals
with the high- and low-velocity directions, we interpret
such bipolar pattern in the P spheres as a result of propa-
gation through a dipping olivine fabric of the mantle
lithosphere and model them by peridotite aggregates with
dipping foliations (b-axis models) or lineation (a-axis
models; for details see Babuska et al. 2008).

The P-sphere patterns can be affected to some extent
by a presence of crustal anisotropy and by a trade-off
between the anisotropy and velocity heterogeneities. The
trade-off makes it difficult to separate out the respective
contributions and we can rely only on indirect indications.
Sources of seismic anisotropy in the crust (cracks, bed-
ding/lamination of sediments, foliation of metamorphic
rocks) differ from the upper mantle anisotropy, caused
mainly by a large-scale olivine preferred orientation in
large volumes of relatively homogeneous fabrics. Small-
size (relative to seismic wavelengths) varying anisotropy
in the crust behaves as a heterogeneous volume and,
similarly to non-compensated small-size crustal heteroge-
neities (e.g., due to a varying density of rock complexes),
can appear as localized singular distortion in otherwise
smooth pattern of the P spheres. The smooth and consis-
tent pattern of seismic anisotropy can extend laterally up
to several hundreds kilometres. Its change is often linked
with prominent tectonic sutures or dominant faults cutting
the whole lithosphere (Babuska and Plomerova 2006).
Different P-sphere patterns on both sides of a suture often
turns to “no P pattern” right above a suture, as the waves
sample both differently oriented fabrics. It would be dif-
ficult to explain sudden changes of the P-sphere pattern
associated with prominent tectonic boundaries by velocity
heterogeneities in the deep mantle. Such characteristics of
the P spheres described above, along with geographical
and back-azimuth variations of the shear-wave splitting,
allow us to associate the directional velocity variations
with seismic anisotropy of the mantle lithosphere.

Two shear waves propagate within an isotropic medi-
um with identical velocity and no preferred polarization.
When entering an anisotropic medium, such waves sepa-
rate (split) into the fast and slow waves with polarizations
in mutually perpendicular planes. Shear-wave splitting
parameters — fast shear (S) wave polarization and delay
time (6t) of the slow S wave — reflect a strength, sym-
metry and axes orientation of the anisotropic medium. By
analyzing lateral and azimuthal variations of the splitting
parameters and by inverting these variations, jointly with
P anisotropic parameters, we can model a lithosphere
fabric. Joint inversion/interpretation of independent data
(e.g., deviations in travel times, shear-wave splitting,
surface-wave dispersions, receiver functions) reduces a
set of potential models which could explain the observa-
tions and thus favour more realistic solutions (Fouch and
Rondenay 2006; Vecsey et al. 2008).
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Fig. 2 Schematic block-diagram showing principles of the 3D modelling of seismic anisotropy from a directional dependence of relative residuals
of longitudinal (P) waves and from shear-wave (SKS) splitting. Both types of waves atrive at seismic stations from teleseismic distances. Seismic
anisotropy in the asthenosphere can be related to systematic orientation of olivine due to a slow sub-horizontal flow. Two domains of the mantle
lithosphere, separated by a suture cutting the entire lithosphere, are characterized by differently oriented anisotropic fabrics approximated by oli-
vine aggregates of hexagonal (left, (a,¢) is the plane of high P velocities), or orthorhombic symmetry (right, axis a is the high-velocity direction).
Strength of velocity anisotropy is derived from the fabric of peridotite xenoliths (see, e.g., Ben Ismail and Mainprice 1998). The anisotropy orien-
tation and its symmetry are modelled by a joint inversion of body-wave anisotropic parameters. The diagrams above schematically show anisotro-
pic parts of P residuals in a lower-hemisphere projection. Relative high-velocity directions (blue arrows) project as early P arrivals (negative resi-
duals, blue) and relative low-velocity directions (red arrows) as delayed P-arrivals (positive residuals, red). The P residual is a difference between
aa observed travel time and a theoretical travel time calculated for a standard radial Earth model.

