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A lifetime of the Variscan orogenic plateau from uplift to collapse
as recorded by the Prague Basin, Bohemian Massif
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Abstract – The Ordovician to Middle Devonian Prague Basin, Bohemian Massif, represents the shal-
lowest crust of the Variscan orogen corresponding to c. 1–4 km palaeodepth. The basin was inver-
ted and multiply deformed during the Late Devonian to early Carboniferous Variscan orogeny, and
its structural inventory provides an intriguing record of complex geodynamic processes that led to
growth and collapse of a Tibetan-type orogenic plateau. The northeastern part of the Prague Basin
is a simple syncline cross-cut by reverse/thrust faults and represents a doubly vergent compressional
fan accommodating c. 10–19 % ∼NW–SE shortening, only minor syncline axis-parallel extension
and significant crustal thickening. The compressional structures were locally overprinted by vertical
shortening, kinematically compatible with ductile normal shear zones that exhumed deep crust in the
orogen’s interior at c. 346–337 Ma. On a larger scale, the deformation history of the Prague Syncline
is consistent with building significant palaeoelevation during Variscan plate convergence. Based on
a synthesis of finite deformation parameters observed across the upper crust in the centre of the Bo-
hemian Massif, we argue for a differentiated within-plateau palaeotopography consisting of domains
of local thickening alternating with topographic depressions over lateral extrusion zones. The plat-
eau growth, involving such complex three-dimensional internal deformations, was terminated by its
collapse driven by multiple interlinked processes including gravity, voluminous magma emplacement
and thermal softening in the hinterland, and far-field plate-boundary forces resulting from the relative
dextral motion of Gondwana and Laurussia.

Keywords: basin inversion, Bohemian Massif, continental collision, gravitational collapse, orogenic
plateau, Teplá–Barrandian Unit

1. Introduction

Spatial and temporal variations in style and intens-
ity of deformation of orogenic upper crust, also re-
ferred to as the orogenic ‘lid’ or ‘suprastructure’, have
long been recognized as an important marker of evol-
ution of collisional orogenic belts (e.g. de Sitter &
Zwart, 1960; Zwart, 1967; Murphy, 1987; Culshaw,
Beaumont & Jamieson, 2006; Jamieson & Beaumont,
2013). Recently, several end-member models of col-
lisional orogens have been postulated on the basis
of integration of geophysical, petrological and struc-
tural data with numerical and analogue modelling,
making specific predictions as to how the upper oro-
genic crust should internally deform and/or be vertic-
ally and horizontally displaced during plate conver-
gence (e.g. Beaumont, Hamilton & Fullsack, 1996;
Beaumont et al. 2001; Lister & Foster, 2009; Beau-
mont, Jamieson & Nguyen, 2010; Graveleau, Malavie-
ille & Dominguez, 2012; Vanderhaeghe, 2012; Jam-
ieson & Beaumont, 2013; Bajolet et al. 2015). This
issue has been extensively debated in the case of the
still tectonically active Tibetan Plateau, where several
competing models were formulated (see, e.g., Yin &
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Harrison, 2000; DeCelles, Robinson & Zandt, 2002;
Johnson, 2002; Royden, Burchfiel & van der Hilst,
2008; Searle et al. 2011; Styron, Taylor & Murphy,
2011; Lease et al. 2012; Li et al. 2015; Zuza, Cheng &
Yin, 2016 for overviews and discussions) invoking (1)
distributed moderate shortening and vertical thicken-
ing of the whole lithosphere, (2) intracontinental sub-
duction with significant shortening and thickening of
the overriding upper plate, (3) continental underthrust-
ing with no internal shortening but uplift of the over-
riding plate as a rigid body, and (4) plateau uplift sup-
ported by mid- to lower-crustal channel flow without
internal deformation of the upper crust. These mod-
els show that the three-dimensional deformational his-
tories of orogenic plateaus are likely to be complex,
with a variable proportion of crustal shortening, thick-
ening and surface uplift, and lateral extrusion. Import-
antly, the magnitude and spatio-temporal migration of
upper-crustal shortening should reflect, and may thus
be used to decipher, deeper processes that shaped the
orogen on a lithospheric scale. Another interesting is-
sue in this context is how the intrinsic properties of
the upper crust, such as its pre-collisional thickness,
tectonic inheritance and thermal–mechanical proper-
ties influence (and complicate) the finite deformation
pattern.
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The potential of the upper crust to record collisional
processes on a lithospheric scale is particularly appeal-
ing in ancient orogenic belts. Owing to a late-stage iso-
static re-equilibration, large portions of these ‘fossil’
orogens are made up of the exhumed lower to middle
crust (‘infrastructure’) where the early structural re-
cord of plate convergence has been pervasively oblit-
erated and thus the amount of crustal shortening is dif-
ficult to evaluate. Hence, the preserved upper-crustal
fragments may provide the missing key information on
the development of an orogen.

The Variscan orogen of Western and Central Europe
is an excellent setting to examine the upper-crustal re-
sponse to plate convergence and collisions (Fig. 1a).
The orogen developed as a broad collision zone dur-
ing protracted convergence of the northerly Laurus-
sia (Old Red Continent) and southerly Gondwana su-
percontinents, at the expense of the Rheic Ocean and
other minor oceanic domains, resulting in the as-
sembly of Pangaea during Late Palaeozoic times (see,
e.g., Winchester, 2002; Franke, 2006, 2014; Kroner
& Romer, 2013; Stampfli et al. 2013 for reviews).
In terms of dimensions, kinematics, thermal regime
and overall evolution, the Variscan belt is broadly
comparable to the modern Alpine–Himalayan system
(e.g. Dörr & Zulauf, 2010; Maierová et al. 2016 and
references therein). As the Variscan belt had under-
gone a complete orogenic cycle from initial conver-
gence to post-convergent collapse, it could also be
used to predict the fate of the still active orogens in
the geologic future. Indeed, a vigorous debate has re-
cently centred on the evolution of palaeotopography
in the Variscan belt during Devonian to Carbonifer-
ous times. Two main opposing views suggest either
the presence of a high-elevation Tibetan-style plateau
(e.g. Becq-Giraudon, Montenat & Van Den Driessche,
1996; Zulauf et al. 2002; Dörr & Zulauf, 2010, 2012)
or generally low topography except for narrow strongly
deformed belts within the orogen (e.g. Franke, 2012,
2014). This issue has been hotly debated and, in the
light of the preceding discussion, may be addressed by
analysis of finite deformation patterns of the Variscan
upper crust.

Excluding the extensive foreland basins, only a
few smaller fragments of upper crust have been pre-
served along the Variscan belt (Ossa Morena, North-
ern Armorican Massif, Saxothuringian Unit, Teplá–
Barrandian Unit; Fig. 1a). This study examines the
Teplá–Barrandian Unit, Bohemian Massif (Fig. 1b),
the easternmost of these upper-crustal fragments po-
sitioned in a hangingwall with respect to the sur-
rounding, mostly high-grade metamorphic complexes
(Fig. 1b). We concentrate on the central portion of the
Teplá–Barrandian Unit where its low-grade Cadomian
basement is unconformably overlain by the Ordovician
to Middle Devonian volcano-sedimentary successions
of the Prague Basin (Fig. 1b). In terms of palaeodepth,
the basin represents the shallowest crust within the
Variscan orogen and is superbly exposed, allowing rig-
orous analysis of its architecture and deformation. As

modern systematic structural studies are lacking, we
first characterize folds and faults in this basin in de-
tail, estimate the amount of finite shortening and syn-
thesize our data into a new tectonic model. We then
interpret the tectonic evolution of the Prague Basin
and evaluate the bulk three-dimensional deformation
of orogenic upper crust in the Bohemian Massif. Fi-
nally, we discuss the broad implications of our model
for the evolution of palaeotopography, crustal thicken-
ing and collapse during the Variscan orogeny.

