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Abstract

This work describes the Freyenstein Fault System, which extends over 45 km in the southeastern part of the Bohemian
Massif (Lower Austria). It represents a ductile shear zone overprinted by a brittle fault located at the eastern edge of the
South Bohemian Batholith towards the Moldanubian nappes. It affects Weinsberg- and a more “fine-grained” granite, in-
terlayered aplitic granite and pegmatite dikes as well as paragneiss of the Ostrong Nappe System. The ductile shear zone
is represented by approximately 500 m thick greenschist-facies mylonite dipping about 60° to the southeast. Shear-sense
criteria like clast geometries, SCC -type shear band fabrics as well as abundant microstructures show top to the south/
southsouthwest normal shearing with a dextral strike-slip component. Mineral assemblages in mylonitized granitoid con-
sist of pre- to syntectonic muscovite- and biotite-porphyroclasts as well as dynamically recrystallized potassium feldspar,
plagioclase and quartz. Dynamic recrystallization of potassium feldspar and the stability of biotite indicate upper green-
schist-facies metamorphic conditions during the early phase of deformation. Fluid infiltration at lower greenschist-facies
conditions led to local sericitization of feldspar and synmylonitic chloritisation of biotite during a later stage of ductile
deformation. Finally, a brittle overprint by a north-south trending, subvertical, sinistral strike-slip fault that shows a nor-
mal component is observed. Ductile normal shearing along the Freyenstein Shear Zone is interpreted to have occurred
between 320 Ma and c. 300 Ma. This time interval is indicated by literature data on the emplacement of the hostrock and
cooling below c. 300°C inferred from two Rb-Sr biotite ages measured on undeformed granites close to the shear zone
yielding 309.6 + 3 Ma and 290.9 + 2.9 Ma, respectively. Brittle sinistral strike-slip faulting at less than 300°C presumably
took place not earlier than 300 Ma. Early ductile shearing along the Freyenstein Fault System may be genetically, but not
kinematically linked to the Strudengau Shear Zone, as both acted in an extensional regime during late Variscan orogen-
ic collapse. A relation to other major northeast-southwest trending faults of this part of the Bohemian Massif (e.g. the
Vitis-Pribyslav Fault System) is indicated for the phase of brittle sinistral movement.

1 Introduction but was never focus of a structural study. Parts of it were

In the southern part of the Bohemian Massif, a number
of late Carboniferous to early Permian fault systems (FS)
related to the Variscan orogenic event are known. Sev-
eral of these exhibit a polyphase evolution from earlier
ductile shear zones, later overprinted or reactivated as
brittle strike-slip faults. Beside some specific features
discussed below, two dominant fault sets have been
identified based on their orientation (Fig. 1): a westnorth-
west-eastsoutheast oriented set with dextral offset, in-
cluding for example the Danube FS and Pfahl FS and a
northeast-southwest trending one that exhibits sinistral
kinematics, including for example the Rodl-Kaplice FS,
Karlstift FS, Vitis-Pribyslav FS or Diendorf-Boscovice FS
(Brandmayr et al., 1995).

The tectonic structure here referred to as Freyenstein
Fault System (FS) is known since more than 40 years,

mapped for the first time by Thiele (1976) as well as Fuchs
and Matura (1976) in their overview map of the Bohemi-
an Massif. Descriptions of mylonite and fault develop-
ment are lacking in these early publications, but were
described briefly by Fuchs (1984; 2005), Thiele (1969)
and Fuchs and Roetzel (1990). Its extent is shown in the
geologic map of Upper Austria (Krenmayr et al., 2006). In
all mentioned publications, the discussed structure was
claimed to be a (sub)vertical, sinistral strike-slip fault.

In this contribution, the Freyenstein FS is described on
the basis of the affected country rock, the appearing fault
rock and the deformation kinematics. Its time of activi-
ty is inferred from literature data on the crystallization
of the deformed magmatic rocks and new Rb-Sr biotite
ages. Finally, its relation to other shear zones in the south-
ern Bohemian Massif is discussed.
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2 Regional geological setting

The southern Bohemian Massif is traditionally subdivided
into the Moldanubian and Moravian Superunits, which
formed during the Variscan orogenic event (Suess, 1911;
Tollmann, 1982; Franke, 2000). The Moldanubian Supe-
runit consists of the Moldanubian nappes, the South and
Central Bohemian Batholith as well as the Bavarian Mas-
sif (Fig. 1). The Moldanubian nappes are built up by three
nappe systems (Linner, 2013), which are characterized
by different lithological composition and metamorphic
evolution. In the uppermost Gfohl Nappe System, eclog-
ite-facies (Kotkovd, 2007; Schantl et al., 2019) and partly
even ultrahigh-pressure peak metamorphic conditions
(Faryad, 2009; Perraki and Faryad, 2014) are described,
followed by granulite-facies metamorphic conditions in
both the Gféhl and the underlying Drosendorf Nappe
Systems (Petrakakis, 1997; Sorger et al., 2020). Within the
lowermost Ostrong Nappe System, some eclogite lenses
appear in a matrix of monotonous paragneiss, which at-
tained prograde amphibolite-facies conditions, followed
by subsequent anatexis (Petrakakis, 1997). “°Ar/*Ar mus-
covite ages indicate cooling below c. 400°C at around 320
Ma in the Ostrong Nappe System (e.g. Zeitlhofer et al.,
2013). Geochronological investigations on “weakly-de-
formed” pegmatite bodies (Ertl et al., 2012) and granit-
oides of the South Bohemian Batholith (e.g. KI6tzli and
Parrish, 1996; Klotzli et al., 1999), which intersect the
Moldanubian nappes, point to a nappe stacking prior to
¢. 340 Ma.