Babuska et al. (2008) analysed splitting of shear-waves
on recordings of about 130 earthquakes with magnitude
larger than 5.6 at epicentral distances larger than 85°
with respect to the centre of the BOHEMA array. The
selected waveforms have a large signal/noise ratio and
well separated shear phases. The shear-wave splitting was
evaluated with code SPLIT (Vecsey et al., 2008) based on
a 3D approach by Sileny and Plomerova (1996). Shear-

wave splitting analysis detected only small but systematic
changes of the prevailingly E-W fast split polarizations
over the whole western BM with average delay times of
1.2 s (Fig. 3). On the other hand, the P-velocity anisotropy
has recognized three distinctly different orientations of
fabrics in the mantle lithosphere of the three tectonic units
— the Saxothuringian (ST), Moldanubian (MD) and Tepla—
Barrandian (TB) (Plomerova et al. 2007). The ST pattern
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Fig. 3 Conformity of the observed and synthetic shear-wave splitting calculated for the aggregates represented by velocities in the lower hemisphere
projection and by the symmetry axes. Orientations of the aggregates were retrieved by inversions of the P-residual spheres (the spheres with sym-
bols, where red circles — positive terms of the relative residuals — mark the low-velocity directions of wave propagation and blue triangles — ne-
gative terms — stand for the high-velocity directions of propagation relative to a velocity mean. Black crosses mark directions with residual terms
close to zero, in interval (-0.1s, 0.1s). The conformity is expressed as a difference between the observed and synthetic fast shear-wave polarizati-
on azimuths. The observed fast shear-wave azimuths ® and split delay times 8t (thick arrows — good evaluations, thin arrows — fair evaluations),
coloured according to the conformity, are shown for the broad-band stations (for details see Babuska et al. 2008). The orientations of the hexago-
nal b-axis model (left) explain well directional variations of the splitting within the Saxothuringian (ST) and Moldanubian (MD), while this sym-
metry fails to explain the splitting at stations located above the Tepla—Barrandian (TB) mantle lithosphere. On the other hand, the hexagonal a-axis
model (right) fits the polarizations at the three TB stations, while it fails to model the observations at stations in the ST and MD. The dashed lines
approximate the TB mantle domain boundaries, which are north-westerly shifted (dashed double arrows) relative to the crustal boundaries of the

units and indicate a possible thrusting of the MD mantle lithosphere beneath the south-eastern rim of the TB.

exhibits the negative residuals for northern propagation
directions, the MD pattern is characterized by negative
residuals (relatively high-velocity directions) for southern
propagation, and the TB pattern by negative residuals for
waves arriving from NE-SE (Fig. 3). We have modelled
fabrics of the mantle lithosphere of the three units by pe-
ridotite aggregates of hexagonal symmetry with easterly
dipping lineations a (TB) and divergently dipping folia-
tions (a,c) (to the N-NW in the ST, to the S—-SW in the
MD). Such self-consistent 3D anisotropic models result
from inversion and joint interpretation of the P residual
spheres and shear-wave splitting synthetics. The resolved
fabrics are compatible for the two independent datasets of
anisotropic parameters (Babuska et al. 2008).

3. Tectonic predisposition of the Ohre
(Eger) Rift

During the Variscan orogeny the lithosphere of the BM
was assembled by collisions of independent blocks (e.g.,

Franke 2006), which apparently retained in the mantle
lithosphere their olivine fabric that predated incorporation
of these microplates into the Variscan Orogen (Babuska
and Plomerova 2006). Moreover, during the post-orogen-
ic re-equilibration of the lithosphere/asthenosphere sys-
tem, the mantle lithosphere was not significantly thinned
and thus preserved its olivine fabric. This is compatible
with limited Mesozoic subsidence of the BM.

