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Abstract: Tectonic development of the Variscan belt in Central Europe included, besides important compression,
also an extensional phase related to gravitational collapse, which governed the origin of many sedimentary basins
and magmatic bodies. One of these bodies is the Benešov pluton, featuring primary magmatic fabrics as well as
deformational fabrics, related to subsequent extensional stages. Recognition of these fabrics and their links to
other significant extension-induced structures in the Bohemicum and Moldanubicum not only sheds new light
on the pluton itself but also extends a general knowledge of deformational stages, accompanying gravitational
collapse of the Variscan orogen. The authors found that this pluton was strongly strained in a normal-faulting
regime under brittle-ductile conditions. The age of deformation is constrained by a magmatic age of 347 ±3 Ma
and by the age of Carboniferous sedimentary cover. New data indicate a three-stage extensional history during the
phase of gravitational collapse: (1) Tournaisian extension (~350–345 Ma) within arc-related tonalitic intrusions;
(2) late Viséan to Serpukhovian extension (~332–320 Ma), connected to the brittle-ductile unroofing and origin of
a NE–SW basin system; and (3) Gzhelian to Cisuralian extension (~303–280 Ma), related to normal faulting and
sedimentation in “Permo–Carboniferous” troughs, elongated NNE–SSW. Consequently, the gravitational collapse
studied involved a complex succession of individual extensional stages, rather than a simple process.
Key words: Gravitational collapse, anisotropy of magnetic susceptibility, U-Pb zircon geochronology, Variscan
orogen, Central Bohemian plutonic complex.
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INTRODUCTION
A collision between Laurussia, Gondwana, and intervening microplates during the Devonian (Edel et al., 2018) led
to the origin of a large orogenic belt and eventually to the
abnormal thickening of the continental crust throughout
the Northern Hemisphere (Matte, 1991, 2001; Franke, 1992;
Stampfli et al., 2002). Subsequent heating of orogenic roots
and gravitational instability of the thickened lithosphere
dominated during the late orogenic processes (Rey et al.,
2001; Jadamec et al., 2007). The unstable continental lithosphere was subjected to gravitational collapse and a compressional regime was replaced by extension, manifested in
large intrusions of granitoids at deep levels and the formation of sedimentary basins at the surface (Malavieille et al.,
1990; Pešek, 1994; Mazur and Kryza, 1996; RodríguezMéndez et al., 2016). Variscan geodynamic evolution of

Central Europe was characterized by the rapid exhumation
of metamorphic rocks during the extensional stages (Pešek,
1994; Lobkowicz et al., 1996; Mlynář and Melichar, 1999;
Klomínský et al., 2010; Žák et al., 2012, 2017; Kroner and
Romer, 2013). This exhumation was controlled mainly by
lithospheric extension and gravitational forces (Henk, 1996),
and late Palaeozoic sedimentary basins originated in the
Variscan mountains during this process (Malavieille et al.,
1990). The findings of the present authors suggest that
among the best places to study the extensional history of
the Variscan orogen are upper Palaeozoic intrusions, such
as the Benešov pluton. Since its first description (Koutek
and Urban, 1929), it has been known under the name “older
biotite granite”. Owing to the high degree of deformation,
the rocks were considered to be of a very old age, i.e., older
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than other Variscan plutons nearby (Svoboda, 1964, Holub
et al., 1997a, b). Orlov (1933) was the only one, who considered it to be younger, owing to the fact that the Benešov
pluton was slightly more acidic than other Variscan plutonic
rocks in the vicinity. In spite of the large volume of data
obtained to date from the Variscan orogen, information provided by the Benešov pluton sheds new light on the lateorogenic evolution of the Variscides and the tectonic setting
for the emplacement of the abundant granitoid intrusions.
This paper provides new data on the age of the Benešov
pluton and its subsequent deformation, placing them in
the wider geodynamic context of late-Variscan extension.

REGIONAL SETTING
The study area lies in the central part of the Bohemian
Massif, where two large terranes, i.e., the Bohemicum
and the Moldanubicum, are next to each other (Fig. 1).
The Moldanubicum represents an exhumed orogenic root of
the Variscan Belt (e.g., Schulmann et al., 2009), formed by
rocks metamorphosed under granulite/eclogite to amphibolite facies, while the Bohemicum forms the highest part of
the basement in the Variscan orogen (Franke, 2000). This
is evidenced by its uppermost part – the Barrandian area
with unmetamorphosed Neoproterozoic to lower Palaeozoic