In the South Bohemian Batholith, Waldmann (1930)
distinguished four different types of plutonic suites: Alka-
line magmas, “Kristallgranit” (today’s Weinsberg granite),
Mauthausen and Eisgarn granite. Based on geochemical
analysis, geochronological data and magmatic features,
these granite types were subdivided in more detail later
on (e.g. Fuchs and Matura, 1976; Koller et al., 1993; Kl6tzli
et al, 1999; Finger and Schubert, 2015). From c. 338 Ma
onward, main plutonic activity started with the intrusion
of the Rastenberg granodiorite (KI6tzli and Parrish, 1996),
followed by diorite bodies between 334 and 332 Ma (Vell-
mer and Wedepohl, 1994). The widespread Weinsberg
granite (WBG) started intruding at c. 330 Ma. However,
towards the southwest, it shows decreasing intrusion
ages (Friedl, 1997; Gerdes et al., 2003) with the youngest
of 322 Ma reported from the Bavarian Massif (Finger et al.,
2009). Around 310 Ma, the WBG had already cooled be-
low 450°C (Scharbert et al., 1997). In addition to its wide-
spread I-type chemistry, the WBG exhibits locally S-type
signatures (Scharbert, 1987; Finger and von Quadt, 1992).

Two-mica granite with S-type signature, commonly re-
ferred to as Eisgarn granite, intruded around 328-325 Ma.
It is located in the northern part of the South Bohemian
Batholith (Finger and Schubert, 2015). Between 322 and
316 Ma middle- to ,fine-grained” granite melts with I-type
signatures like the Mauthausen granite intruded the already
existing batholith (Gerdes et al., 2003; Rupp et al., 2011). The
Freistadt granodiorite forms the youngest pluton with an
intrusion age of c. 310-300 Ma (Gerdes et al., 2003).
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The Bavarian Massif, located at the southwestern border
of the Bohemian Massif, shows an additional metamor-
phic evolution that is unique to the rest of the Bohemian
Massif. Contemporaneously to magma intrusions of the
South Bohemian Batholith, the “Bavarian rocks’, being
already placed at mid-crustal levels, were extensively
overprinted at high temperatures by the so called Ba-
varian event (Finger et al., 2007). This caused widespread
migmatization, leucosome segregation and formation
of singular bodies of S-type granite intrusions (Rupp et
al, 2011 and references therein). The Bavarian event is
placed between c. 325-300 Ma with peak metamorphic
conditions around 315-312 Ma (Sorger et al., 2018).

During the Late Mississippian (331-323 Ma), the
Moldanubian nappes were thrust onto the Moravian
Superunit along a major mylonitic shear zone referred
to as Moldanubian Thrust (Fig. 1; Suess, 1908; Fritz et al.,
1996; Stipska et al., 1999). This thrust is characterized by
top to the north/northeast sense of shear with “Ar/**Ar
amphibole cooling ages from 342 Ma to 332 Ma (Racek
et al,, 2017) and muscovite cooling ages from 331 Ma to
325 Ma. Two generations of lamprophyric dikes dissect
parts of the Moldanubian and Moravian Superunits.
The first generation is “weakly-metamorphosed’, trends
westnorthwest-eastsoutheast and yields “°Ar/*°Ar bi-
otite plateau ages around 323 Ma, whereas a second
unmetamorphosed group is northnortheast-south-
southwest-trending and yields “°Ar/**Ar plateau ages of
315-306 Ma (Neubauer et al.,, 2003). Additionally, Rb-Sr
biotite cooling ages yielding c. 322-311 Ma on “partly-de-
formed” lamprophyric and porphyric dikes are described
in the Strudengau area (Zeitlhofer et al., 2016).

Late Variscan orogenic collapse and plate reorganization
in Pennsylvanian to early Permian times (c. 325-290 Ma;
Kroner and Romer, 2013) led to the formation of several
fault systems cutting through the Moldanubian and Mora-
vian Superunits (Fig. 1). They may be distinguished by their
orientation, timing of activity, deformation mechanism
and kinematics. Time constraints are often restricted to
upper age limits based on crosscutting relations to various
granitic bodies with known intrusion ages. However, for
some of the shear zones more precise geochronological
information is available. A unique structure is the Struden-
gau Shear Zone (Fig. 1), because of its subhorizontal ori-
entation. It shows top to the northwest sense of shear at
greenschist-facies conditions between 323 and 318 Ma
(Zeitlhofer et al., 2013). All other fault systems are subverti-
caland based on their orientation three main groups can be
distinguished. The earliest westnorthwest-eastsoutheast
trending ones (e.g. Pfahl and Danube FS) show mainly dex-
tral strike-slip kinematics. The Pfahl Shear Zone initiated at
metamorphic conditions around 650°C (Brandmayr et al.,
1995) between 335 to 330 Ma, as given by intrusion ages
of syntectonic palite (Siebel et al.,, 2005). For the Danube
FS, Brandmayr et al. (1995) described greenschist-facies
conditions at c. 287 Ma, as inferred by 40Ar/39Ar dat-
ing on synkinematically grown muscovite. North(north)
east-south(south)west trending structures (e.g. Lhenice
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Fig. 1: Geological overview of the southern Bohemian Massif. The Freyenstein Fault System (red line) is located at the southeastern edge of the South
Bohemian Batholith. The investigated area along the Danube river (Fig. 2) is marked by red arrow and square. Green arrows with numbers represent ad-
ditional locations along the FS, which were briefly observed. Numbers are explained in the text (section 3). Localities are given in Table 1 and are named
as follows: 1 - GG20003, 2 - GG20004, 3 - GG20001, 4 - GG20006, 5 - PMM14/09, 6 - GG20009. The map is based on Schnabel et al. (2002), Krenmayr et
al. (2006) and Chab et al. (2007). Numbers in white circles indicate the following fault systems (FS): 1 — Danube FS, 2 - Pfahl FS, 3 — Lhenice Graben FS,
4 - Rodl-Kaplice FS, 5 - Kourim-Blanice FS, 6 — Jachymov FS, 7 — Karlstift FS, 8 - Vitis-Pribyslav FS, 9 - Diendorf-Boscovice FS, 10 - Strudengau Shear Zone.
| - Alpine Frontal Thrust, Il - Moldanubian Thrust. The overview map is based on Wallbrecher et al. (1996), Brandmayr et al. (1999), Blttner (2007), Chab
et al. (2007) as well as Kroner and Romer (2013). Federal boundaries are in white.
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Graben, Rodl-Kaplice, Kourim-Blanice, Karlstift, Vitis-
Pribyslav and Diendorf-Boskovice FS) record predomi-
nantly sinistral strike-slip kinematics. Fault rocks along
the Rodl and Karlstift Shear Zones in the west evolved at
(upper) greenschist-facies conditions, whereas in the east,
dominant brittle deformation is recorded along the Vitis
and Diendorf Faults (Wallbrecher et al., 1991; Brandmayr
etal, 1995, 1999; Bittner, 2007). These observations reflect
decreasing deformation temperatures from west to east.