Most papers dealing with the process of rifting accept
that tectonic forces are insufficient to disrupt continental
lithosphere, unless the lithosphere has been weakened
prior to rifting (e.g., Bailey and Wooley 1999). Also the
essentially Miocene ER is superimposed on the Variscan
suture zone between the ST in the north and the TB/
MD in the south. This suture has been identified on the
basis of both geological (Jindfich 1971; Kopecky 1978;
Franke et al. 1995; Zulauf et al. 2002) and geophysical
(Krawczyk et al. 2000; Svancara et al. 2000; Sramek
2001) data. The very complex crustal structure beneath
the westernmost part of the graben structure of the ER
is reflected in a large variability of interpretations and
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in changes of Moho depths which vary (depending on
the used method due to their different sensitivity on
various physical parameters) from c. 27 km beneath
the CHB (Geissler et al. 2005; Heuer 2006) to ¢. 33 km
(Hrubcova et al. 2005), or even 35 km in the near sur-
roundings (Grad et al. 2008). To explain the complexity
of the crust, already Tomek et al. (1997) suggested on the
basis of the 9HR deep seismic reflection profile that the
middle and lower crust of the Saxothuringian Terrane is
thrust beneath the TB crust. Positions of the boundaries
of the ST, TB and MD units mapped on the surface and

Fig. 5 Lithosphere cross-section along Profile A-B (see Figs 4 and 6 for
location) showing three mantle lithosphere fabrics derived from seis-
mic anisotropy. Anisotropic structure of the mantle lithospheres (Plo-
merova et al. 1998; Babuska et al. 2008) is approximated by peridotite
aggregates with strength of P anisotropy ~ 6 % and with the high-ve-
locity a axis dipping to the E (in the TB), or with the high-velocity
(a,c) foliation plane dipping to the NNW (in the ST), or to the S (in the
MD). The velocity distribution is presented in polar projections of the
lower hemisphere, blue — high velocity directions (max. v, = 8.6 km/s),
red — low velocity directions (min. v, = 7.8 km/s). KHF — Kru$né Hory
Fault, PMS — Paleozoic Metasediments, ECC — Erzgebirge Crystalli-
ne Complex, KU — Kladska Unit, MLC — Marianské Lazné¢ Complex.
Underthrusting of the ST crust is according to Tomek et al. (1997) and
the Bouguer anomalies are after Sramek (2001).

their upper-mantle equivalents, as identified by different
directional dependences of P-wave velocities (Fig. 4)
indicate a detachment of the rigid upper crust from the
lower crust and the mantle lithosphere (Plomerova et al.
2007) and a very complicated geometry of the boundaries
of the units (Babuska and Plomerova 2008).
Occurrences of Cenozoic sediments and volcanics
in Bavaria (e.g., Kdmpf et al. 2005) clearly indicate a
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Fig. 6 Geological map of the ST-TB-MD junction simplified from
Kachlik (1997), Zulauf et al. (2002), Ml¢och (2003) and Schunk et al.
(2005). Saxothuringian: ECC — Erzgebirge (Krusné hory) Crystalline
Complex, DU — Dylen Unit, HSU — Horni Slavkov Unit, KU — Kladska
Unit; Tepld-Barrandian: MLC — Marianské Lazné Complex; MD —
Moldanubian. Variscan granitoids: SP — Smrciny (Fichtlgebirge) Pluton,
KVP — Karlovy Vary Pluton, 7P — Zandov Pluton, BP — Bor Pluton,
TP — Tirschenreuth Pluton. CHB — Cheb Basin, SB — Sokolov Basin.
KHF — Krusné Hory Fault, MLF — Marianské Lazné Fault, PF — Plesna
Fault (Schunk et al. 2005). Quaternary volcanoes: KH — Komorni hir-
ka and ZH — Zelezna hiirka. The dashed contours show the crust thin-
ning to less than 30 km (outer curve) and to 28 km (inner curve) bene-
ath the Cheb Basin (Heuer 2006).

continuation of the ER to the south-west, where the rift
signatures developed above the ST/MD contact, but
without a significant Ohfe graben-like structure on the
surface. Babuska et al. (2010) suggested that, unlike
the sharp contact of the ST and TB mantle lithospheres
east of the CHB, the ST/MD mantle junction in NE
Bavaria is a complex transition of both units extending
to about 150 km toward the south from their surface
boundary (Babuska and Plomerova 2001). Though the
ST/MD contact is also marked by lithosphere thinning

(Plomerova et al. 1998), similar to that beneath the ER
proper east of the CHB (Fig. 1), the asymmetric graben
morphology (e.g., Grygar et al. 2006) did not develop
above the broad slanting contact of both units.