Fig. 1. Location of the study area within the Central European Variscan Belt (A) and the Bohemian Massif (B); after Melichar (2004),
simplified. Explanations: CBPC – Central Bohemian plutonic complex, HK – Hradec Králové, KZSP – Kłodzko-Złoty Stok pluton,
MP – Miřetín pluton; MZ – Moldanubian zone; SZ – Saxothuringian zone, ZHP – Železné hory plutonic complex.
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sedimentary rocks. The Bohemicum/Moldanubicum boundary is overprinted by the Central Bohemian shear zone and
intruded by plutonic rocks of the Central Bohemian plutonic
complex (CBPC). Its original elongation NE–SW to N–S
was altered to a zig-zag shape by younger, dextral wrenching in Serpukhovian to Bashkirian time (Edel et al., 2018).
The Bohemian Massif was intruded by three main PermoCarboniferous plutonic suites, accompanied by a large
number of secondary ones (Klomínský et al., 2010):
(1) the tonalite suite emplaced into the Central Bohemian
shear zone, forming the main part of the CBPC. The suite
contains mainly Tournaisian (354–346 Ma) arc-related, calc-alkaline granitoids (Vejnar, 1974; Holub et al.,
1997b; Janoušek et al., 2000; Janoušek and Gerdes, 2003;
Dragoun et al., 2009). Equivalent rocks are exposed also in
the Železné hory plutonic complex (Verner and Vondrovic,
2010) and the Kłodzko-Złoty Stok pluton (Klomínský
et al., 2010; Mikulski et al., 2013; Jokubauskas et al.,
2018); (2) the durbachite suite, consisting of the Viséan
(343–332 Ma) ultrapotassic intrusions of quartz melasyenite, independently attached to the tonalite plutonic
complex in central Bohemia. This suite is widespread in the
Moldanubicum (Klomínský et al., 2010) and variously deformed (Mlynář and Melichar, 1999); and (3) the S-granite
suite with a broad time range of its origin (320–290 Ma).
It forms the Moldanubian plutonic complex in the central
part of the Moldanubicum and several bodies on the NW
and NE periphery of the Bohemian Massif (Klomínský
et al., 2010).
A comparison of the sedimentary-basin elongations and
the geometries of deformational fabrics in the magmatic intrusions revealed causal relationships between the processes
of their formation (e.g., Malavieille, 1993). The oldest extensional sedimentary basins (Famennian–Tournaisian; i.e.,
~370 to ~345 Ma) are the Świebodzice Basin in the Polish
Sudetes (Porębski, 1981, 1990) and those concealed beneath Cretaceous sediments, near Hradec Králové (Chlupáč
and Zikmundová, 1976; Čech et al., 1989). The origin of the
Intra-Sudetic Basin is dated as middle to early late Viséan
(~335 Ma; Turnau et al., 2002). The Intra-Sudetic Basin
was incorporated more recently into a younger (mainly
Moscovian–late Cisuralian, i.e., ~311 to ~276 Ma), intracontinental basin system in the western, central and northern
parts of the Bohemian Massif, which is elongated NE–SW
(Pešek, 1994). Late Variscan sedimentation in the troughs,
elongated NNE–SSW to N–S, took place from the Gzhelian
(~303 Ma) to the late Cisuralian (~280 Ma; Falke, 1975).
One of these youngest troughs is the Blanice Graben (also
referred to as the Blanice “Furrow”), the sedimentary fill of
which covers the study area of the Benešov granodiorite in
several places.

METHODS
Geologic structures were studied on a mesoscopic scale
at 32 sites and in thin sections from the most representative
localities (10). The thin sections were made from oriented
samples to keep track of the original orientation of structures in the field, especially the sense of shear in asymmetric structures. The geometry of a strain ellipsoid with axes