For the Rodl Shear Zone, the tectonic activity is dated by
synkinematically grown muscovite yielding 288-281 Ma
(Brandmayr et al., 1995). In contrast, the Pribyslav Mylonite
Zone, which represens the northern part of the Vitis-Prib-
yslav Fault System, was recognized as important crust-
al-scale tectonic boundary. It is supposed to have at least
partly exhumed the Jihlava Pluton in a dextral transpres-
sive regime around 338-335 Ma (Verner et al.,, 2006; Zak et
al., 2014). Continuing deformation is reported at least till
330-327 Ma (Zak et al., 2011, 2014). The youngest north-
west-southeast trending faults (e.g. Jachymov FS) are relat-
ed to the formation of the Late Pennsylvanian to Permian
Central European Basin System and tectonic activity there-
in (Scheck-Wenderoth et al., 2008). Most of these fault sys-
tems were reactivated as brittle faults since the Cretaceous
(Brandmayr et al., 1995).

The Freyenstein Fault System is traceable over a dis-
tance of some 45 km extending from Windpassing in
the south via Freyenstein in the Danube valley to Klein-
nondorf in the north (Fig. 1). In its southern part, it is
trending northeast-southwest, while towards north it
is continuously turning into north-south orientation.
In the southernmost part, it cuts through the South
Bohemian Batholith, dissecting “fine-grained” granite
and WBG (Krenmayr et al., 2006), whereas further in the
north it more or less represents the border between the
Moldanubian nappes and the South Bohemian Batholith.
In the northern part the outcrop situation is very bad,
but the Freyenstein Fault System is traceable by the oc-
currence of quartz-mobilisate and fault rock of the shear
zone appearing in a few abandoned quarries and as ran-
domly distributed loose blocks in the countryside. These
rocks are shown on Austrian geological map 1:50.000
sheet 35 Konigswiesen (Thiele, 1984) and sheet 36 Otten-
schlag (Fuchs, 1986) and mentioned in mapping reports
of the Geological Survey of Austria (e.g. Fuchs, 1984;
Thiele, 1969) as well as in the explanatory notes to the
map sheet 36 Ottenschlag (Fuchs and Roetzel, 1990).

3 The Freyenstein Fault System

The description of the shear zone focuses predominant-
ly on a small area located at the section point of the
Freyenstein FS and the Danube river close to the village
Freyenstein (Fig. 2). This area was chosen, because of the
best outcrop situation exposing a more or less complete
section across the FS with comparatively fresh rocks. Ad-
ditionally, spots along less exposed parts were visited,
which will be briefly described afterwards. Coordinates
of all outcrop and sampling points are given in Table 1.
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3.1 Lithologies along the section at the Danube river
Along the Danube river, the Freyenstein FS consists of 300
m thick mylonite. The margin to the country rock is not dis-
crete and represented by c. 100 m protomylonite on both
sides, which fluently transits into undeformed granite in the
far field. Outcrops mentioned in the text are shown in Fig. 2.
Undeformed granite: Undeformed WBG characteristically
appears as roundly exfoliated blocks (Fig. 3a) showing
iron hydroxide-discoloration at joint and foliation planes.
It is typically light grey and rich in biotite. Up to 7 cm
sized, twinned potassium feldspar megacrysts are mostly
aligned along an obvious primary magmatic fabric, but
occasionally are oriented-randomly (Fig. 3b). They show
yellowish colors at their rims due to weathering process-
es. The WBG is intruded by “fine-grained” granite, which
is grey, often shows brownish discoloration and shatters
to angular blocks. In few locations, assimilated blocks of
WBG occur therein. Younger aplitic granite intrudes both
the WBG and the “fine-grained” granite. The contact is
discrete, but in some outcrops with complex geometries
(Fig. 3c). The aplitic granite shatters to angular blocks, is
yellowish and often forms massive bodies. Further, “fine-
grained” dioritic dikes occur. Of special interest is the ap-
pearance of partly dissolved, slightly foliated and banded
lenses of paragneiss in undeformed WBG. They are inter-
preted as rocks of the Moldanubian nappes incorporated
into the intruding granite magma. Localized shear bands
dissect this assemblage of otherwise undeformed granit-
ic rocks (outcrop: GG15039).