2. Development and stratigraphy of the Prague Basin

The Prague Basin developed on top of the pervas-
ively deformed Cadomian (late Neoproterozoic to
early Cambrian) accretionary wedge and also overlaps
middle to late Cambrian continental–marine basins
and late Cambrian volcanic complexes (Figs 1b, 2; e.g.
Havlíček, 1980, 1981; Štorch, Fatka & Kraft, 1993;
Chlupáč, 1993; Chlupáč et al. 1998; Fatka & Mergl,
2009 and references therein). Altogether, these units
formed at the northern margin of West Gondwana dur-
ing protracted oceanic subduction and record a con-
tinuum of processes involving growth of an active
plate margin and its decay and inversion to a volcanic
passive margin during ∼650–490 Ma (e.g. Dörr et al.
2002; Drost et al. 2004, 2011; Sláma et al. 2008; Fatka
& Mergl, 2009; Hajná, Žák & Kachlík, 2011; Hajná,
Žák & Dörr, 2017). The Prague Basin presumably ini-
tiated as a narrow fault-bounded graben and was inter-
preted as part of the extensive peri-Gondwana passive
margin in the southern realms of the Rheic Ocean (e.g.
Patočka, Pruner & Štorch, 2003; Patočka & Štorch,
2004; Aifa et al. 2007; Žák, Kraft & Hajná, 2013).

The basin is filled with a continuous volcano-
sedimentary marine succession ranging from the
lowermost Ordovician (Tremadocian) to Middle Devo-
nian (Givetian) with a minimum and maximum cu-
mulative thicknesses of c. 1200 and 5100 m (Figs 2–
11; see Chlupáč, 1988; Chlupáč, 1993; Chlupáč et al.
1998; Štorch, Fatka & Kraft, 1993; Fatka & Mergl,
2009 for detailed overviews). The succession consists
of: (1) Ordovician siliciclastic rocks (shales, siltstones,
sandstones; up to ∼3700 m thick in total) interpreted
as cold-water passive-margin, continental shelf depos-
its (e.g. Havlíček, 1982; Fatka et al. 1995; Mikuláš,
1998). Dropstone horizons in the uppermost strati-
graphical levels (Fig. 7f) indicate that the Prague Basin
was within the reach of peri-Gondwana continental
glaciers during Late Ordovician times (Hirnantian;
Štorch, 1986, 1990, 2006; Brenchley & Štorch, 1989).
(2) The Ordovician siliciclastic rocks are conform-
ably overlain by Silurian tuffitic and graptolite black
shales (Fig. 8a), which were deposited in an oxygen-
poor environment and pass upwards into warm-water
carbonates (maximum total thickness of the Silurian is
∼630 m (e.g. Kříž, 1991, 1992; Lehnert et al. 2007;
Manda et al. 2012; Štorch & Frýda, 2012; Frýda &
Frýdová, 2014; Štorch et al. 2016). (3) The carbon-
ate deposition continued across the Silurian–Devonian
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Figure 1. (Colour online) (a) Overview geological map showing basement outcrop areas and principal lithotectonic zones and
sutures of the Variscan orogenic belt in Europe. The Bohemian Massif is the easternmost inlier of the orogen. Upper-crustal
Cadomian basement units (including the Teplá–Barrandian Unit) are highlighted in yellow. Compiled from Winchester (2002)
and Martínez Catalán (2011). (b) Simplified geological map of the Teplá–Barrandian Unit made up of the Cadomian basement,
Cambro–Ordovician igneous complexes, Early Palaeozoic basins and Late Devonian to early Carboniferous plutons. Published geo-
chronological data were selected to constrain the Variscan evolution and are grouped into those coeval with orogenic horizontal
shortening and plateau growth and those coeval with plateau collapse (ʽelevator tectonicsʼ of Dörr & Zulauf, 2010). The map was
redrafted from the 1:500 000 geological map of the Czech Republic, published by the Czech Geological Survey in 2007. Source of
geochronological data: (1) Košler, Aftalion & Bowers (1993); (2) Dallmeyer & Urban (1994); (3) Dallmeyer & Urban (1998); (4)
Holub, Cocherie & Rossi (1997); (5) Košler et al. (1997); (6) Glodny et al. (1998); (7) Venera, Schulmann & Kroner (2000); (8) Zu-
lauf (2001 and references therein); (9) Janoušek & Gerdes (2003); (10) Janoušek et al. (2004); (11) Janoušek, Wiegand & Žák (2010);
(12) Timmermann et al. (2006); (13) Dörr & Zulauf (2010); (14) Žák et al. (2011). Lithological and tectonic units: BCP – Blatná
composite pluton; BP – Bor pluton; CBP – Čertovo břemeno pluton; CBSZ – Central Bohemian shear zone; CP – Čistá pluton; CSZ
– Červená shear zone; DC – Davle volcanic complex; HBSZ – Hoher Bogen shear zone; KF – Koda Fault; MLC – Mariánské Lázně
complex; OF – Očkov Fault; PF – Prague Fault; SP – Sázava pluton; StP – Štěnovice pluton; TbF – Tobolka Fault; TF – Tachlovice
Fault; TP – Tábor pluton; WBSZ – West Bohemian shear zone; ZF – Závist Fault.
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Figure 2. (Colour online) Geological map of the Prague Syncline and adjacent Cadomian basement. The map was compiled and
modified from the Czech Geological Survey maps 1:25 000, sheets 12-243 Praha-sever, 12-411 Beroun, 12-412 Rudná, 12-413 Králův
Dvůr, 12-414 Černošice, 12-421 Praha-jih, 12-423 Davle, 12-431 Hostomice and 12-432 Mníšek pod Brdy.

boundary and resulted in an up to ∼570 m thick (in
total) package of Lower to Middle Devonian warm-
water carbonates (Fig. 8b) including reef and carbon-
ate platform facies (e.g. Chlupáč, 2003; Koptíková
et al. 2010; Ferrová, Frýda & Lukeš, 2012; Vodrážková
et al. 2013). (4) Lastly, the carbonate succession is
capped by ∼250 m thick Givetian flysch siliciclastic
rocks (shales, siltstones, sandstones), which mark the
onset of basin inversion during the initial stages of the
Variscan orogeny (Fig. 8c; Kukal & Jäger, 1988; Str-
nad & Mihaljevič, 2005). Moreover, the whole Ordovi-

cian to Middle Devonian succession is interfingered
with submarine basaltic volcanic complexes and sills
(Fig. 8a), with the main peaks of the volcanic activity
in Middle Ordovician (Floian–Sandbian) and early to
late Silurian (Wenlock–Ludlow; Fig. 3) times.

In accordance with palaeomagnetic data, the basin
succession records an equator-ward drift of the Prague
Basin from a latitude of c. 40°S in late Cambrian times
to subtropical latitudes (c. 10–20°S) in Middle Devo-
nian times (e.g. Krs et al. 1987; Tait, Bachtadse &
Soffel, 1994, 1995; Krs, Pruner & Man, 2001; Aifa
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Figure 3. (Colour online) Stratigraphical chart summarizing
lithostratigraphy of the Ordovician to Middle Devonian suc-
cessions of the Prague Basin. Compiled from Chlupáč (1993)
and Chlupáč et al. (1998). Numerical ages are according to
the International Chronostratigraphic Chart published in 2016
(http://www.stratigraphy.org).

et al. 2007; Tasáryová et al. 2014). It remains a mat-
ter of debate whether the Teplá–Barrandian Unit, in-
cluding the Prague Basin, remained attached to Gond-
wana as a part of its extended passive margin or
whether it was completely detached and became a far-
travelled continental terrane isolated within the Rheic
Ocean during Early Palaeozoic times (see, e.g., Paris &
Robardet, 1990; Robardet, 2003; Fatka & Mergl, 2009;
Servais & Sintubin, 2009; Žák & Sláma, 2017 for
discussions).