A model lithosphere section perpendicular to the west-
ern ER shows the observations of lateral changes of the
anisotropy patterns, together with major geological fea-
tures and changes in the surface topography and Bouguer
gravity anomalies (Fig. 4). In the regional gravity field,
the ST/TB suture is characterized by a strong gradient
between the distinctly negative gravity field of the ST
and only slightly negative or even positive gravity field
of the TB (Plaumann and Svancara 1996). The contact
of both units is marked by a chain of local positive grav-
ity anomalies, which start from the MLC and continue
to the NE (Sramek 2001). The crustal structure (Fig. 6)
reflects the abrupt change of the mantle fabrics. The area
of the TB adjacent to the suture represents a Variscan
inclined crustal section (Zulauf et al. 1997). During the
Early Viséan (~340 Ma), a significant vertical uplift of
more than 10 km in the NW segment resulted in the jux-
taposition of upper-crustal rocks of the TB unit against
lower-crustal rocks of the Ohfe Crystalline Complex
(Zulauf et al. 2002).
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Fig. 7 Tectonic sketch showing a present-day situation of the “T (trip-
le) junction” of the mantle lithosphere domains representing most pro-
bably remnants of three microplates assembled during the Variscan oro-
geny. From the point of geodynamics the junction at the northwest tip
of the Tepla—Barrandian microplate is the most active part of the Bo-
hemian Massif with the Novy Kostel swarm area marked by the black
dot (see also Fig. 8). Stress orientation in the uppermost crust is accor-
ding to Miiller et al. (1992). For abbreviations see caption to Fig. 6.
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Divergently dipping fabrics of the ST and MD mantle
lithospheres were recognized throughout the whole BO-
HEMA array (Plomerova et al. 2007) and also modelled
in the westernmost rim of the BM in Bavaria (Plomerova
et al. 1998), where both units juxtapose each other. The
most prominent feature of the lithosphere section is the
location of the CHB and the western ER above the tran-
sition between the ST and TB mantle lithospheres. The
“mantle triple junction” has a shape of capital T, with the
ST mantle lithosphere to the north and the mantle litho-
spheres of the MD and TB units to the south-west and
south-east from their mantle boundary (WBSZ, Fig. 7)
projected into the MLF-KHF intersection on the surface.

4. Discussion

4.1. Mantle control of the Saxothuringian—
Tepla-Barrandian microplate boundary
deformation

Our previous results (Plomerova et al. 2005, 2007;
Babuska et al. 2008) proved that the TB unit has its
own mantle lithosphere though its thickness is probably
smaller than that of the ST and MD units. A model of
juxtaposition of the three domains of mantle lithosphere,
each bearing a consistent fossil olivine fabric, is shown
in a schematic block-diagram in Fig. 8. The TB, the best
preserved fragment of the Cadomian orogen in central
Europe (Franke 2000), probably played a key role in the
plate-tectonic development of the region as a median
massif between the ST and MD units intervening during
the Variscan orogeny from opposite sides (Franke 2006).
The mantle boundary between the TB and the ST, and its
crustal equivalent rimmed with mantle rocks (Ml¢och
2001), represent a Variscan suture later copied by the
ER. Previously Kopecky (1986) suggested that the ER
developed by Alpine remobilization of an older hetero-
geneity in the deep crystalline basement. We also showed
that the late Variscan mantle transition between the ST
and TB units is characterized by a lithosphere thinning
to ~80-90 km (Plomerova et al. 1998; Babuska and
Plomerova 2001). However, the crystalline basement of
the western ER belongs to the ST unit (Tomek et al. 1997;
Milcoch 2003; Mlcoch and Konopasek 2010), which is in
allochtonous position above this mantle transition.