Protomylonite: At the shear zone margin, beside quartz
also feldspar of WBG is “ductily-deformed”. The potassium

Sample Latitude Longitude Lithology
GG14007  48°13'08.4"N 14°56'58.4"E  WBG, FGG
GG14008  48°13'02.9"N 14°57'02.5"E ~ WBG, FGG
GG14009  48°12'57.8"N 14°57'06.5"E  FGQG, catacl.
GG14012  48°12'50.9"N 14°57'09.1"E  quartzite, myl.
GG14013  48°12'S0.9"N 14°57'08.9"E FGG, myl.
GGI15001  48°12'33.3"N 14°57'17.8"E WBG
GGI15007  48°12'45.1"N  14°57'13.2"E ~ WBG, myl.
GG15031  48°12'39.0"N 14°57'17.7"E ~ WBG, ultrac.
GG15039  48°13'17.8"N 14°57'05.2"E ~ WBG, FGG
GG15040 48°13'10.2"N 14°57'15.2"E  WBG, peg, myl.
GG15041  48°13'02.9"N 14°5722.6"E WBG
GG20001  48°21'07.7"N 15°05'50.5"E  Qz-mob, WBG
GG20003  48°2924.7"N 15°08'30.3"E Qz-mob
GG20004  48°23'53.7"N 15°07'04.7"E  Qz-mob, WBG
GG20006  48°15'04.6"N 14°59'46.1"E Qz-mob
GG20009  48°11'12.7'N 14°54'47.4"E FGG, myl.

15G36 48°12'34.7"N 14°57'18.4"E WBG
PMM14/09 48°13'20.9"N  14°57'15.1"E WBG

Table 1: Coordinates (WGS84) of samples and outcrops mentioned in
the text. Abbreviations: catacl - cataclastic, FGG - ,fine-grained” gran-
ite, myl - mylonitic, peg — pegmatite, ultrac - ultracataclastic, WBG -
Weinsberg granite, Qz-mob - quartz-mobilisate.
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Fig. 2: Map of the investigated area modified after Fuchs (2005) and schematic profile crosscutting the Freyenstein Fault System. Numbers at structures
indicate the dipping angle. The transect line is indicated on the map. For legend of the profile see legend of the map, additional signs are complemented.
Note that the orientation of the ductile shear zone (black and grey) with normal sense of shear with a dextral component is different from the brittle
fault, which is depicted as isolated red lines with sinistral sense of shear. The fault appears only at few locations in the field.

feldspar megacrysts are rounded and grain size is de-
creasing noticeably to roughly 3 cm (Fig. 3d). Additional-
ly, cohesive ultra-cataclasite occurs. It is usually restricted
to small bands of a few centimeter in thickness and ap-
pears conspicuously black.

Mylonite: Angularly breaking, light grey, mylonitized
orthogneiss, intersected by numerous up to a few centi-
meter thick feldspar-quartz veins characterizes the core
of the shear zone (outcrop: GG14013). One type consists
of quartz and feldspar with few muscovite flakes. Dif-
fuse distributed ironoxide/hydroxide causes a yellowish
to brownish color. In a second type, more chlorite with
remnants of biotite is present. Variable phyllosilicate

content causes a gneissic layering (Fig. 3e).,Fine-grained”
parts exhibit an ultramylonitic texture and a pervasive
SCC’-type shear band fabric (Fig. 3f). A few decimeters
thick, “ductily-deformed” pegmatite dikes with up to 1 cm
large, slightly kinked muscovite crystals are aligned along
the mylonitic foliation (Fig. 3g). This foliation is overprint-
ed partly by brittle deformation, expressed in greenish
to “white-colored” quartzite forming slickensides with
tearing edges as shear sense indicators (Fig. 3h). Fine- to
“medium-grained” quartz rich mylonitized granitic gneiss
and aplitic dikes mark the upper boundary to the hang-
ingwall on the northeastern riverside of the Danube (out-
crop: GG15041).
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Fig. 3: Examples of undeformed and deformed granite in the investigated area. (a) Weathered blocks of undeformed Weinsberg granite (WBG) (GG15001).
(b) Idiomorphic Kfs crystals in undeformed WBG with no preferred orientation embedded in a medium to “coarse-grained” matrix consisting of Qz, Pl and
Bt (GG14008). (c) Aplitic dike intruding in WBG granite. The contacts are sharp, indicating that the WBG had already cooled down preventing thus mixing
of melts (GG14007). (d) Protomylonitic orthogneiss formed by a WBG protolith. Kfs crystals are rounded and aligned along the schistosity (GG15007).
(e) Mylonite near the central part of the shear zone. The layering is due to alternating Qz and Bt rich layers (GG15040). (f) SCC’-type shear band fabric
in a mylonite showing top to the south sense of shear (GG15040). (g) “Ductily-deformed” pegmatite dike with Ms crystals up to 1 cm in diameter and
brittle slickensides. Inlet: Seldomly, muscovite crystals become larger and are obviously kinked (note the shadow; GG15040). (h) Slickenside in Qz rich,
mylonitic orthogneiss. Brittle tearing edges (red) with dip slip indicate north-directed sense of shear. Striations are marked with yellow. Arrows indicate
the shearing direction (GG14012). Mineral abbreviations after Whitney and Evans (2010).
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Fig. 4: Equal area lower hemisphere stereoplots. Number of data are indicated (n=X). (a) Stereoplot showing the orientation of the structural elements
related to the mylonitic schistosity: Circles represent poles of schistosity planes, whereas the diamonds indicate orientations of stretching lineations.
White diamonds with arrow indicate the shear sense. (b) Stereoplot of brittle slickensides and slickenlines thereon. The slickensides are dipping steeply
to the east and west (white dots with bars and arrows). The slickenlines are trending north-south with two identified generations: A first one plunging to
the north with about 40° and a second shallower plunging one. A set of conjugated fractures is oriented notheast-southwest (dotted lines) and north-

west-southeast (dashed lines). Arrows indicate sense of shear.