During the Variscan plate convergence, the north-
westerly oceanic domain (Saxothuringian Ocean)
followed by the Saxothuringian continental margin
were progressively subducted beneath the overrid-
ing Teplá–Barrandian upper crust (from >380 Ma
to ∼340 Ma), resulting in its overall ∼NW–SE
to ∼WNW–ESE horizontal shortening (e.g. Zulauf,
1997, 2001; Konopásek & Schulmann, 2005; Schul-
mann et al. 2009, 2014; Žák et al. 2009; Franěk et al.
2011; Hajná et al. 2012). The Prague Basin was in-
verted, uplifted and multiply deformed (e.g. Havlíček,
1963, 1981; Chlupáč et al. 1998; Melichar, 2004; Röh-
lich, 2007 and references therein) in response to this
crustal shortening. The existing apatite fission-track
ages indicate maximum burial of the basin during Late
Devonian to early Carboniferous times (Glasmacher,
Mann & Wagner, 2002; Filip & Suchý, 2004) while
the fluid inclusion studies estimate a palaeodepth of c.
1–4 km, i.e. still within the oil window for the upper-
most (Givetian) strata in the basin (e.g. Suchý et al.
1996, 2002a,b, 2010, 2012, 2015; Volk et al. 2002;
Halavínová, Melichar & Slobodník, 2008).

Importantly, the style and intensity of the Variscan
deformation varies along strike of the Prague Basin
which, as a result, is divided into two contrasting seg-
ments (Fig. 1b). The southwestern segment is made up
of Ordovician siliciclastic rocks and is dismembered
into a mosaic of fault-bounded blocks. Bedding atti-
tude varies from one block to another from commonly
flat to rarely steep. In contrast, the northeastern seg-
ment forms a ∼36 km long and ∼16 km wide (at the
present-day erosional level) ∼NE–SW-trending syn-
cline with Ordovician siliciclastic rocks in the peri-
phery and Silurian–Devonian predominantly carbonate
successions in the core (Figs 1b, 4–6). This northeast-
ern segment is hereinafter referred to as the ‘Prague
Syncline’ and is, together with its Cadomian basement,
described in detail below.

3. Lithomechanical layers and structural pattern of
the Prague Syncline

Below we describe mesoscopic deformational struc-
tures in the Prague Syncline and concentrate on bed-
ding orientation, cleavage, folds, and major reverse and
thrust faults. The emphasis is put mostly on structures
directly relevant to the Variscan basin inversion and
shortening; younger brittle deformation features will
be dealt with in a separate paper.
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Figure 4. (Colour online) Structural map of the Prague Syncline showing strike and dip of bedding in the four main lithomechanical layers as defined in this study (Cadomian basement, Ordovician
siliciclastic rocks, Silurian–Devonian core, Givetian flysch). The base map was derived from Figure 2.
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Figure 5. (Colour online) Schematic interpretive cross-sections across the Prague Syncline along lines A–A´and B–B´(see Fig. 4 for
location). Note the overall simple structure of the main syncline with limb monoclines made up of the Ordovician siliciclastic rocks
in the periphery and smaller-wavelength folds in the Silurian–Devonian core. Cross-sections are based on our field observations and
structural data presented in Figure 4.

The main stratigraphical units as described above
can be grouped into four first-order lithomechanical
layers that differ in thickness and bulk mechanical
properties (Figs 4–6) and controlled the large-scale
deformation and style of folding and faulting of the
Prague Syncline: (1) the strongly anisotropic but li-
thologically homogeneous Cadomian basement, (2) a
thick package of Ordovician siliciclastic rocks in the
basin periphery, (3) the inner Silurian–Devonian core
dominated by carbonate successions, and (4) Give-
tian flysch siliciclastic rocks on top. The description
of deformational structures will generally follow this
scheme.

3.a. Deformational structures in the Cadomian basement

Recent structural studies showed that the Cadomian
basement units exposed on both sides of the Prague
Basin differ in lithology, age, metamorphic grade, in-
tensity of cleavage development and inferred tectonic
setting (see Hajná et al. 2010; Hajná, Žák & Kachlík,
2011; Hajná, Žák & Dörr, 2017 for details).

In the northwest, the Prague Basin overlies an ex-
humed accretionary wedge (the Blovice complex dated
at c. 635–520 Ma; Figs 1b, 2), which here comprises
lithologically uniform (meta-)greywackes and slates
that have been weakly metamorphosed under lower-
greenschist-facies conditions and affected by an in-
tensely developed slaty cleavage (Fig. 7a). Bedding
and primary sedimentary features are commonly dis-
rupted and pervasively obliterated by the cleavage and
thus are not macroscopically discernible in most out-
crops. The cleavage strikes ∼NE and dips gently to
moderately to the ∼SE; mean dip direction and dip
are 116° and 45°, respectively. In a c. 1–2 km wide
zone along the depositional contact with the overly-
ing Prague Basin, the cleavage progressively steepens

and reorients from a ∼NW–SE to ∼NNE–SSW strike
(Figs 4–6). On a stereonet, the cleavage poles define
a weak girdle around a subhorizontal ∼NE–SW axis;
the axis calculated as the minimum eigenvector of the
orientation tensor is 037°/11° (Fig. 6). In some places,
the cleavage has been folded into metre-scale chevron
folds and overprinted by several sets of contractional
kink bands.

In contrast, the Cadomian basement adjacent to the
SE margin of the Prague Basin is made up of the
c. 590–560 Ma Davle volcanic arc complex and an
overlying c. 560–530 Ma flysch-like siliciclastic suc-
cession (Štěchovice Group in Fig. 1b; Sláma et al.
2008) which underwent very-low-grade anchimeta-
morphism (Suchý et al. 2007) and were only weakly
strained during the Variscan orogeny. Bedding is well
preserved and only gently tilted (Fig. 7b), dipping
moderately to the SE (mean bedding is 137°/33°; dip
direction/dip convention is used throughout this pa-
per; Figs 4–6). A weakly developed spaced pressure-
solution cleavage cuts across the bedding (Fig. 7b), is
steep and strikes ∼NNE–SSW to ∼NE–SW (mean ori-
entation is 124°/77°; Figs 4, 6).

3.b. Ordovician periphery of the Prague Syncline

The Ordovician siliciclastic successions overlie the
Cadomian basement with a pronounced regional an-
gular unconformity apparent from the map (Fig. 4)
and well exposed in several outcrops. While this
unconformity delineates the northwestern margin of
the basin, its southeastern flank is truncated by a
major ∼NE–SW-trending and ∼SE-dipping reverse
fault (Závist Fault in Figs 2, 4, 5). This fault thrusts
the Cadomian basement over the Ordovician silici-
clastic rocks and despite it not being exposed, map-
scale relationships and near-fault deformation features
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Figure 6. (Colour online) A synthetic tectonic scheme highlighting the large-scale architecture of the Prague Syncline (derived from
structural data presented in Figure 4; faults were transferred from Figure 2). Stereonets (equal area projection, lower hemisphere) show
orientation of cleavage in the Cadomian basement and bedding in different parts of the syncline. Arrows indicate fold vergence and
kinematics of reverse/thrust faults (transport direction of the hangingwall as documented on outcrops). Note the fault kinematics is
variable across the syncline.

(dragged bedding and down-dip slickenlines on asso-
ciated minor fault planes) are consistent with the top-
to-the-NW motion of the hangingwall (Fig. 7c–e).

Except for abundant small-scale faults and ex-
tremely rare metre-scale buckle folds (mostly along
faults; Fig. 7c), the structure of the Ordovician suc-
cessions is rather uniform. In outcrops, bedding dips
at moderate angles (c. 40°–50°) to the ∼SE in the
northwestern limb of the Prague Syncline and to the
∼NW in the southeastern limb (Figs 4–6). Both limbs
thus represent large-scale inward-dipping monoclines
(Figs 4–6). On a stereonet, poles to bedding define a
pronounced girdle with two maxima distributed sym-

metrically about a ∼NE–SW-trending axis (Fig. 6;
mean is 231°/02°; calculated the same way as above).
The Ordovician strata are devoid of any regional cleav-
age (Fig. 7f), except for local bedding-parallel cleav-
age in shale interbeds between competent sandstones
and spaced cleavage along faults.