X ≥ Y ≥ Z was characterized by its anisotropy Pg = X / Z and by
the geometrical shape parameter Tg = (2Y − X − Z) / (X − Z).
If Tg is negative (i.e., −1 ≤ Tg < 0), the strain ellipsoid is
prolate, otherwise (i.e., 0 < Tg ≤ +1) it is oblate.
Anisotropy of magnetic susceptibility
The anisotropy of magnetic susceptibility (AMS) was
studied together with mesoscopic structural measurements
at 33 sites. The AMS was used for the study of the preferred orientation of magnetic minerals in rocks (Graham,
1954; Borradaile and Henry, 1997), particularly in granites (Bouchez et al., 1990; Bouchez, 1997, 2000; Hrouda,
1999). Magnetic susceptibility can be visualized as an ellipsoid with three principal axes, usually with different lengths
(k1≥k2≥k3; Tarling and Hrouda, 1993). The maximum axis
represents the magnetic lineation, while the minimum one
is perpendicular to the magnetic foliation. The geometry of
the AMS ellipsoid can be described by three independent
parameters, i.e., bulk susceptibility kmean = (k1 + k2 + k3) / 3,
the degree of anisotropy P = k1 / k3 (Nagata, 1961), and the
shape parameter T = 2ln (k2 / k3) / ln (k1 / k3) − 1 determining prolate (−1 ≤ T < 0) or oblate (0 < T ≤ 1) geometries
(Jelínek, 1981).
More than 450 oriented samples were taken, using a portable drill at 33 sampling sites, distributed across the entire
study area. The AMS data were obtained, using KLY-3s
Kappabridge (Jelínek and Pokorný, 1997) and statistically
analysed by Anisoft software (Chadima and Jelínek, 2008).
The contribution of individual minerals to the overall magnetic susceptibility was analysed on finely powdered specimens, using a CS-4 furnace and KLY-4S Kappabridge
(Hrouda, 1994; Jelínek and Pokorný, 1997). The acquired
data were plotted in Cureval software (version 8.0.2).
The samples were heated from room temperature to 700 °C
and cooled back to room temperature in an argon
environment.
Zircon U–Pb dating
The radiometric age of the Benešov granodiorite was determined in zonal zircon grains by laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS) at the
Laboratory of Geological Processes, Institute of Geology,
Czech Academy of Sciences, Prague. The isotopic ratios
207
Pb/235U and 206Pb/238U were acquired by means of an
Element 2 high-resolution sector field mass spectrometer
(Thermo Fisher Scientific), coupled with a 193 nm ArF
Analyte Excite excimer laser ablation system (Teledyne/
Cetac). The helium carrier gas was flushed through the
two-volume ablation cell at a flow rate of 0.7 L/min and
mixed with 0.66 L/min Ar and 0.004 L/min N before introduction into the mass spectrometer. The laser was fired at
a repetition rate of 5 Hz and fluence of c. 3.5 J/cm2, using
a 22-micron spot size. The acquisitions for all standards and
measured samples consisted of a 35-second measurement
of a blank followed by the measurement of U and Pb signals from the ablated zircon for another 35 s. The in-house
glass-signal homogenizer, with design inspired by Tunheng
and Hirata (2004), was used for mixing all the gases and
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aerosol resulting in a smooth, spike-free signal. The signal
was tuned for the maximum sensitivity of Pb and U.
A total of 420 mass scans data was acquired in time-resolved peak-jumping, pulse-counting analogue mode with
one point measured per mass peak for 206Pb, 207Pb, 235U, and
238
U. Raw data reduction and age calculations, including
corrections for baseline, instrumental drift, mass bias, and
down-hole fractionation, were carried out, using the Iolite
program (v. 3.32; Paton et al., 2011) with the VizualAge
utility (Petrus and Kamber, 2012). Residual elemental fractionation and instrumental mass bias were corrected by normalization of the internal natural zircon reference material from the Plešovice Quarry (Sláma et al., 2008). Zircon
reference materials, marked as GJ-1 (Jackson et al., 2004;
Kylander-Clark et al., 2013; Schaltegger et al., 2015) and
91500 (Wiedenbeck et al., 1995), were analysed periodically during measurement for quality control of resulting data.
The zircon U–Pb ages are presented as concordia plots, generated with the Iolite program (Paton et al., 2011).
The average Th/U ratio in zircons was used to discriminate whether the obtained data correspond to magmatic or
metamorphic crystallization. The values under 0.1 are typical of metamorphic growth (Hoskin and Schaltegger, 2003),
while values higher than 0.5 indicate a magmatic origin
(Pystina and Pystin, 2019).

RESULTS
Petrography and deformational fabrics
The Benešov pluton is composed mainly of medium-grained porphyritic biotite granodiorite, intruded by
a swarm of aplitic dikes. The granodiorite consists mainly
of plagioclase, quartz, biotite, a small amount of K-feldspar,
and accessory zircon. The typical grain size is 1–3 mm; plagioclase phenocrysts are approximately 10 mm long. A subordinate population of feldspar phenocrysts reaches a size
of up to 3 cm (Fig. 2C).
The pluton is limited by a young fault in the north, whereas its western contact is intrusive. The host rock surrounding
the pluton in the south and east is Moldanubian biotitic stromatite migmatite with locally developed, ptygmatic folds
deforming leucosome veins (Fig. 2A). The contact with the
migmatite is sharp and straight (Fig. 2B), parallel to, or cutting the stromatite fabric of the migmatite, flat and steep
in outcrops and irregular on the mesoscopic scale. Angular
xenoliths of the host rock were observed in the granodiorite
near the eastern endocontact of the pluton (Fig. 2F). Unlike
the migmatite xenoliths, isolated mafic enclaves formed by
diorite rock are rounded and ellipsoidal. The granodiorite
rock is cut by numerous aplitic dikes (Fig. 2D), concentrated in the central part of the pluton but also present at its
peripheries. These dikes consist of aplitic microgranite with
occasional spheroidal tourmaline pods with whitened rims.
The aplitic dikes contain granodioritic xenoliths of angular,
platy forms (Fig. 2E).
The igneous features of the granodiorite are mostly overprinted by strongly developed brittle-ductile strain fabric.
At a mesoscopic scale, a well-developed deformation fabric is defined by a strong foliation and lineation. Two main