It is generally accepted that after a complete subduc-
tion of the ST oceanic lithosphere, the process continued
by a continental collision accompanied by subduction and
a subsequent exhumation at the north-western margin
of the TB unit (Babuska et al. 2010). The MLC and its
equivalent beneath the Doupovské hory Mts. (Mlcoch
2003), both being thrust over the ST crust, indicate a
collision of the two plates with a complicated shape of

their margins. Both high-grade metamorphic complexes
represent a mixture of ¢. 540 Ma oceanic rocks juxta-
posed at depth with lower-crustal rocks of the structur-
ally overlying TB unit (Tomek et al. 1997; Timmermann
et al. 2004). We can speculate that the subducting ST
microplate was colder and stronger than the overriding
TB plate, which was tilted to the SE exposing deeper
crustal levels at the ST/TB collision zone (Zulauf et al.
1997). However, in both plates rigid parts of the crust
were detached from the mantle, which was probably
“welded” in ‘crocodile-type’ intercalations of both mantle
lithospheres.

There are at least three observations indicating the
crust/mantle detachment in the western ER. First, it is
documented by ~25 km shift between the ST/TB boundary
mapped on the crystalline surface and its mantle counter-
part (Plomerova et al. 2007 and Fig. 4). It is interesting to
note that Kachlik (1997) estimated a thrust movement of
the MLC over the Kladska Unit (KU, Fig. 6) for at least
25 km. The second indication is in the crustal section de-
rived from the 9HR refraction profile (Tomek et al. 1997;
Svancara and Chlupacova 1997, also Fig. 8), where the
ST crust is thrust beneath the TB crust to a distance of
about 100 km, southward of the northern rim of the MLC.
Third, detachments of rigid pieces of the upper crust are
also reflected in the thin-skinned tectonics documented
by the Zone of Erbendorf—Vohenstrauss (ZEV). Tectonic,
petrological and geochronological features of the ZEV are
directly comparable with those of the TB unit (O’Brien
1997) situated about 50 km eastward.

Laminated lower crust revealed by refraction/reflec-
tion profiling in the western BM, and mostly in its ST
part (DEKORP Research Group 1994; Hrubcova et al.
2005), supports such detachment along a ductile zone in
the lower crust, observed also in several west European
regions (Miiller et al. 1997). The latter authors suggest
that a weak constant shear stress develops in the lower
crust due to a differential velocity of the motion be-
tween the brittle upper crust and the mantle lithosphere.
The model of the crust, which was decoupled from the
mantle, implies to some extent an independent tectonics
of both parts of the present-day lithosphere of the western
BM. On the other hand, the present geodynamic activity
indicates that both layers intimately link via reactivated
Variscan boundaries.

The periodic occurrence of earthquake swarms
(Horalek and Fischer 2008) and neotectonic crustal
movements (Bankwitz et al. 2003; Schunk et al. 2005)
indicate that the crust deformation continues even nowa-
days. It is interesting to note that almost all earthquakes
in the western BM occur within the ST crust (Figs 6 and
8) and are located within a small focal area near Novy
Kostel (Babuska et al. 2007). About 90 % of seismic en-
ergy estimated for a period 1991-1999 by Horalek et al.
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Fig. 8 Schematic cartoon showing the near surface geology (see Fig. 6 for explanation of symbols) and deep tectonics of the western Bohemian
Massif. Model structure of the mantle lithosphere is based on observations of seismic anisotropy (Plomerova et al. 2007; Babuska et al. 2008).
The lateral transition in the mantle indicates the boundary zone between the Saxothuringian (ST) and Tepla—Barrandian (TB) mantle lithospheres.
Thicknesses and shapes of the MLC, SP and ZP are according to Tomek et al. (1997), Hecht et al. (1997) and Blecha et al. (2009). Black dots are
earthquake foci according to Fischer and Horalek (2003), the brittle-ductile transition in the crust (the dashed curve) follows the deepest foci of
the earthquake swarms. Note that the earthquake foci are located mainly in the Ohfe (Eger) Rift flanks and only in the ST crust, which is thrust

over the ST/TB mantle transition and under the TB crust.