3.c. Silurian–Devonian core of the Prague Syncline

Based on the orientation of bedding and fold and fault
geometry and kinematics, three distinct structural do-
mains have been identified in this study (Fig. 4): the
central part of the Prague Syncline (Domain 1) and
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Figure 7. (Colour online) Deformational structures in the Cadomian basement and Ordovician periphery of the Prague Syncline. (a)
Steep slaty cleavage in (meta-)greywackes of the Blovice accretionary complex; bedding has been completely obliterated. Hammer
for scale is 33 cm long. Railroad cut ∼1 km SE of Nižbor, coordinates (WGS84 datum): 49.9995392°N, 14.0166572°E. (b) Well-
preserved, moderately dipping bedding cross-cut by weakly developed spaced pressure-solution cleavage; laminated siliciclastic suc-
cession of the Štěchovice Group. Road cut ∼550 m SW of Strnady, coordinates (WGS84 datum): 49.9425650°N, 14.3869778°E. (c)
Metre-scale forced folds developed in rhythmically bedded siliciclastic rocks in the footwall of the Závist Fault (Letná Fm). Railroad
cut ∼200 m NW of Závist, coordinates (WGS84 datum): 49.9758578°N, 14.3992461°E. (d) Steeply tilted to overturned bedding in the
footwall of the Závist Fault (Letná Fm). Road cut ∼300 m SW of Závist, coordinates (WGS84 datum): 49.9729150°N, 14.4004425°E.
(e) Steeply tilted thick quartzite beds in the footwall several tens of metres below the Závist Fault (Libeň Fm). Černolice, coordinates
(WGS84 datum): 49.9131589°N, 14.3033694°E. (f) Only gently tilted Upper Ordovician (Hirnantian) finely laminated siliciclastic
rocks containing abundant dropstones (Kosov Fm). The shallow to moderate dip without any metre-scale folds is typical for most of
the Ordovician outcrops in the Prague Syncline. Hammer for scale is 33 cm long. Outcrop ∼400 m SE of Levín, coordinates (WGS84
datum): 49.9277861°N, 14.0123442°E.

its northeastern and southwestern closures (Domains
2 and 3, respectively).

3.c.1. Domain 1: central part of the syncline

On the map, Domain 1 exhibits a generally sim-
pler structural pattern than both closures of the

Prague Syncline and consists of several alternating
second-order synclines and anticlines of up to several
kilometres wavelength and ∼NE–SW-trending subho-
rizontal axes, locally deflected into a ∼WSW–ENE
direction (Figs 4, 6). In an axis-perpendicular section
(Fig. 5), these kilometre-scale anticlines and synclines
are upright, symmetrical to weakly asymmetrical, and
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Figure 8. (Colour online) Structural features of the main lithostratigraphical units of the Silurian–Devonian core of the Prague
Syncline. Gently to moderately dipping bedding with no minor folds is characteristic for most outcrops. (a) Lower Silurian tuffitic
shales overlain by a basaltic lava flow (Liteň Fm). Road cut ∼800 m SE of Karlštejn, coordinates (WGS84 datum): 49.9281617°N,
14.1880275°E. (b) Lower Devonian thinly bedded limestones (Praha Fm). Trees in the forefront are c. 5 m high. Praha-Radotín, co-
ordinates (WGS84 datum): 49.9941333°N, 14.3435758°E. (c) Base of the Middle Devonian Variscan flysch siliciclastic rocks overly-
ing the carbonate platform limestones (Choteč Fm). Railroad cut, Praha-Hlubočepy, coordinates (WGS84 datum): 50.0389244°N,
14.3957606°E. (d) Down-dip calcite slickenfibres on a limestone bedding plane formed by bedding-parallel slip during folding
(Daleje–Třebotov Fm). Swiss Army penknife (9 cm long) for scale. Disused quarry Červený lom ∼1.4 km SE of Koněprusy, co-
ordinates (WGS84 datum): 49.9106256°N, 14.0768314°E.

open, with the interlimb angle mostly exceeding 80°–
90°. The folds are non-cylindrical (periclinal), as an-
ticlines and synclines exhibit a whaleback and canoe
geometry, respectively (Figs 4, 6). This is best docu-
mented in synclines cored by Givetian flysch which
have inward-plunging axes, i.e. to the SW in their
northeastern closures and to the NE in their southwest-
ern closures (Figs 4, 6).

Most outcrops and sections in Domain 1 are dom-
inated by uniformly dipping monoclines which repres-
ent limbs of the kilometre-scale folds. Except for sev-
eral, isolated metre-scale buckle folds, the monoclines
are unfolded on smaller scales (Fig. 8a, b). In gen-
eral, bedding dips either to the ∼NW or ∼SE at vari-
able, but mostly moderate angles of c. 30–50° (Figs 4–
6). Down-dip oriented slickenfibres are common on
bedding planes (Fig. 8d) as well as locally developed
metre-scale duplexes (Fig. 11a). On a stereonet, poles
to bedding thus define a pronounced girdle about a
∼NE–SW-trending axis (Fig. 6; mean is 239°/05°; cal-
culated the same way as above).

This dominant simple fold style on the kilometre
scale (Figs 4–6) becomes only locally more complic-

ated within the lowermost Devonian Lochkov Forma-
tion (Fig. 9). This stratigraphical unit consists of c. 10–
20 cm thick limestone beds alternating with calcareous
shale interbeds of approximately the same thickness,
which facilitated bedding-parallel slip and thus fold-
ing. Abundant metre-scale buckle folds occur here
within a tens of metres thick horizon, exposed on sev-
eral isolated outcrops along the southeastern margin
of the Silurian–Devonian core and northeastern clos-
ure of the Prague Syncline (Domains 1 and 3; Fig. 9).
The folding is disharmonic and fold geometry varies
greatly from symmetrical to asymmetrical, isoclinal to
open, and upright to recumbent (Fig. 9).

3.c.2. Domains 2 and 3: closures of the Prague Syncline

Both closures of the Prague Syncline differ in li-
thology and stratigraphy, width and overall architec-
ture (Figs 4, 6). The northeastern closure (Domain 2)
includes a complete stratigraphical succession from
Silurian to Middle Devonian (Givetian); it is compar-
atively simple with a narrow hinge zone dismembered
by several faults (Figs 4, 6). Bedding orientations are
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Figure 9. (Colour online) Examples of buckle folds of various geometries and orientations formed within a localized high-strain hori-
zon above the Silurian–Devonian boundary (Lochkov Fm). The intense folding was facilitated by thinly bedded limestones alternating
with calcareous shale interbeds. (a) Tight to isoclinal folds in the hangingwall of a small-scale reverse fault. Road cut, Praha-Radotín
(near Cement plant), coordinates (WGS84 datum): 49.9968972°N, 14.3391594°E. (b) Disharmonic folding developed as a series of
smaller-wavelength folds controlled by a thick limestone bed. Height of the outcrop c. 20 m. Budňany Rock in Karlštejn, coordinates
(WGS84 datum): 49.9346564°N, 14.1809022°E. (c) Distant view on complexly folded limestone–shale succession. Height of the
outcrop c. 15 m. Barrande’s Rock, Praha-Malá Chuchle, coordinates (WGS84 datum): 50.0349111°N, 14.4019325°E. (d) Asymmet-
rical upright buckle folds. Barrande’s Rock, Praha-Malá Chuchle, coordinates (WGS84 datum): 50.0349111°N, 14.4019325°E. (e)
Close-up on accommodation structures (hinge thrusts, carinate hinges) that are commonly associated with the buckle folds. Barrande’s
Rock, Praha-Malá Chuchle, coordinates (WGS84 datum): 50.0349111°N, 14.4019325°E.
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Figure 10. (Colour online) Examples of major reverse/thrust faults that cut the Prague Syncline. (a) The Tachlovice Fault (Set I) du-
plicates basaltic pyroclastic rocks and deforms the overlying bedded sequence into forced folds; note the folds and relative hangingwall
displacement indicate top-to-the-NW tectonic transport (see also Horný, 1965). Height of the outcrop c. 30 m. Disused quarry ∼580 m
SW of Lištice near Beroun, coordinates (WGS84 datum): 49.9572917°N, 14.0968367°E. (b) Asymmetrically boudinaged compet-
ent bed within strongly sheared shales near the Tachlovice Fault indicating top-to-the-NW kinematics. Swiss Army penknife (9 cm
long) for scale. Road cut Černidla ∼1.8 km S of Loděnice, coordinates (WGS84 datum): 49.9809161°N, 14.1579681°E. (c) Close-
up on the Tetín Fault. Hammer for scale is 33 cm long. Outcrop Šanův kout 1.1 km SSW of Hostim, coordinates (WGS84 datum):
49.9521106°N, 14.1228069°E. (d) Close-up on the Koda Fault. Railroad cut in Srbsko, coordinates (WGS84 datum): 49.9377411°N,
14.1309381°E. (e) Newly recognized Kosov Fault cutting across the Silurian volcanic rocks and indicating top-to-the-SE tectonic
transport. Trees in the forefront are c. 3 m high. Disused quarry Kosov near Králův Dvůr; coordinates (WGS84 datum): 49.9377031°N,
14.0537014°E. (f) The Očkov Fault attributed to Set II faults with top-to-the-S hangingwall displacement. Height of the outcrop
c. 15 m. Disused quarry Kobyla, 1.4 km SE of Koněprusy, coordinates (WGS84 datum): 49.9133644°N, 14.0813978°E.