3.2 Geological structures, petrography and micro-

structures at the Danube river
The Freyenstein FS strikes northeast-southwest and the
mylonitic schistosity is dipping to the southeast with dip
angles ranging from 40° to 90°. Mylonitic stretching lin-
eation is trending north(east)-south(west) and plunges
with moderate angles from 30° to 70° to the south/south-
west (Fig. 4a). Clast geometries and SCC’-type shear band
fabrics show top to the south/southwest sense of shear
(Fig. 3f).

The shear zone was overprinted by a brittle north-south
trending fault, which can only be seen in few locations
(see also Fig. 2). The main fault planes dip at steep angles
to the east and west. A striation lineation plunges to the
north with flat angles from 15° to 40°. Sinistral sense of
shear with a small component of northward normal fault-
ing was obtained from shear sense indicators such as
tearing edges of slickenside striations and Riedel shears.
Additionally, conjugated northeast-southwest and
northwest-southeast trending fault patterns with plunge
angles around 40° developed that lack clear information
for kinematics (Fig. 4b). In some cases, the reactivation of
a prior schistosity is observed. Petrographic and micro-
structural analysis were obtained using the polarized mi-
croscope.

Undeformed granite: The WBG shows a magmatic min-
eral assemblage of Qz, Pl, Kfs and Bt. Accessories like Zrn,
Mnz, Ap and Ep occur rarely (mineral abbreviations after
Whitney and Evans, 2010). Iron and titanium rich biotite
is often aligned along a preferred orientation and slight-
ly chloritized. Potassium feldspar crystals show high

temperature characteristics like microclinisation, zoning
and twinning (Fig. 5a, b). Additionally, numerous less
than 1 mm sized symplectites were found at rims of feld-
spar crystals.

Protomylonite: Close to the shear zone, feldspar crystals
are broken, show rounded edges and quartz crystals are
deformed ductily. Locally, the formation of microscale
shear bands with grain size reduction is observed at
grain boundaries of potassium feldspar or along aligned
biotite (Fig. 3f, 5d). During ongoing deformation, mostly
at the shear zone margin, a schistosity develops due to
aligned biotite and opaque minerals connected with con-
tinuing grain size reduction and newly formed muscovite
crystals. Chloritization of biotite as well as sericitization
of feldspar is eminent, the latter being brittle deformed.
Quartz often shows undulous extinction and features
compatible with subgrain rotation recrystallization mi-
crostructures (Stipp et al., 2002; Jetabek et al., 2007) and
bulging. In the vicinity of the mylonitic core of the shear
zone, shape preferred orientation and elongated grains
are observed (Fig. 5¢-d).

Mylonite: The mylonite is characterized by the mineral
assemblage Qz, Fsp, Ms (Ser), Chl and ironoxide/hydrox-
ide. Within the mylonitic foliation, some feldspar por-
phyroclasts showing microcracks, bent twins and bulg-
ing are present (Fig. 5e, f). In the ,fine-grained” matrix,
quartz dominantly forms elongated grains with subgrain
rotation and bulging at the rims. Plagioclase is mostly
rounded and inclusion rich. Potassium feldspar is affect-
ed by sericitisation, even leading to complete sericite
pseudomorphs (Fig. 5g). Muscovite and biotite are partly
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Fig. 5: Photographs of thinsections (thickness c. 25um) from undeformed granite as well as granite deformed by the Freyenstein Shear Zone: (a) and (b)
(GG14007; (b) crossed polarized light - cpl): Undeformed Weinsberg granite. Bt is locally metamict (radioactive halos) and unoriented, Kfs is twinned and
shows perthitic exolutions, Pl is characterized by polysynthetic twinning and Qz crystals border at triple junctions. (c) and (d) (GG14009; (d) cpl): Cataclas-
tic orthogneiss. Fsp crystals are rounded at the edges and broken due to deformation (Pl left in picture (c), (d)). Kfs is slightly sericitized. Bt along shear
bands is chloritized during (lower) greenschist-facies metamorphic conditions. Cracks are annealed by ironoxides/hydroxides. (e) (GG14012; cpl): Recrys-
tallized Kfs porphyroclast from the core of the shear zone. Note also the sericitisation of Kfs and partly healed twins of Pl on the right side of the picture.
(f) (GG15040; cpl): Mylonitic orthogneiss. Clasts of Fsp, which were rather completely sericitized, indicate Weinsberg granite as protolith. Dark layers of
chloritized Bt, fine-grained” Ms, Ser, opaque minerals and Fsp are alternately interlayered with bright layers of Qz, Ms and rare Fsp. Shear bands and clast
geometries indicate top to the southsouthwest sense of shear. (g) (PMM14/09; cpl): Sericite pseudomorph after Fsp in a mylonitic orthogneiss. Antithetic
slipping with tilted domino boudins indicates a shear sense top to the southsouthwest. (h) (GG15031; cpl): Ultracataclasite mostly consisting of grinded
Fsp crystals. A sharp boundary to less destroyed crystals outside the grinding zone is observable. Mineral abbreviations after Whitney and Evans (2010).
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undulous and biotite is completely chloritized or dissipat-
ed. Several shear sense indicators, like SCC'-type shear
band fabrics, mica fishes, asymmetric boudins and clast
geometries constrain top to the south/southwest sense
of shear (Fig. 5f-g). Seldom, ultracataclasite forming dis-
tinct shear bands with sharp boundaries to undestroyed
crystals can be observed (Fig. 5h).