petrofabrics can be distinguished in the Benešov granodiorite (Fig. 3): (1) fabric Ameso striking NNW–SSE to NNE–
SSW and steeply dipping mainly to the W, but locally to the
E (Fig. 3A). The associated lineation is variable in its trend,
plunging mostly WNW at intermediate angles (Fig. 3B);
(2) fabric Bmeso being the dominant mesoscopic foliation,
dipping mainly NW at low to medium angles (Fig. 3A).
Lineation of fabric Bmeso is unified, plunging NNW at 10–30°
(Fig. 3B). Aplitic dike sheets are usually oriented parallel to
the main deformational foliation (Fig. 2D), and sometimes
strongly strained as indicated by elongated quartz grains
(see Fig. 4A, B) and tourmaline pods (Fig. 4C). These pods
are prolate with a shape parameter equal to −0.74 and an anisotropy of 6.85. Mafic magmatic enclaves reveal a similar
prolate geometry (Fig. 4D), usually with higher anisotropy
(up to ~10–15), but owing to the originally ellipsoidal shape
and non-abundant amounts of enclaves, this value should be
taken as an approximation.
Microscopically, plagioclase grains show oscillatory zoning (Fig. 5A), especially in the case of euhedral phenocrysts.
Plagioclase grains are twinned. Magmatic twinning is typical for phenocrysts, and almost all grains, especially the larger ones, are twinned by subsequent deformation (Fig. 5B).
Deformation twins are fine, multiple, and incoherent. Brittle
fractures in plagioclase are locally filled with remobilized
quartz (Fig. 5C). Some plagioclase grains are affected by
sericitization. K-feldspar is present in small amounts; myrmekite structures were also observed. Grains of quartz 0,3–
1 mm in size are moderately elongated and characterized by
lobate forms, resulting from primary recrystallization (Fig.
5A–C). These grains are divided into sub-grains by the recovery process, which is manifested by undulatory extinction in thin sections under cross-polarized light. Strained
quartz grains in some cases are surrounded by fine-grained,
recrystallized quartz (Fig. 5E). Flakes of biotite are straight
or bent and, in this case, they are concentrated into moreor-less parallel bands and in places associated with muscovite (Fig. 5E, F); chloritization of such biotite was often
observed (Fig. 5D, E).
A tectonic overprint of igneous structures is indicated
by wavy biotite aggregates and rounded, flattened, and/or
crushed mineral grains (Fig. 5F). Strongly foliated rocks may
contain newly crystallized phyllosilicates, e.g., muscovite
and chlorite (Fig. 5D–F). Simple shear deformation is documented by asymmetric structures, such as σ-porphyroclast
systems and/or S-C structures (Fig. 5F), and discrete shear
bands in the granodiorite. The sense of the shear indicated
by the S-C structure associated with dominant petrofabric Bmeso indicates normal faulting to the NNW (Fig. 5F);
however, sporadic reverse kinematics, approximately in the
same direction, was observed.
Magnetic minerals and AMS fabrics
To properly interpret the recognized AMS fabrics, the authors studied the temperature dependence of magnetic susceptibility to determine the main carrier(s) of magnetic susceptibility (MS). The results showed a low kmean value in the
order of magnitude of 10–4 SI at the beginning of the analysis. Magnetic susceptibility was decreasing continuously
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Fig. 2. Mesoscopic structures in the Benešov granodiorite and associated rocks. A. Folded Moldanubian migmatite with an aplitic dike (host rock of the Benešov granodiorite), Lhotka Veselka. B. A sharp magmatic contact of the Moldanubian migmatite and
the Benešov granodiorite, Lhotka Veselka. C. Typical Benešov granodiorite with small phenocrysts and a rare large one, Bílkovice
Quarry. D. Widespread aplitic dikes oriented in a foliation-parallel position, Bílkovice Quarry. E. An aplitic dike with platy xenoliths of
the Benešov granodiorite, Lhotka Veselka. F. An angular migmatite xenolith in the Benešov granodiorite (a close-up view from image E).