virtually the same as in central Domain 1 (Figs 4, 6). In
contrast, the southwestern closure (Domain 3) repres-
ents a deeper section exhumed in the footwall of a ma-
jor ∼NW–SE-trending normal fault cutting across the
whole syncline (the Tobolka Fault in Figs 1b, 6). Thus,
Domain 3 exposes mostly the Silurian to Lower Devo-
nian part of the succession. Furthermore, the south-

eastern closure has a broad hinge and exhibits an in-
ternally complex dome-and-basin architecture (Fig. 2).
The individual anticlines and synclines are elongated
in an ∼E–W direction (Figs 2, 4, 6), i.e. at an angle to
the overall trend of the Prague Syncline. Bedding dips
shallowly in most cases and is more variable in terms
of strike (Fig. 6).
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Figure 11. (Colour online) Examples of small-scale low-angle duplexes, thrust faults and associated anticlines in the Silurian–
Devonian core of the Prague Syncline. Note the duplexes and thrust faults exhibit variable orientations and kinematics. (a) A fault-
propagation anticline in Lower Devonian limestones in the hangingwall of the Tetín Fault. Outcrop ∼1.2 km S of Hostim, coordinates
(WGS84 datum): 49.9499464°N, 14.1303481°E. (b) Duplexes indicating centimetre-scale bedding-parallel displacement. Disused
quarry Mramorka ∼880 m NNE of Chýnice, coordinates (WGS84 datum): 50.0037881°N, 14.2701194°E. (c) A small-scale anti-
cline detached during bedding-parallel slip. In terms of orientation, the anticline corresponds to ∼N–S shortening associated with
younger phase (Set II) thrust faults. Outcrop 340 m NNE of Hostim, coordinates (WGS84 datum): 49.9636000°N, 14.1309717°E.
(d, e) Small-scale duplexes indicating opposite kinematics on a single outcrop. Railroad cut in Praha-Zlíchov, coordinates (WGS84
datum): 50.0501233°N, 14.4054794°E. Swiss Army penknife (9 cm long) for scale.

4. Brittle deformation of the Prague Syncline

4.a. Reverse and thrust faults

The Prague Syncline is cross-cut by a number of faults
(Figs 2, 4, 6) of various dimensions (ranging from
basin-wide to metre-scale), amounts of displacement
(which is difficult to constrain precisely), ages (ran-
ging from early pre- and syn-sedimentary to post-
Cretaceous) and kinematics (reverse, strike-slip, nor-

mal, oblique). The faults were commonly multiply re-
actived. Here we concentrate on reverse and thrust
faults that are directly relevant to shortening of the
basin and are geometrically and temporally related to
the large-scale folds.

Several major reverse and thrust faults were doc-
umented mostly within the Silurian–Devonian core
of the syncline and are more abundant in its south-
eastern limb (Fig. 6). On the map, they extend for
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several kilometres or even tens of kilometres in length
and their traces are roughly parallel to lithological
contacts (Fig. 6). Importantly, the major reverse and
thrust faults are doubly vergent with opposite dips
and hangingwall transport directions in each limb of
the Prague Syncline (Figs 5, 6). In outcrops, these
major faults are expressed either as a single, sharp
fault plane (Fig. 10) or comprise up to several metres
thick zones of anastomosing smaller faults with asso-
ciated fault breccia, well-developed pressure-solution
cleavage and metre-scale folds. In addition, a num-
ber of minor, small-scale reverse and thrust faults were
documented within the Silurian–Devonian succession;
they are commonly associated with duplexes and fault-
related folds (Fig. 11).

Analysis of map-scale relationships and fault planes,
lineations (striations, calcite slickenfibres) and kin-
ematic indicators in outcrops reveals two distinct sets
of reverse and thrust faults in the Prague Syncline (re-
ferred to as Set I and II in this study). Set I con-
tains faults with planes dipping either to the ∼NW
or ∼SE at moderate angles and recording top-to-the-
NW or top-to-the-SE kinematics, respectively. These
faults occur mostly in Domain 1 (Fig. 6). The most
significant large-scale examples of this set include
the Tachlovice, Tetín, Koda and Kosov faults (Figs 6,
10a–e). Set II includes faults with planes dipping to
the ∼N to ∼NNE at moderate to steep angles and asso-
ciated with top-to-the-S kinematics (Figs 6, 10f); they
occur mostly in the southeastern closure of the Prague
Syncline (Domain 3; Figs 4, 6). A large-scale example
of this set is the Očkov Fault (Figs 6, 10f), with a total
displacement of c. 2.5 km (Röhlich, 2007). Reverse
and thrust faults are rare in the opposite, northeastern
closure of the syncline (Domain 2); we documented
there only one tens-of-metres-scale SE-dipping fault
with top-to-the-NE kinematics (Fig. 6).

A palaeostress estimation from the two main fault
sets using the dihedra method (implemented in the Tec-
tonicsFP software; http://www.tectonicsfp.com) indic-
ates that Set I formed in response to ∼NW–SW sub-
horizontal compression (Fig. 12a; the maximum prin-
cipal stress σ1 trend and plunge are 305° and 07°,
respectively) and nearly vertical minimum principal
stress (σ3; orientation is 172°/80°). Set II records a dif-
ferent stress field and formed in response to ∼NNW–
SSE subhorizontal compression (Fig. 12b; σ1 orienta-
tion is 347°/13°, σ3 orientation is 222°/69°).

4.b. Fold axis-perpendicular fractures

Systematic minor fractures observed in outcrops in-
clude mostly extension fractures (joints) and veins
that form several, commonly reactivated sets that
formed over a protracted ‘life span’ of the Prague
Syncline. The earliest fractures are ∼E–W neptunian
dykes that developed already during deposition of the
Lower Devonian reef limestones (Chlupáč, 1996). Sev-
eral other fracture sets formed during the Variscan
orogeny, and even younger fracturing events record

N

σ1

σ2

σ3

036°/08°

172°/80°

N=18

305°/07°

N

σ1

σ3

347°/13°

81°/17°

222°/69°

N=4

σ2

(a) Set I reverse and thrust faults

(b) Set II reverse and thrust faults

Figure 12. (Colour online) Fault-slip data for both major and
minor reverse/thrust faults in the Prague Syncline. The data
show two distinct populations of faults (Sets I and II), indicating
two different palaeostress tensors.

post-Variscan intraplate deformation until Quaternary
times. A thorough analysis of this polyphase history
of brittle fracturing in the Prague Syncline is beyond
the scope of this paper and will be presented else-
where; here we briefly describe only one set partic-
ularly relevant to Variscan folding. Based on relative
cross-cutting relationships, this set is one of the earliest
to form and includes syntectonic subvertical ∼NW–
SE-striking fractures that are nearly perpendicular to
the fold axes and strike of the bedding (Fig. 6). These

498

https://doi.org/10.1017/S0016756817000875 Published online by Cambridge University Press

http://www.tectonicsfp.com
https://doi.org/10.1017/S0016756817000875


Variscan orogenic plateau uplift and collapse

fractures occur in most outcrops; they are either barren
or filled by calcite to form several millimetres to cen-
timetres thick veins. In all cases, they display macro-
scopically unrecognizable displacement along the frac-
ture plane and none to small (millimetres to several
centimetres for veins) displacement perpendicular to
it; thus they formed as mode I (opening) extension
fractures (joints).