3.3 Field observations from badly exposed areas
From the badly exposed areas, several spots are de-
scribed form north to south. They are depicted in Figure 1
marked by green arrows with numbers (1-6). Pictures
taken at these spots are shown in Figure 6 and locations
are listed in Table 1.

(1) At the northernmost part of the FS, numerous gravels
of quartz-mobilisate can be found randomly distributed
at the surface and in the soil (Fig. 6a). They are indicative
for the shear zone as no such rocks are present in the un-
deformed granite of the South Bohemian Batholith in this
area as well as in the adjoining paragneiss of the Ostrong
Nappe System (Table 1: GG20003). (2) At a small unused
quarry to the south, also quartz-mobilisate occurs. The
rock is white, rather intransparent and “heavily-jointed”
and faulted (Fig. 6b). Nearby, weathered WBG showing
a shear band is exposed (Fig. 6¢), which might be linked
to activity along the Freyenstein FS (Table 1: GG20004).
(3) In another abandoned quarry near Gutenbrunn, de-
formed WBG and pegmatite with a schistosity dipping
moderately to the southeast can be observed. Addition-
ally, quartz-mobilisate rock (Fig. 6e), which is heavily joint-
ed and faulted, appears. Unfortunately, no structural data
are available from this outcrop as there was no access to
the quarry (Table 1: GG20001). (4) At the Kleine Ysper riv-
er, again quartz-mobilisate can be found, which is more
translucent than the previously described one. Small, mi-
nor mylonitized quartz bands can be observed (Table 1:
GG20006). (5) In a quarry at the northern side of the Dan-
ube river (Table 1: PMM14/09), more than 200 m outside
of the mylonitic core of the shear zone, undeformed gran-
ite with cracks and some shear bands occurs (Fig. 6d). (6)
South of the Danube river near Windpassing, mylonitized
,fine-grained” granite is exposed. It is light grey and quartz
as well as feldspar are dynamically recrystallized. On a my-
lonitic schistosity dipping moderately to the southeast, a
stretching lineation, which trends north-south, is present.
Numerous shear sense indicators like clast geometries,
SCC -type shear band fabrics show top to the south/south-
southwest kinematics (Fig. 6g; Table 1: GG20009).
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4 Rb-Sr biotite dating
In order to constrain a maximum age for the shear zone
deformation, Rb-Sr dating was performed on two sam-
ples of nearly undeformed, “coarse-grained” WBG from
both sides of the Freyenstein FS. Sample PMM14/09, char-
acterized by biotite with an average grain size of <2 mm,
was taken in a quarry in the footwall of the Freyenstein
FS, whereas sample 15G36 taken from the hanging wall
contains biotite with about 3 mm in diameter (Fig. 2).
Biotite was separated from sieve fraction 0.2-0.3 mm
after crushing of the samples by using a shaking table
and a magnetic separator. For purification, the crystals
were grinded in alcohol in an agate mortar and dried in
acetone. Samples used for dissolution weighed about
100 mg for whole rock powder and c. 200 mg for biotite.
Chemical preparation was performed at the Geological
Survey of Austria and follows the procedure described by
Solva et al. (2005). Element concentrations were deter-
mined by isotope dilution using mixed ®Rb/*’Sr spikes.
Total procedural blanks are < 1 ng for Rb and Sr. Isotopic
ratios were measured at the Department of Lithospheric
Research, University of Vienna with a ThermoFinnigan®
Triton TI TIMS. Sr was run from Re double filaments,
whereas Rb was evaporated from a Ta single filament.
During measuring, the NBS987 standard yielded a ratio
of 8Sr/¥Sr = 0.710283 + 0.000003 (n=9, 2om). Errors of
1% were determined for the #Rb/%Sr ratio based on in-
teractive sample analysis and spike recalibration. Ages
were calculated with the software ISOPLOT/Ex (Ludwig,
2003) using the Rb-decay constants of 1.42 x 107" year™'.
The measured Rb-Sr data are presented in Table 2 and
Figure 7. Rb and Sr contents as well as the ®Rb/%Sr and
87Sr/5Sr ratios of the investigated samples of WBG are in
the range of published data by Scharbert (1987). Sam-
ple PMM14/09 fits to the group with high Rb/Sr ratios,
whereas the other shows similar Rb/Sr ratios as the group
with lower and less variable Rb/Sr ratios as defined in the
before mentioned publication. Both biotite concentrates
are characterized by high Rb (820-1540 ppm) and low Sr
(2.2-3.8 ppm) contents, causing very high 8Rb/%°Sr ratios
of > 2000. The high #Sr/8Sr ratios (> 9.5) indicate a very
low initial Sr content, typical for magmatic biotite. Due to
these characteristics, the influence of the whole rock on
the calculated biotite ages is minor. The calculated ages
are 309.6 £ 3.0 (sample PMM14/09) and 290.9 + 2.9 Ma
(sample 15G36). Although the low initial Sr content indi-
cates that the biotites are magmatic, we interpret these
ages as cooling ages of the granite through roughly the

Sample Material Rb [ppm] Sr [ppm] “Rb/*°Sr Sr/*Sr +2s,, Age [Ma]
15G36 WR 3339 95.31 10.186 0.754283 0.000004
15G36 Bt 1536 3.739 2292.1 10.19943 0.000336 290.9+2.9
PMM14/09 WR 222.6 275.1 2.3444 0.720215 0.000005
PMM14/09 Bt 822.4 2.218 1996.9 9.509302 0.000308 309.6 £3.0