(2000) for the whole seismically active part of the Vogt-
land/western BM was released in the Novy Kostel area
situated above the ST/TB mantle transition (Fig. 6), near
the crossing of the KHF and the MLF. These faults rep-
resent the crustal expression of the ST/TB mantle suture
and the NNW oriented MD/TB mantle boundary (Fig. 4).
The long-term crustal deformation of the area is also indi-
cated by a higher metamorphic grade of the block situated
eastward of Novy Kostel (uplifted by at least 1 km, J.

Fiala, pers. comm. 2005). Similarly, major emanations
of mantle-derived fluids (CO, and helium, Bréuer et al.
2005; Babuska and Plomerova 2008) concentrate within
the CHB situated above the mantle T-junction (Fig. 7).
Therefore, we can assume that the mantle boundaries of
the microplates, assembled during the Variscan orogeny
and rejuvenated in the Cenozoic, most probably control
the present-day geodynamic activity in the region, regard-
less the ST crust thrust over.
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4.2. Close spatial relationship between
mantle sutures and magmatism

4.2.1. Variscan magmatism

In this part we focus on locations and orientations of
granitoid massifs in the western BM in relation to the
previously described mantle boundaries. Petford et al.
(2000) studied 3D geometries of granitic plutons and
concluded that they mostly appear as flat-lying to open
funnel-shaped structures with central or marginal feeder
zones with a small number of conduits. This is also true
for the major body of the Late-Variscan Smréiny (Fich-
telgebirge) Pluton (SP in Fig. 6), which was emplaced
along the WSW continuation of the Krusné Hory Fault
(KHF) above the ST/MD mantle suture and from a feeder
channel situated near the KHF/MLF crossing (Hecht et
al. 1997), located directly above the mantle T-junction
(Figs. 6 and 7). Also the Zandov Pluton (ZP) and the
Bor Pluton (BP) seem to be closely related to the MLF
and to the West-Bohemian Shear Zone (WBSZ, see also
Siebel et al. 1999; Zulauf et al. 2002), where we map the
mantle boundary between the TB and MD units (Fig. 4).
We expect that several seismic stations newly installed in
Bavaria above the TB/MD mantle junction will provide
additional data for constraining a course of this mantle
boundary and help to clarify a relation of both parallel
fault zones (WBSZ and MLF).

Blecha et al. (2009) examined from gravity data the
shape of the Late-Variscan Karlovy Vary Pluton (KVP)
and of the Zandov Pluton, called by the authors as the
Lesny-Lysina (Kynzvart) Massif, separated from the
KVP. Such separation can be explained by different ways
of magma supplies. The ZP is located near the MLF and
the mantle T-junction, which may have served as ascent
paths for granitic magmas. On the other hand, Blecha et
al. (2009) deduced from the elongation of the outcrop-
ping granite bodies of the KVP, that magma conduits may
have been identical to, or parallel with, the Jichymov
Fault, paralleling the MLF at about 50 km eastward, and
in the southern part of the KVP with the ER. By analogy
with the KVP, Weinberg et al. (2004) pointed out that
‘en cornu’ shaped plutons in north-eastern Brazil were
particularly emplaced where regional-scale shear zones
intersect major lithological boundaries. Our suggestion
of the mantle boundaries as major magma feeders is in
accord with the models of emplacement of granite plutons
(Petford et al. 2000; Cruden 2006; Blecha et al. 2009) by
successive additions of sheet-like intrusions in repeated
magma pulses.

Though we do not discuss the Krusné hory granite
Batholith which is outside the area covered by the pres-
ent study, it is worth mentioning that Kovarikova et al.
(2007) pointed out an importance of the mantle compo-

nent in the intrusions forming this batholith, as well as
a significant role of mantle-derived mafic magmas in
heating of the sources of granitic melts. Also Siebel et
al. (2003) found that mantle-related magmatism in NE
Bavaria postdated the final convergence stage of the
Variscan orogen (see also Finger et al. 2009).