5. Estimation of finite shortening of the Prague
Syncline

The simple style of kilometre-wavelength folds, well-
constrained stratigraphy and regionally continuous
stratigraphical successions provide a suitable setting to
estimate the finite shortening recorded by the Prague
Syncline during Variscan plate convergence. The
underlying assumptions are (1) plane-strain deforma-
tion, which is justified by the negligible syncline axis-
parallel extension as evidenced by the extension frac-
tures; (2) a low-temperature flexural-slip mechanism
of folding, which is in concert with the observed fold
characteristics and slickenfibres along bedding planes
(Figs 8d, 9); and (3) no significant volume loss on a
basin scale, which is in agreement with only locally
developed small-scale stylolites and pressure-solution
cleavage. Estimation of the minimum finite shortening
was pursued in Domain 1 which records predominantly
the ∼NW–SE compression and is least overprinted by
younger events (Figs 4, 6, 12).

Below we combine two approaches to estimate ap-
proximately the finite shortening in the syncline axis-
perpendicular direction. The first approach uses the
dip of tilted bedding in the regional monoclines (fold
limbs). Dip of bedding relates to horizontal shortening
εh of a bed of unit length as follows

εh =
(
L0 − L f

)

L0
= 1 − cosα (1)

where L0 and Lf are the original and finite width of
the deformed bed package and α is dip of bedding
(e.g. Cao et al. 2015). Our structural data show that
the bedding dip mostly ranges from 20° to 50° across
the syncline and that there is no significant difference
between stratigraphical units in both limbs and the core
of the syncline (Figs 4, 5, 6, 13a). Exceptions are only
a few locations where bedding has been steepened up
to 60°–70° or even to almost vertical within smaller-
scale folds (Fig. 9). The prevailing moderate bedding
dips correspond to about 5–35 % horizontal shorten-
ing (Fig. 13a), which is also in agreement with val-
ues expected in chevron folds of comparable geometry
(Ramsay, 1974).

Second, the idealized (unbalanced) cross-section in
Figure 5 was restored with the assumption of con-
stant length and thickness of the lithostratigraphical
units before and after deformation and by removal
of rigid-body translation along faults (e.g. Chamber-
lin, 1910; Dahlstrom, 1969; Groshong et al. 2012 and

Figure 13. (Colour online) (a) Dip of bedding plotted against
the distance from the NW margin of the Prague Syncline. The
dip values mostly fall between 20° and 50° and correspond to
c. 5–35 % shortening, respectively. (b) Restored cross-section
A–Af́rom Figure 5. Base of the Ordovician is difficult to con-
strain and was estimated to parallel the Ordovician–Silurian
boundary. The calculated values of finite shortening of the
Prague Syncline range from 10 % to 19 % and fit well those es-
timated from dip of bedding (red lines in (a)).

references therein). It should be emphasized that this
method provides only a crude minimum estimate of
finite shortening recorded by the syncline, as the ori-
ginal lateral extent, and thus the initial across-strike
length of the main stratigraphical units (Ordovician,
Silurian and Devonian), is unknown owing to erosion
and fault truncation (Figs 4, 5). The thickness of the in-
dividual units is well constrained from the geological
map and cross-section along the syncline axis (Figs 4,
5) but remains unknown at its eroded and faulted mar-
gins. Despite these limitations, cross-section restora-
tion indicates a range of 10–19 % of total shortening
recorded by the Prague Syncline (Fig. 13b), which is
in agreement with shortening estimation from bedding
dips (Fig. 13a).

6. Structures recording late-stage thinning of the
Prague Syncline

In some places, the earlier compressional structures
have been overprinted by structures resulting from
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Figure 14. (Colour online) Deformational structures indicating localized vertical shortening of the Prague Syncline and its Cadomian
basement. The shortening is superimposed on steep cleavage and folding of the syncline. (a) Monoclinal kink band overprinting
Cadomian slaty cleavage (Blovice accretionary complex). Swiss Army penknife (9 cm long) for scale. Railroad cut 1.3 km SE of
Nižbor, coordinates (WGS84 datum): 49.9979572°N, 14.0197431°E. (b) Devonian limestones steeply tilted during the main phase
of ∼NW–SE shortening and then overprinted by tight recumbent N-vergent folds during later vertical shortening. Height of the
outcrop c. 10 m. Disused quarry Na Škrábku ∼400 m NW of Choteč; coordinates (WGS84 datum): 49.9888628°N, 14.2789369°E. (c)
Recumbent S-vergent folds in thinly bedded limestones. Disused quarry Hlubočepské jezírko, Praha-Hlubočepy, coordinates (WGS84
datum): 50.0415536°N, 14.3853844°E. (d) Recumbent NE-vergent folds in thinly bedded limestones. Praha-Zlíchov; coordinates
(WGS84 datum): 50.0399969°N, 14.4043611°E.

vertical shortening (Fig. 14). For instance, monoclinal
contractional kink bands frequently overprint subver-
tical cleavage in the Cadomian slates to the NW of
the Prague Syncline (Fig. 14a). The kink band planes
dip at moderate angles to the ∼NW and have ∼NE–
SW-trending subhorizontal axes. Another example of
these structures is metre-scale asymmetrical recum-
bent buckle folds superimposed on steeply dipping
bedding in the Lower Devonian core of the Prague
Syncline (Fig. 14b–d). Importantly, these folds oc-
cur in both limbs of the syncline away from any
major thrust faults and exhibit opposite vergence.
Together with minor bedding-parallel detachments
and duplexes, they indicate inward tectonic trans-
port (down-dip, symmetrical with respect to the syn-
cline axis) during vertical shortening (Fig. 14b–d).
This late-stage thinning of the syncline is also doc-
umented by several major ∼NW–SE-trending nor-
mal faults and by exhumation of deeper stratigraph-
ical levels (Domain 3) along the Tobolka Fault in
the SW (Figs 4, 6).

7. Discussion

7.a. Large-scale architecture and structural evolution of
the Prague Syncline

Our structural analysis corroborates that the Prague
Syncline exhibits a simple architecture and fold style
(Figs 4–6; e.g. Havlíček, 1963; Chlupáč et al. 1998;
Röhlich, 2007), defined by outer, inward-dipping
monoclines of the Ordovician siliciclastic rocks and
by smaller-wavelength anticlines and synclines in the
Silurian–Devonian core. Homogeneous strike of bed-
ding across the syncline and no statistically significant
difference in the bedding dip in the four lithomech-
anical units as defined above (Figs 4–6, 13a) suggest
that the basin fill was folded as a more or less co-
herent multilayer. Orientation of bedding and of both
major and outcrop-scale folds indicate that the earliest
deformational phase was ∼NW–SE horizontal prin-
cipal shortening associated with fairly minor ∼NE–
SW horizontal principal extension along the syn-
cline axis (Fig. 6). Field relationships suggest that this
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shortening was predominantly accommodated by
buckle folds (Fig. 9) and by major reverse and thrust
faults of Set I (Fig. 12a). These faults are geometric-
ally and kinematically compatible with the large-scale
folds and accommodated outward displacement of ma-
terial in the opposite limbs of the syncline (Figs 5, 6,
10a–e). Unlike the major faults, the rare metre-scale
duplexes and reverse/thrust faults show highly varied
kinematics (Fig. 6), interpreted here as reflecting het-
erogeneous, small-displacement flow of material but
still during the same ∼NW–SE overall shortening.
Consequently, the syncline evolved into a doubly ver-
gent compressional fan associated with thickening of
the upper crust, achieved mainly by buckling and less
so by reverse/thrust faulting (Fig. 5).