with an increasing temperature up to ~200–250 °C. This
indicates that the main carriers of the AMS were paramagnetic mineral phases, such as biotite and/or amphibole at the
beginning of the analysis. The sudden change in the trend
of the curve and initiation of MS increase above ~200 °C
indicates newly formed magnetite with a Curie temperature

of 585 °C. A small peak at 300 °C indicates a small amount
of titanomagnetite, titanomaghemite, and/or pyrrhotite that
were also produced by heating, as new magnetic minerals
originated during the analysis. These ferromagnetic phases originated mainly during laboratory heating and could
not affect the measured AMS fabric under low-temperature
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Fig. 3. Orientation of the main mesoscopic foliation (A) and lineation (B) from the Benešov granodiorite. Equal-area azimuthal projection on the lower hemisphere, number of data: 50 and 30 respectively.

conditions. The thermomagnetic curves exhibit hyperbolic
shapes in the range of 0–200 °C (Fig. 6). Thus, the main
magnetic carriers responsible for AMS fabrics were paramagnetic minerals.
The AMS results (Fig. 7) showed that the shape parameter T varies from medium prolate to strongly oblate shapes
(−0.483 ≤ T ≤ +0.777). The anisotropy degree P indicated anisotropies ranging from 3.3% to 13.2% (P = 1.033–
–1.132.). Owing to the absence of ferromagnetic phases, the
mean magnetic susceptibilities of measured samples were
lower (kmean = 0.67 to 4.08 ×10-4 SI) compared to those of
other common granites. Based on directional analyses, site
affinities, and clustering in the Jelínek diagrams, the authors
separated 3 main AMS fabric types in the Benešov granodiorite (Fig. 7): (1) fabric type Amag is represented by sites
with a N–S-oriented, subvertical, magnetic-foliation-bearing, W–E to SW–NE-trending, magnetic lineation (k1), and
characterised by the highest anisotropies (10% on average);
(2) fabric type Bmag involves only sites with gently inclined
magnetic foliation and lineation k1 plunging to the N (7%
anisotropy on average); (3) fabric type Cmag is linked to steep
to vertical magnetic foliation, striking W–E to SW–NE, and
vertical magnetic lineation k1. The average anisotropy is
~5% in this case. This fabric type is sporadically distributed
over the entire Benešov granodiorite body.
Although all three fabric types were identified over a
large part of the study area, fabric Amag dominates the southeastern marginal zone of the Benešov pluton near the outcrops of Permian rocks in the Blanice Graben, while fabric
Bmag is distributed over the whole pluton, and fabric Cmag appears sporadically, rather in the central part of the Benešov
pluton (Fig. 8).
Zircon U-Pb dating
Zircon grains were separated from granodiorite of the
Bílkovice Quarry. Altogether 33 grains with magmatic

zoning were used for the radiometric analyses (Tab. 1).
Prismatic zircon grains used for this purpose are euhedral
and oscillatory-zoned (Fig. 9). The individual U-Pb zircon ages are spread in the range of 340–356 Ma (Tab. 1).
Zircon grains yielded concordant U–Pb ages with a mean of
347 ±3 Ma (Fig. 10). The average Th/U ratio in zircons from
the Benešov granodiorite equals 0.58 ±0.15, evidencing
that the acquired age corresponds to the time of magmatic
crystallization.

DISCUSSION
Origin of the pluton and its age
The magmatic origin of the Benešov granodiorite is in
accordance with the observations of plagioclase and dated prismatic zircon grains by the authors. These are euhedral and oscillatory-zoned (Figs 5A, 9); as such, they have
typical features directly indicating crystallization from
a granitoid melt (Shore and Fowler, 1996). The intrusive origin of the rock also is validated by angular xenoliths with
contacts parallel to, or cutting, stromatite structure of the
migmatite. Sharp and straight contacts between granodiorite
and host rocks (Fig. 2B) as well as the xenoliths (Fig. 2F) indicate the stoping process as the main emplacement mechanism of the pluton. The newly acquired radiometric age
of 347±3 Ma, obtained on zircons with the high U/Th ratio
typical of magmatic origin, define the time of emplacement
for the Benešov pluton. The age and petrology of the latter
place it within the tonalite suite of the CBPC.
Recorded history in AMS fabrics
and mesoscopic structures
Structural analysis of the mesoscopic fabrics revealed the
presence of two main petrofabrics (A and B, Fig. 3), which
overlap and have their equivalents in AMS fabrics
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Fig. 4. Mesoscopic strain structures in the Benešov pluton. A, B. A deformed aplitic dike with prolate geometry of quartz grains in
cross-section XY (A) and XZ (B), Bílkovice Quarry. C. Strained tourmaline pods with prolate geometry (see different cross sections),
Takonín. D. Extreme elongation of a strained mafic enclave, note the almost parallel orientation of all structures, Postupice. E. σ-porphyroclast systems with a top-to-the-N sense of movement in the Benešov granodiorite, Postupice.