4.2.2. Alkaline magmatism

Because the teleseismic tomography down to 250 km
did not image any distinct heterogeneity which could be
interpreted as a narrow mantle plume (Plomerova et al.
2007), the asthenosphere became a major candidate as a
potential source of the Cenozoic volcanism in the western
BM. This has been confirmed by Haase and Renno (2008)
who observed no systematic changes in compositions of
Cenozoic lavas across the lithospheric boundaries in the
area of the western ER and concluded that the astheno-
sphere was the most common magma source. Wilson and
Downes (2006) suggested that in general, melt generation
in the asthenosphere and at the base of the lithosphere is a
consequence of decompression partial melting, triggered
by upwelling of the lithosphere—asthenosphere transition.
In the western ER both the lithosphere (Plomerova et al.
1998; Plomerova and Babuska in press) and the crust
(Geissler et al. 2005; Heuer 2006) are thinned to about
80 km and 27 km, respectively.

The asthenospheric origin of melts also indicates that
the flux channels are obviously interconnected through
the whole lithosphere. For alkaline magmatism and the
present-day “post-volcanic” phenomena in the western
BM, permissive release of a heat and materials flux from
the asthenosphere is the essential factor. The flux is prob-
ably easily channelled to relatively narrow zones along
the boundaries of mantle lithosphere. The largest flux of
the mantle CO, is observed in the Cheb Basin directly
above the mantle T-junction (Babuska and Plomerova
2008 and Fig. 8).

Two Quaternary volcanoes — Komorni hurka and
Zelezna hiurka (KH and ZH in Fig. 6), which are situ-
ated above the T-junction of the mantle lithospheres, are
located along the mantle boundary between the TB and
MD expressed on the surface by the WBSZ. Location
of the volcanoes suggests that the junction was a major
zone of weakness providing open channels for ascend-
ing magmas (Babuska and Plomerova 2008). Also in the
French Massif Central a mantle suture, hidden beneath an
allochtonous crust and reactivated during the Cenozoic
extension of the thinned lithosphere, provided a space for
major volcanism (Babuska et al. 2002).

In a broader European context, Wilson and Downes
(2006) suggested that boundaries between east—west trend-
ing terranes (Rhenohercynian, Saxothuringian, Molda-
nubian) may be regions of anomalously thin, irregular
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or weak lithosphere. Such deep, laterally persistent fault
zones appear to have exerted a significant control on the
location of subsequent Cenozoic magmatism, possibly act-
ing as pathways for magma ascent through the lithosphere.

4.3. Deep-seated predisposition of
sedimentary basins

Location of sedimentary basins of the western ER also
indicates a possible influence of the deep lithosphere
structure on basin formation (Babuska et al. in press). We
suggest that a better knowledge of the mantle structure
can contribute to the understanding of why a basin origi-
nated at a particular place and developed in a certain way.

The asymmetric Cheb Basin (CHB), which is super-
imposed on the western limit of the graben part of the
ER (Figs 4 and 6), formed during the Pliocene and early
Pleistocene (4.5-1.5 Ma) (Spi¢akova et al. 2000) by re-
activation of the intersecting fracture systems of the ENE
trending Krusné Hory Fault (KHF) and the NNW tren-
ding Marianské Lazné Fault (MLF). This intersection is
above the T-junction of the ST, TB and MD mantle li-
thospheres (Plomerova et al. 2007). The eastern margin
of the CHB is defined by the northern part of the MLF
along which the depot centre of the basin developed.
The CHB belongs to the ER, but it lies outside the mor-
phologically distinct graben structure of the rift (Fig. 6).
Babuska et al. (2010) suggested that this is because the
graben has developed above the mantle suture between
the ST and TB units, while the CHB position was prede-
stined by the crustal and lithosphere thinning above the
“triple junction” of the ST/TB/MD mantle lithospheres.
The NNW striking WBSZ, as a deep boundary between
the TB and MD mantle lithospheres in the western BM
(Plomerova et al. 2007), and the sub-parallel MLF pro-
bably played a very important role in the CHB develo-
pment. The MLF forms the ENE limit of the CHB, but
it finds no morphological expression of its zigzag cour-
se above the ST-TB mantle transition zone. On the other
hand, the MLF is straight with escarpments expressed
in 200-400 m heights above the flanks of this transition
(Schunk et al. 2005 and Fig. 6), i.e., above the rigid rims
of the ST and TB mantle lithospheres.