Our structural study has also revealed structures re-
cording ∼N–S shortening at both ends of the Prague
Syncline (Figs 6, 10f, 13b). The ∼N–S shortening was
superposed onto ∼NE–SW-trending folds and is exem-
plified by the map-scale dome-and-basin architecture
of the SW closure (Type 1 fold interference pattern of
Ramsay, 2003; Figs 4, 6), small-scale buckle folds and
contractional duplexes (Fig. 11a, c), and especially by
Set II reverse/thrust faults (Figs 6, 10f, 13b). Further-
more, our unpublished U–Pb ages of calcite slicken-
fibres suggest that the Set II Očkov Fault (Fig. 10f) ini-
tiated during Middle Triassic (Anisian/Ladinian) times
at c. 242 Ma and was reactivated during Late Creta-
ceous (Cenomanian) times at c. 99 Ma. We interpret
this polyphase faulting activity to record intraplate
stresses generated by far-field plate convergence in the
Alpine realm.

Lastly, we interpret kink bands, recumbent folds and
normal faults (Section 6; Fig. 14) in terms of vertical
shortening and collapse of the previously thickened
upper crust. These processes can be well correlated
with normal displacement along crustal-scale shear
zones (with a minimum throw of 10 km) that juxta-
posed the upper-crustal Teplá–Barrandian Unit against
the deep middle and lower crust (Moldanubian Unit;
Fig. 1b; Zulauf, 1994; Zulauf et al. 2002; Dörr &
Zulauf, 2010). The ductile phase of the upper-crustal
collapse was previously constrained to c. 346–337 Ma,
with the main exhumation event in the Moldanu-
bian footwall dated at c. 340–339 Ma (Žák, Holub &
Verner, 2005; Dörr & Zulauf, 2010; Žák et al. 2012;
Žák, Sláma & Burjak, 2017; Kubínová et al. 2017).

It should be noted that the above proposed struc-
tural interpretation is different from a nappe hypothesis
for Variscan shortening of the Prague Syncline (e.g.
Melichar, 2004 and a number of conference abstracts).
In this hypothesis, which tested an end-member case
and triggered vigorous scientific discussion, the syn-
cline was interpreted as a stack of allochthonous
nappes transported from the NW to SE and sub-
sequently folded into a ‘synform’. We emphasize that
the latter term is appropriate for metamorphic com-
plexes with unknown younging direction, but not for
a sedimentary succession where the overall upward
younging has been recognized as early as the 1850s

(Barrande, 1852) and elaborated using high-resolution
stratigraphy over the last decades (e.g. Chlupáč, 1988;
Hladíková, Hladil & Kříbek, 1997; Crick et al. 2001;
Frýda, Hladil & Vokurka, 2002; Buggisch & Mann,
2004; Slavík, 2004; Koptíková et al. 2010; Hladil et al.
2011; Vacek, 2011; Slavík et al. 2012; Da Silva et al.
2016; Weinerová et al. 2017). The nappe hypothesis
implies that the reverse/thrust faults observed in the
NW limb of the syncline (e.g. Tachlovice Fault in
Fig. 6) should have originated as flat or low-angle
detachments with top-to-the-SE kinematics, and after
folding and steepening of the fault planes they should
appear as normal faults. These faults should also con-
nect with those cropping out at different stratigraphical
levels (owing to their presumed flat-ramp geometry) in
the opposite, SE limb of the syncline.

There are a number of arguments against this hypo-
thesis (see also Röhlich, 2007 for discussion). (1) The
root zone, where these nappes were derived from, is
yet to be found. (2) The location and presumed link-
age of faults at depth is not supported by any sub-
surface data such as boreholes or seismic sections.
(3) The presumed major detachments are not exposed
along their entire length and some have never been ob-
served (e.g. the ‘main detachment’ at the Ordovician–
Silurian boundary shown in fig. 1 of Slobodník et al.
2012). Large portions of the faults are concealed and
thus it remains unclear whether they are connected
at all. (4) Kinematics documented on the major re-
verse/thrust faults is opposite in each limb of the
syncline (Figs 5, 6, 10). This is exemplified by the
Tachlovice and Koda faults (Figs 6, 10a, b, d). (5)
Kinematics on metre-scale structures (e.g. duplexes,
fault-propagation folds) is variable (Fig. 6), displace-
ment negligible and they rather reflect bedding-parallel
slip or local outflow of material during folding. Im-
portantly, their exact temporal relationship to the ma-
jor faults is unknown. Some of these structures were
shown poorly located or in a not fully accurate ori-
entation in Melichar (2004) (compare, e.g., fig. 6c
with our Fig. 11c). (6) Minor structures indicating nor-
mal (down-dip) bedding-parallel displacement occur
in both limbs of the Prague Syncline (Fig. 14), show
an opposite vergence and record its late-stage ver-
tical shortening (thinning). (7) The amount of dis-
placement along the reverse/thrust faults as apparent
from the map and stratigraphical relationships is sig-
nificantly less than required for nappes, or it cannot
be constrained quantitatively. Note that the net slip
along a fault can be rigorously evaluated only if it
displaces an originally continuous structural line. Us-
ing diverse facies juxtaposed by faulting is not reliable
given their unknown original extent, likely modifica-
tion by syn-sedimentary tectonics and unclear relat-
ive position before Variscan faulting. (8) Furthermore,
the presumed flat-and-ramp geometry inferred for the
Tachlovice Fault from the stratigraphical separation
diagrams (Knížek, Melichar & Janečka, 2010) may
be equally explained by variable displacements along
shorter transverse faults during folding. A number of
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such faults cut the Tachlovice Fault at a high angle
(Fig. 2) but were omitted in maps and stratigraphical
separation diagrams in Knížek, Melichar & Janečka
(2010). (9) Finally, we have shown that the thrusting
was polyphase (Figs 10, 12) and likely involved post-
Variscan, Mesozoic shortening (e.g. the Očkov Fault).

7.b. Crustal deformation and plateau uplift in the Variscan
orogen

As pointed out in the Introduction, one of the out-
standing issues that has been debated and still re-
mains poorly understood is the evolution of palaeoto-
pography in the Variscan belt from the Late Devonian
convergence to the end-Carboniferous termination of
orogenic processes. Analysis of Variscan deformation
of the Prague Basin, sitting on top of the presumed oro-
genic plateau, may add some new points to this debate.
We argue that a key aspect in the interpretation of pa-
laeoelevation gradients is a detailed three-dimensional
characterization of Variscan deformation of the oro-
genic upper crust. We have shown that the Prague
Syncline was vertically thickened and horizontally
shortened by c. 10–19 % (Fig. 13) but records a sig-
nificantly smaller amount of horizontal stretching, per-
haps as little as a few per cent. These estimates are in
agreement with finite strain analysis on conglomerates
in the Cadomian basement along the southeastern faul-
ted margin of the Prague Syncline (Rajlich, Schulmann
& Synek, 1988). These inferences are further suppor-
ted by the existing apatite fission-track ages, which
suggest maximum burial, and thus crustal thickening,
in the Prague Syncline and vicinity during Late Devo-
nian to early Carboniferous times (Glasmacher, Mann
& Wagner, 2002; Filip & Suchý, 2004; Suchý et al.
2007). Moreover, c. 1.5–3 km of overlying sediments
that have been removed by erosion must be added to
this thickened ‘crustal column’. In summary, the struc-
tural inventory of the Prague Basin indicates build-
up of significant palaeoelevation during the Variscan
orogeny (Fig. 15a, b; see Dörr & Zulauf, 2010 for
discussion).