Table 2: Rb-Sr isotopic data on whole rocks (WR) and biotites from the Weinsberg granite near the Freyenstein FS. Analytical techniques are described
in text (section 4), ages are calculated from biotites and WR, assuming an error of +1% on the determined ¥Rb/%Sr ratio.
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Fig. 6: Impressions of the Freyenstein FS. Green arrows in the right lower corner refer to green arrows in Figure 1. (a) Quartz-mobilisate pebbles close to
Kleinnondorf. They are associated with the Freyenstein FS (GG20003). (b) Jointed and broken Quartz-mobilisate in the northern part of the FS (GG20004).
(c) Heavily weathered WBG contains a shear band (inside the yellow lines), which roughly follows the orientation of the Freyenstein FS (GG20004).
(d) Shear band (inside the yellow lines) in WBG from the quarry near the village Freyenstein (Fig. 2). Image across the Danube river showing the
Freyenstein FS was photographed near this spot (see Fig. 6f). (€) Roughly 100 m thick fault rock with quartz-mobilisate along the Freyenstein FS in the
quarry near Gutenbrunn (GG20001). (f) View to the west across the Danube river showing the width of the Freyenstein FS (marked with white lines) and
the village Freyenstein. (g) Mylonite in the southernmost part near Windpassing. Clast geometries show top to the south (left) sense of shear (GG20009).
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Fig. 7: Rb-Sr biotite ages calculated with the corresponding whole rock (WR) of Weinsberg granite from the southeastern part of the South Bohemian
Batholith near the Freyenstein FS. Initial 8Sr/%Sr values are related to the calculated ages. The older age (sample PMM14/09) was measured in the foot-
wall, the biotites being c. 3 mm and the younger age (sample 15G36) comes from the hanging wall, the biotites being < 2 mm sized.

300°C isotherm as this is well established that biotites re-
equilibrated down to this temperature (Jager et al., 1967;
Thoéni, 1996).

5 Discussion
Even though the structure described in this contribution
is known for a long time, it was hitherto nameless. Howev-
er, for handling in GIS related data bases a unique concept
including a regional name (type locality) and a hierarchic
rank is needed. The structure is perfectly exposed in the
area of the village and ruin Freyenstein in the Danube
valley (Fig. 2). It includes ductile (shear zone) and brittle
(fault) displacement structures which, according to the
hierarchic nomenclature of tectonic boundaries proposed
by Hintersberger et al. (2017), causes an attribution as a
Subfault System or higher ranked Fault System. Consid-
ering these aspects, we propose the name Freyenstein
Fault System. In its northern part, mainly brittle structures
are exposed, whereas in the south additionally “ductily-
deformed” rock occurs. Based on our observations, we as-
sume the exposure of different crustal levels along strike.
In the following, the timing of the structure is discussed
with respect to its relations to the granitic country rock
and metamorphic history of the Moldanubian Superunit.
The geologic significance and kinematic relation to other
late Variscan fault systems is highlighted.

5.1 Prekinematic or synkinematic granite emplace-
ment?

In the map of Krenmayr et al. (2006), ,fine-grained” gran-
ite appears predominantly along regional fault systems
including the Freyenstein FS. As discussed by Brown
(1994) and Petford et al. (2000), shear zones may be ac-
tive during ascent of melts and the emplacement of
magmatic bodies. The question arises, if there is a genetic
relation of the ,fine-grained” granite to the activity along
the investigated shear zone.

Based on field observations, the contact between the
WBG and intruded ,fine-grained” granite is distinct with-
out any indications for melt mixing. Therefore, emplace-
ment and solidification of the WBG before intrusion of
,fine-grained” granite is assumed. Both granite types are
affected by the Freyenstein Shear Zone, whereby deforma-
tion occurred at a maximum of upper greenschist-facies
conditions. This is indicated by the observed deformation
features of feldspar with micocracks and bulging, which
is typical for temperatures around 450-500°C (Fig. 5e, f;
Passchier and Trouw, 2005). As this temperature is clearly
below the solidus of granite, a synkinematic intrusion is
rather unlikely. Observed microstructural and petrolog-
ical observations suggest deformation at different tem-
perature. Quartz shows subgrain rotation overprinted
by bulging indicating upper greenschist-facies condi-
tions overprinted by lower temperatures (e.g. Stipp et al.,
2002). The large amount of chloritized biotite indicates
lower greenschist-facies conditions < 350°C (Morad et al.,
2011). It is assumed that the Freyenstein Shear Zone was
active after the emplacement of the magmatic rocks and
during regional cooling.

5.2Time constraints for activity of the Freyenstein
Fault System

Because we could not directly date the deformation
in the Freyenstein FS, we try to give age limits for both
the ductile and brittle deformation based on data from
the literature and “newly-obtained” Rb-Sr biotite cooling
ages from the surrounding of the FS.