5. Conclusions

Boundaries of the mantle lithosphere domains with con-
sistent fabrics play important role in the crust architecture
and the present-day geodynamic activity. This paper re-
views most of our research on the deep lithosphere struc-
ture in the western part of the Bohemian Massif (BM).

* Mapping the three-dimensional seismic anisotropy of
the mantle lithosphere from anisotropic parameters

of teleseismic body waves, shear-wave splitting para-
meters and directional terms of P residuals, identified
three mantle domains in the western BM. Their boun-
daries are delimited by a change in orientation of seis-
mic anisotropy, consistent within the individual doma-
ins. The observed anisotropy reflects a fossil olivine
preferred orientation which most probably formed pri-
or to the Variscan assembly of the originally separa-
ted microplates — the Saxothuringian (ST), Moldanu-
bian (MD) and Tepla—Barrandian (TB).

The mantle boundaries are locally shifted from their
surface counterparts indicating thus a crust/mantle de-
tachment. The part of the Ohie (Eger) Rift (ER) cha-
racterized by the graben morphology developed abo-
ve the steep lithosphere-scale Variscan suture between
the ST and TB mantle domains. Unlike this sharp and
steep suture, the ST/MD mantle contact in NE Bava-
ria is an inclined southward dipping transition. This is
probably a reason why the typical graben morpholo-
gy did not develop in the SW continuation of the ER,
though some Cenozoic sediments and volcanic rocks
indicate a continuation of the rift structure south-west
of the Cheb Basin (CHB).

The most distinct effects of the deep lithosphere on the
near surface tectonics seem to be found above the T-
shape mantle ‘triple junction’ separating the ST mant-
le lithosphere from the MD and TB mantle lithosphe-
res situated to the southwest and the southeast, respe-
ctively. Due to a Cenozoic rejuvenation of this juncti-
on, the area is from the point of geodynamics the most
active part of the BM.

Architecture of the mantle lithosphere probably plays
important role also in the location of the late-orogenic
granitoid massifs. The boundaries of the accreted litho-
spheric blocks may have acted as magma feeders pro-
viding successive additions of sheet-like intrusions in
repeated magma pulses. The feeder of the major part of
the Smréiny (Fichtelgebirge) Pluton located at the cros-
sing of the Kru$né Hory and Marianské Lazn¢é faults
above the mantle T-junction can serve as an example.

The seismic tomography did not reveal a narrow plu-
me in the upper mantle as a possible source of the
Cenozoic volcanism in the region. Therefore, the
asthenosphere upwelling in the western ER is the most
probable source of magmas which may be channelled
to the surface along partly open boundaries of the li-
thospheric blocks. The two Quaternary volcanoes (Ko-
morni hirka and Zelezna hiirka; KH, ZH in Fig. 6) and
the major present-day emanations of large volumes of
mantle gases are located above the mantle T-junction.
Though the Cheb Basin is situated within the ST crust,
it developed above the mantle T-junction, outside the
morphologically distinct ER graben.
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* We have suggested that the sublithospheric mantle of
the western BM could have acted as major provider
for heat and partial melts tapped by boundaries of the
lithospheric microplates. The mantle boundaries of in-
dividual blocks represent weakened zones and partly
open conduits into the crust and to the surface. The-
refore, several phenomena often vaguely described as
intraplate, like the magmatism, volcanism and ear-
thquakes, can be directly linked with healed up paleo-
plate boundaries. This finding may also apply to other
continental regions.
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