Despite the absolute reference frame and the ex-
act amount of eroded material being unknown, we
may expand on the above inferences by assuming
that palaeoelevation was closely related to the three-
dimensional deformation of the upper crust. Then,
a synthesis of the existing structural data from the
Teplá–Barrandian Unit suggests that it was not simply
an uplifted and thoroughly flat surface. Hajná et al.
(2012) and Tomek, Žák & Chadima (2015) demon-
strated that the Teplá–Barrandian Unit recorded a
fairly uniform ∼NW–SE to ∼WNW–ESE shortening
during Variscan convergence but they also identified
several ∼NE–SW-trending zones of lateral (orogen-
parallel) extrusion. Although the precise radiometric
ages are still scarce, the existing data indicate that
the main shortening affected not only the upper crust
but also deeper levels (greenschist-facies rocks ex-
posed in the west and southwest; Zulauf, 1997, 2001)

and progressed from c. 380–360 Ma in the NW to c.
360–350 Ma in the SE (Dörr & Zulauf, 2010; Hajná
et al. 2012). We thus suggest that the palaeoelev-
ation within this upper plate varied and reflected a
spatially varying horizontal stretching to vertical
thickening ratio (S/T). We envision the differenti-
ated within-plateau palaeotopography as ∼NE–SW-
trending elevations, where local thickening domin-
ates, alternating with topographic depressions over lat-
eral extrusion zones (Fig. 15b). As greatly exempli-
fied by the Prague Basin, tectonic inheritance may
have controlled the loci of crustal thickening or lat-
eral extrusion. The previously thinned crust of the
Prague Basin was a precursor for thickening whereas
some of the segments of the Cadomian crust may
have acted as rigid backstops driving lateral extru-
sion (Fig. 15b). Were the above inferences correct, the
Teplá–Barrandian Unit may serve as an instructive an-
cient example of complex three-dimensional deform-
ations associated with uplift and lateral extrusion of
orogenic plateaus, as predicted, for instance, by the
analogue and numerical modelling of Cruden, Nasseri
& Pysklywec (2006) and Bajolet et al. (2015) and doc-
umented in the recent Tibet (e.g. Royden et al. 1997;
Yin & Harrison, 2000; DeCelles, Robinson & Zandt,
2002; Andronicos, Velasco & Hurtado, 2007; Li et al.
2015), Puna–Altiplano (e.g. Riller & Oncken, 2003)
and Turkish–Iranian plateau (e.g. Copley & Jackson,
2006; Mouthereau, Lacombe & Vergés, 2012).

7.c. Mechanisms of destruction of the Variscan orogenic
plateau

Unlike the still active, modern orogenic plateaus, the
Variscan example allows completing the story to its
end. The structural and geochronological studies sug-
gest that the ‘Bohemian’ plateau was supported for
several tens of millions of years (c. 380–346 Ma) by
the syn-convergent compression (Fig. 15a, b) but then
rapidly collapsed at c. 346–338 Ma (Fig. 15c). Struc-
tures indicating a switch to vertical shortening in the
Prague Syncline and its Cadomian basement may re-
cord this collapse stage (Fig. 14). The outstanding
question thus arises: what was the trigger for such
rapid collapse and destruction of the high topography?
For instance, Dörr & Zulauf (2010) invoked delamin-
ation of lithospheric mantle (Fig. 15c) whereby inflow
of new hot mantle caused thermal weakening and ab-
rupt rheological failure of the lower crust beneath the
plateau. Nevertheless, our inferences developed above
suggest that there may have been other additional pro-
cesses that contributed to the destruction of the oro-
genic plateau.

Firstly, the southeastern margin of the Teplá–
Barrandian plateau along its entire length was in-
truded by voluminous granodioritic arc plutons at c.
346 Ma (Fig. 15c). Hence, it may be assumed that
this hinterland-facing plateau margin lost much of its
strength owing to thermal softening and lubrication
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Figure 15. (Colour online) (a, b) A tectonic model for the growth and (c) collapse of an orogenic plateau in the Bohemian Massif.
The model builds on new structural data and interpretations from the Prague Syncline (this study) and previous models published in
Zulauf (1994), Zulauf et al. (2002), Žák, Holub & Verner (2005), Dörr & Zulauf (2010), Hajná et al. (2012) and Žák et al. (2012). See
text for discussion.

by magmas (e.g. Hollister & Crawford, 1986; Pavlis,
1996; Dörr & Zulauf, 2010).

Secondly, the plateau collapse temporally overlaps
with movement along the intracontinental, WNW–
ESE-trending dextral strike-slip faults from c. 345 Ma
onwards (e.g. Aleksandrowski et al. 1997; Mazur
& Aleksandrowski, 2001; Mazur et al. 2006; Hof-
mann et al. 2009; Verner et al. 2009; Pertoldová
et al. 2010; Hajná et al. 2012). Indeed, Arthaud &
Matte (1977), Badham (1982), Matte (1986, 2001),
Lewandowski (2003) and Martínez Catalán (2011,
2012) proposed that the whole Variscan belt switched
from a frontal convergence mode to overall dextral
strike-slip between Gondwana and Laurussia at c.
345 Ma, leading to major reorientation in the tectonic
forces shaping the orogen. The NW–SE-trending nor-
mal faults that accommodated exhumation of various
structural levels of the Prague Syncline (Fig. 6) sug-
gest such stress reorientation and increased amount
of NE–SW stretching, which is kinematically compat-
ible with the expected crustal strain orientations dur-
ing the far-field dextral strike-slip. This interpretation
is also consistent with numerical modelling by Henk
(1999), who proposed that gravitational forces alone

are insufficient to cause the collapse of the Variscan
orogen and advocated a key role of far-field tectonic
forces.

8. Conclusions

(1) The Prague Syncline exhibits a simple structure,
defined by buckle folds of up to several kilometres
wavelength cross-cut by major reverse/thrust faults,
both recording horizontal ∼NW–SE shortening and
coeval ∼NE–SW extension. Owing to this deform-
ation, the syncline evolved into a doubly vergent
compressional fan associated with significant crustal
thickening. Similar compressional structures are also
observed in the deeper structural levels exposed to the
southwest of the Prague Basin. Subsequently, these
Late Devonian/early Carboniferous structures were
overprinted by vertical shortening accommodated by
localized recumbent folds and normal faults. This de-
formation event can be correlated with normal dis-
placement along ductile shear zones that juxtaposed
the Teplá–Barrandian upper crust against the deep
middle and lower crust (Moldanubian Unit) at c. 346–
337 Ma.
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(2) Even younger is a newly recognized deformation
phase represented by ∼N–S shortening affecting both
ends of the syncline. The above documented deform-
ational sequence and stratigraphical relationships ex-
clude a previous interpretation of the Prague Syncline
as a stack of allochthonous SE-directed nappes folded
together into a ʽsynformʼ.

(3) The Prague Syncline records c. 10–19 % short-
ening and only minor syncline axis-parallel exten-
sion, implying significant vertical thickening and thus
palaeoelevation of the Teplá–Barrandian upper crust
during Variscan microplate convergence. A synthesis
of finite deformation components and orientations
across the Teplá–Barrandian Unit suggests a differenti-
ated within-plateau palaeotopography with ∼NE–SW-
trending elevations, where local thickening dominates,
alternating with topographic depressions over lateral
extrusion zones. The loci of crustal thickening or lat-
eral extrusion may have been controlled by tectonic
inheritance.

(4) The Prague Syncline example may thus provide
some new insights into a lifetime of Tibetan-type oro-
genic plateaus in other orogens: their growth may
likely involve complex, progressive three-dimensional
internal deformations of the overriding plate, with
strain partitioning and development of alternating
zones of thickening and lateral extrusion controlled by
tectonic inheritance. Similarly, we argue for multiple
interlinked processes contributing to plateau collapse
in addition to gravity, including mantle delamination,
voluminous magma emplacement and thermal soften-
ing in the hinterland, and far-field plate-boundary
forces governed by changes in plate motions.
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