(Fig. 7). Complementary studies of magnetic fabrics
across the entire area revealed three main fabric groups
with different structural affinities. Combining both
types of observations, the authors can distinguish the
following fabrics:
(A) The first group of AMS fabrics (fabric Amag) can
be associated with mesoscopic fabric Ameso. It includes

a steep foliation, striking N–S and plunging to the W or E
(Fig. 3). Fabric A is oriented parallel to the Blanice Graben
(see Fig. 1) that was formed at ~303–280 Ma (Gzhelian to
Cisuralian). This spatial relationship indicates that fabric
A may have developed under the same extensional regime
that produced the Blanice Graben and the last phase of brittle-ductile deformation.
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Table 1
Laser ablation ICP-MS U-Pb data for zircon grains from the Benešov pluton (Bílkovice Quarry).
Corrected isotope ratios
No.

207

Pb/
U

235

±2s

Pb/
U

206

238

±2s

Apparent ages (Ma)
error
corr.

Pb/
U

207

235

±2s

Pb/
U

206

238

U, Th and Pb content (ppm)
±2s

Approx
U

±2s

Approx
Th

±2s

Approx
Pb

±2s

Th/U

1

0.3995

0.0058

0.0543

0.0007

0.6126

341

4.2

341

4.1

1070

20

866

11

456

6.2

0.8

2

0.4105

0.0088

0.0548

0.0009

0.5752

350

6.4

344

5.6

382

7

182

2.7

95

2

0.5

3

0.4119

0.0072

0.0561

0.0008

0.3891

351

5.1

352

4.9

632

13

271

4.3

142

2.5

0.4

4

0.4087

0.0080

0.0556

0.0009

0.5933

348

5.7

348

5.4

446

9

288

3.8

152

2.9

0.6

5

0.4040

0.0080

0.0548

0.0008

0.4859

345

5.8

344

5.1

689

12

486

6.7

255

4.3

0.7

6

0.4053

0.0083

0.0540

0.0009

0.5834

345

6.0

339

5.3

517

8.1

377

4.3

196

3.4

0.7

7

0.4004

0.0065

0.0542

0.0008

0.5435

342

4.6

340

4.8

1042

18

917

9.5

473

5.8

0.9

8

0.4084

0.0074

0.0549

0.0008

0.6022

348

5.2

344

4.8

659

13

505

7.3

260

4.1

0.8

9

0.4206

0.0081

0.0566

0.0009

0.5193

356

5.8

355

5.6

425

5.8

199

2.5

103

2.2

0.5

10

0.4133

0.0082

0.0556

0.0009

0.5663

352

5.8

349

5.7

508

10

368

6.9

193

4.6

0.7

11

0.4160

0.0073

0.0560

0.0009

0.4597

353

5.3

351

5.4

631

16

260

5.3

136

3.2

0.4

12

0.4110

0.0068

0.0551

0.0008

0.5262

349

4.9

346

4.9

794

11

569

6.5

300

4.4

0.7

13

0.4189

0.0069

0.0561

0.0008

0.4175

355

4.9

352

4.8

1221

26

785

18

442

13

0.6

14

0.4059

0.0087

0.0542

0.0010

0.5530

346

6.2

340

5.8

480

6.8

200

1.8

106

2

0.4

15

0.4023

0.0087

0.0542

0.0009

0.4572

343

6.4

340

5.6

419

8

201

3.2

106

2.4

0.5

16

0.4115

0.0080

0.0558

0.0009

0.3024

349

5.8

350

5.6

354

3.7

165

1.5

87

1.6

0.5

17

0.4113

0.0082

0.0553

0.0010

0.7084

349

5.9

348

6.4

594

11

286

3.6

155

3.2

0.5

18

0.4154

0.0098

0.0560

0.0008

0.3940

353

7.0

351

5.0

275

7.9

134

4.1

70

2.5

0.5

19

0.4007

0.0079

0.0544

0.0010

0.5575

342

5.7

342

6.0

534

8.6

256

3.2

136

2.3

0.5

20

0.4122

0.0061

0.0560

0.0009

0.5453

350

4.4

352

5.2

2631

32

754

12

381

8

0.3
0.4

21

0.4130

0.0067

0.0554

0.0010

0.5041

351

4.8

348

6.0

1254

46

538

18

280

11

22

0.3986

0.0088

0.0545

0.0010

0.5036

340

6.3

343

6.2

395

7.3

277

4.4

149

2.8

0.7

23

0.4076

0.0063

0.0548

0.0008

0.4910

347

4.6

344

5.1

1577

18

580

5.6

295

4.3

0.4

24

0.3993

0.0099

0.0542

0.0010

0.5613

342

7.2

341

6.2

352

7.6

264

6.3

141

4.2

0.7

25

0.4122

0.0081

0.0560

0.0009

0.6509

350

5.9

351

5.5

603

8.9

419

10

223

5.9

0.7

26

0.3995

0.0092

0.0541

0.0011

0.4721

341

6.6

340

6.8

423

12

188

3.3

103

2.4

0.4

27

0.4043

0.0092

0.0549

0.0012

0.5644

344

6.6

345

7.0

372

13

179

4.6

96

3.4

0.5

28

0.4103

0.0074