Constraints for the lower time limit of the ductile defor-
mation can be inferred from Rb-Sr biotite cooling ages
as the blocking temperature of biotite represents more
or less the lower temperature boundary of ductile de-
formation in quartz rich lithologies. Unfortunately, with-
in the shear zone biotite is mostly replaced by chlorite.
Therefore, Rb-Sr biotite ages were determined from the
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adjacent WBG assuming limited frictional heating in the
shear zone and thermal equilibrium with the undeformed
country rock. These biotite cooling ages from the footwall
and hanging wall of the shear zone yield two different age
values. As the older age of 309.6 + 3.0 (sample PMM14/09)
was measured in the footwall, whereas the younger age
of 290.9 + 2.9 Ma (sample 15G36) comes from the hang-
ing wall, the age difference cannot be explained by normal
faulting along the Freyenstein FS. Most probably, the age
gap is due to different grain size in combination with slow
cooling of the undeformed magmatic biotite crystals. This
may cause a different “effective closure temperature”in the
individual samples within the range of 300 + 50°C as pro-
posed by Jager et al. (1967) or Théni (1996). In fact, the bio-
tite grain-size in sample PMM14/09 yielding the older age
value is c. 3 mm, whereas it is < 2 mm in sample 15G36 pro-
viding the younger age. However, to prove this interpreta-
tion and quantify the proposed grain size effect, addition-
al measurements on biotite with different grain size from
the footwall and hanging wall, as well as “°Ar/**Ar musco-
vite and fission track ages on zircon and apatite would be
necessary. Taking into account the available data and the
uncertainties, a lower time limit for ductile deformation at
roughly 300 Ma seems plausible. Conversely, the brittle de-
formation initiated thereafter.

Assuming an initiation of the Freyenstein FS after solidifi-
cation and cooling of the WBG and ,fine-grained” granite to
about 500°C, an upper time constrain is given by published
intrusion ages. The latter are between 331-322 Ma for the
WBG (Finger and Schubert, 2015 and references therein;
Mnz, Zrn, ID-TIMS) and between 322 Ma and 316 Ma for the
,fine-grained” granite (Gerdes et al., 2003; Rupp et al., 2011;
Mnz, ID-TIMS). However, these age data have not been ob-
tained from rocks of the investigated area and especially
those from the ,fine-grained” granite are determined on
spatially separated bodies. Further, there is no precise in-
formation about the cooling history and timing when the
granitic rocks had cooled to c. 500°C. For this reason we
suggest an upper time limit for the initiation of the ductile
deformation around 320 Ma.

5.3 Relationship to other fault systems in the Bohemian
Massif

The oldest discrete shear zones in the southern part of the
Bohemian Massif postdating internal nappe stacking with-
in the Moldanubian Superunit are the “moderately-dip-
ping” Moldanubian Thrust and the subhorizontal Struden-
gau Shear Zone. The Moldanubian Thrust is a transpressive
structure characterized by top to the north/northeast
sense of shear before 325 Ma (Fritz et al., 1996; Stipska et
al,, 1999).

The Strudengau Shear Zone is spatially close to the
Freyenstein Fault System and has been active between
323 Ma and 318 Ma (Zeitlhofer et al., 2013). However, even
though the activity might be contemporaneous with the
ductile Freyenstein Shear Zone, kinematics and orientation
differ. Therefore, no clear relationship can be drawn at the
current state of knowledge.
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Based on the geological map of Krenmayr et al. (2006),
it seems that the Freyenstein FS joins with the north-
east-southwest oriented Vitis-Pribyslav FS in the area of
Zwettl, however field evidence supporting this assumption
lacks due to bad outcrop situation. The Pribyslav Mylonite
Zone shows top southeast sense of shear with an upper
limit of movement around 335-327 Ma (Zak et al., 2014).
This is much earlier than the supposed ductile activity
along the Freyenstein Shear Zone. However, because of
lacking deformation and cooling ages along this shear
zone, a tectonic and genetic relationship between both
fault systems cannot be excluded. The brittle Vitis Fault is
characterized by sinistral displacement at a maximum tem-
perature of c. 300°C (Brandmayr et al., 1995). This kinematic
fit to the brittle deformation along the Freyenstein Fault
and support a contemporaneous activity after 300 Ma.

Considering all sinistral northeast-southwest trending
shear zones, the Diendorf, Vitis and Freyenstein Faults in
the east are characterized by brittle deformation over-
prints (Wallbrecher et al,, 1991; Brandmayr et al., 1995,
1999; Biittner, 2007), whereas the Karlstift and RodI-Kaplice
FS in the west record deformation only at (upper) green-
schist-facies conditions. This might be explained in two
ways. Firstly, the faults in the west are older and the de-
formation migrated eastward. Secondly, they are contem-
poraneous and indicate a deeper level of exhumation and
therefore a higher metamorphic grade of fault rock in the
west. Both possibilities are in line with the regional cool-
ing trend of the southern Bohemian Massif (Scharbert et
al., 1997), but unfortunately this trend is poorly constrained
due to a limited amount of cooling ages.

6 Conclusions
The presented structural, petrological and geochronologi-
cal data allow the following conclusion:

«  The investigated structure is northeast-southwest to
north-south oriented and extends over c.45 km within
the southeastern part of the Moldanubian Superunit.
It has been known as brittle, sinistral strike-slip fault
and remained nameless. The presented data indicate
that it additionally includes an approximately 500 m
wide ductile mylonitic shear zone. Since it is perfectly
exposed in the area of the village Freyenstein show-
ing ductile shearing and brittle faulting, we propose
the name Freyenstein Fault System.

«  The ductile shear zone developed during cooling
from upper to lower greenschist-facies conditions
based on macroscopic and microscopic structures
and mineral assemblages. The mylonitic foliation dips
to the southeast and gives evidence for normal shear-
ing top to the south/southsouthwest with a dextral
strike-slip component.

«  Brittle faulting is observed on north-south trending,
subvertical slickensides with tearing edges indicating
sinistral strike-slip displacement with a normal fault
component.

«  The activity of the Freyenstein Fault System can be
estimated from intrusion ages of granitic rock and



the brittle-ductile transition around 300°C inferred
from Rb-Sr biotite cooling ages. Two ages from un-
deformed Weinsberg granite with different grain
size of biotite yield 310 Ma and 290 Ma, respective-
ly. According to the available data, ductile shearing
can be restricted to the timespan of 320-300 Ma,
whereas brittle faulting happened afterwards.
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