0.0554

0.0011

0.5173

349

5.3

348

6.5

1471

22

641

10

357

8.3

0.4

29

0.4086

0.0068

0.0553

0.0007

0.5506

347

4.9

347

4.4

1071

17

827

8.6

451

6.3

0.8

30

0.4055

0.0059

0.0549

0.0008

0.6301

346

4.2

345

4.9

1604

26

1078

24

608

14

0.7

31

0.4136

0.0084

0.0549

0.0010

0.5650

352

6.0

345

5.9

809

30

552

28

314

16

0.7

32

0.4205

0.0081

0.0560

0.0010

0.5073

356

5.8

351

5.9

507

12

374

13

208

7.1

0.7

33

0.4115

0.0086

0.0550

0.0010

0.5301

351

6.1

345

5.8

426.8

7.9

209

3.4

111.7

2.5

0.5

(B) The second group of AMS fabric (fabric Bmag) represents the dominant foliation dipping NW and the lineation
plunging gently NNW. It also was recognized at a mesoscopic scale (fabric Bmeso). Brittle deformation of plagioclase (see Fig. 5C–F) indicates temperatures lower than
approx. 400 °C (Suppe, 1985), while ductile deformation of
aplitic dikes (Fig. 4A–C) requires temperatures higher than
approximately 300 °C (Suppe, 1985). These constraints are
in accordance with chlorite and muscovite crystallization
in shear zones (Fig. 5D–F). Thus, this fabric originated under temperature conditions characterising moderate cooling of the Benešov intrusion. Fabric B is associated with

a top-to-the-NW shearing (Figs 4E, 5F), associated with
low-angle normal displacements (Figs 3, 7). This deformation may have led to tectonic unroofing of the Benešov
pluton. Furthermore, it may have enhanced subsidence of
Pennsylvanian sedimentary basins that are located W and
N of the study area (Fig. 1B). The initiation of the IntraSudetic Basin southeast of the Karkonosze pluton (Mazur
1995; Mazur and Aleksandrowski, 2001) may serve as an
analogue within the Bohemian Massif. Putting all this together, normal shearing- and faulting-related fabric B probably was connected with the main extensional event leading
to unroofing of the central parts of the Bohemian Massif.
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Fig. 5. Photomicrographs of the Benešov granodiorite (cross-polarized light). A. Oscillatory zoning in plagioclase partly overprinted
by mechanical flame-shaped twins, Střížkov. B. Low degree of anisotropy, plagioclase with both magmatic and mechanical twinning;
Střížkov. C. plagioclase grain with brittle fractures filled with remobilized quartz, Sembrantec. D. lobate quartz grains with undulatory extinction and newly formed chlorite, Vestec. E. recrystallized quartz grains and newly formed muscovite and chlorite, Vestec.
F. S-C structure with a σ-type porphyroclast, Vestec. Explanations: Qz – quartz, Pl – plagioclase, Bi – biotite, Chl – chlorite, Ms – muscovite.

(C) The last group of AMS fabrics (fabric Cmag) is more
enigmatic and occurs only locally. These structures, preserved in AMS only, are characterised by the smallest degree of anisotropy P. This indicates a small degree of preferred orientation (Fig. 7) and, consequently, a modest rock
deformation. Inhomogeneous, weak deformation also could

have contributed to its directional dispersion. The microstructures studied (Fig. 5A, B), such as mechanical twinning of plagioclase, slightly bent biotite flakes, and quartz
grains with more-or-less continuous undulatory extinction,
indicating dislocation glide and the possible initial stage
of recovery, manifest low-strain damage of the original
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Fig. 6. Thermomagnetic measurements of the Benešov granodiorite from three representative sites (T4-4 – Třebešice, ST14-4B –
Střížkov, B1-7 – Bílkovice) showing a hyperbolical decrease in bulk susceptibility at the beginning, typical of paramagnetic minerals, and
newly formed ferromagnetic phases under high-temperature conditions.

Fig. 7.

Three types of recognized AMS fabrics and their characteristics.
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Fig. 8. Simplified geological map of the Benešov pluton with magnetic foliations
and lineations indicated.

Fig. 9. Radiometric ages of zircon grains from the Benešov pluton: oscillatory-zoned zircon grains in cathodoluminescence imaging,
Bílkovice Quarry.
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Fig. 10. U–Pb Concordia diagram for zircon grains from the
Benešov pluton, Bílkovice Quarry.

magmatic fabric. The strike of the magnetic foliation is mostly
NE–SW (Fig. 7), which is similar to the strike of the Central
Bohemian shear zone and the elongation of the CBPC
(Fig. 1). Although with low anisotropy and, consequently,
high dispersion, the orientation of Cmag reflects the shape of
the pluton. Therefore, the authors interpret Cmag as the oldest fabric. It might be a relic fabric that is connected with
the emplacement of the Benešov pluton. The age related to
this fabric, can be therefore considered relatively close to
the magmatic age (347±3 Ma).
Directionally different fabrics, both magnetic and mesoscopic, are products of sequential events during the late
Variscan evolution and can be attributed to a few extensional events. Figure 11 shows the possible timing for the
development of three fabrics, recognised in the Benešov
pluton, and their relationship to the regional magmatic and
sedimentary events in the central part of the Bohemian
Massif.

Fig. 11. Scheme of the main magmatic and sedimentary events in the central part of the Bohemian Massif and
their timing. Tectonic events documented in the Benešov pluton are included.
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Age of the dominant phase of extension (fabric B)
The age related to fabric B (Bmeso and Bmag) must be
younger than the magmatic age of the Benešov pluton. The
herein described brittle-ductile, normal dip-slip shearing to
the NW and N along foliation planes in the Benešov pluton
has been also recognized in other localities at the border
zone of the Bohemicum and Moldanubicum units, such as
the CBPC (Žák et al., 2012), Železné hory plutonic complex
(Pitra et al., 1994) including the Miřetín pluton (Verner and
Vondrovic, 2010; Vondrovic et al., 2011), and durbachite
bodies (Mlynář and Melichar, 1999). As similar deformation affected the durbachite intrusion, dated at 343–332 Ma
in age (Klomínský et al., 2010), the authors consider this
age as a maximum limit for the formation of the B-fabric.
Since the Benešov granodiorite is overlain by latest
Carboniferous to Permian (Gzhelian–Cisuralian, i.e., ~303–
–280 Ma) sedimentary rocks, it must have been exposed at
the surface at that time. As the heterogeneous, wide zone of
shearing associated with fabric B is displaced along dextral strike-slip shear zones, together with other structures
(Fig. 1B), the time of dextral wrenching in the Variscan orogen (Edel et al., 2018) can be considered as a minimum age
limit for the origin of fabric B (~325–310 Ma).
Taking these constraints into account, the beginning of
the gravitational collapse in the central part of the Bohemian
Massif can be assigned to the late Viséan (~332 Ma), which
is in accordance with the extensional initiation of the IntraSudetic Basin (Mazur 1995; Mazur and Kryza, 1996;
Turnau et al., 2002), and the main movements continued
into the Serpukhovian. Considering the kinematics of shear
zones, the most probable interpretation is that the tectonic
regime represented by fabric B controlled the formation of
the Western and Central Bohemian basins (Moscovian–late
Cisuralian).

CONCLUSIONS –
A MODEL OF LATE-VARISCAN
TECTONIC EVOLUTION
The recognition of three different fabric types in the
Benešov pluton and their age constraints allows reconstruction of the possible extensional history during three
stages of gravitational collapse. During extensional stage I,
the Benešov granodiorite was emplaced at 347±3 Ma
(Fig. 12A) and Fabric C was formed. The extensional stage
of plutonism was followed by normal dip-slip shearing of
extensional stage II, mainly during the late Mississippian
(late Viséan to Serpukhovian, i.e., ~332–320 Ma). During
this stage, the dominant B-fabric with normal shearing to
NW–N originated and the main unroofing took place, controlling the origin of an elongated depression, later filled
with Moscovian sediments (Fig. 12B). The last extensional
stage III occurred in the period of the latest Pennsylvanian
(Gzhelian) to Permian (Cisuralian), i.e., at ~303–280 Ma,
when brittle-ductile fabric A striking NNW-SSE to NNE-SSW was formed. This last stage was connected with the
origin of Permo–Carboniferous troughs in the Bohemian
Massif (Fig. 12C).

Fig. 12. An evolutionary model of the Variscan orogen in Central
Bohemia. Three extensional phases are well evidenced near the
Bohemicum/Moldanubicum boundary.
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