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The salt diapirs are often highly heterogencous and
their internal architecture can be very complex. This is a re-
sult of an intensive deformation that acts on the litholo-
gically layered evaporate series during the diapir growth.
Correct interpretation of the internal structure of a salt diapir
is of economic interest, e.g. for planning exploration and
operation in a mine and for environmental and safety rea-
son. Internal geometry is analysed based on data obtained
from boreholes, underground mine galleries and geophysi-
cal studies. Both borehole data and underground mine ob-
servations provide only a spatially limited image of the in-
ternal diapir structure. Consequently, the detailed structural
analysis of the diapir is a challenging task. The employed
tools do not allow for an unambiguous interpretation, thus,
complementary tools must be involved. Understanding of
the evolution of the internal salt architecture can help build-
ing a correct interpretation.

We numerically investigate the initiation and evolution
of tectonic structures within the salt diapirs comprising me-
chanically stratified evaporate series. We analyse the role of
range of parameters such as mechanical properties of the
layered evaporate series and the initial spatial arrangement

of different rock types. In the study, we focus on the rela-
tionship between the structures such as folds and boudinage
structures that develop on a small-scale (corresponding to
the outcrop scale in the salt mine galleries) and a large-scale
(corresponding to the whole diapir scale). Additionally, the
influence of the internal structure development on the evo-
lution of the overall diapir shape is examined.

In the numerical model, we use non-linear viscous rhe-
ology for the evaporate series and the overburden. We solve
an incompressible Stokes equation in the presence of the
gravity using the finite element method solver MILAMIN
(Dabrowski et al., 2008). The diapir evolution is simulated
in two dimensions. The development of complex structures
is analysed using the resolved interface method, since this is
a suitable method to trace the evolving rock interfaces in
high resolution and, thus, to accurately describe the evolu-
tion of the internal diapir structures.
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Orlica—Snieznik Dome (OSD), one of the biggest geo-
logical unit of the Western Sudetes, constitutes southes-
ternmost extent of the Saxo-Thuringian Zone. This unit is
composed of belts of high-grade orthogneisses, surroun-
ded by amphibolite facies metasedimentary and metavol-
canic rocks, including numerous tectonic bodies of high
pressure and rarer ultra high-pressure mafic and acidic
rocks. The mechanism of the geodynamic evolution of the
Orlica—Snieznik Complex is still debatable (Chopin ef al.,
2012; Mazur et al. 2012 and references therein). The north-
ern part of the ODS is delineated by a supracrustal belt
commonly referred to as Ztoty Stok—Skrzynka Shear Zone
(ZSSsz), which is considered as a product of intense defor-
mation that occurred during the Variscan orogeny. The
ZSSsz is comprised of medium-grade metasediments, gneiss-
es, acid and basic metavolcanic rocks, with a polyphase de-
formation history. The best preserved structure is a subverti-
cal NE-SW striking metamorphic foliation, resulting from
the E-W-directed lateral shortening, described as S2 by
Murtezi (2006) and Chopin et al (2012). Rocks of the ZSSsz
have been intruded by a string of elongate plutons defining
the Jawornik granitoids. These sheeted-bodies are inter-
preted as dykes and sills injected parallel to the shear zone
and dykes evolving into sills are observed locally. Small
dykes up to 0.4 m in width are asymetrically folded together
with the host rocks. Jawornik granitoids are characterized
by macroscopically poor-defined, heterogeneously distribu-
ted lithological variations. Fine-grained, biotite-bearing
granodiorites (Bt type) is the dominant rock type, but horn-
blende-bearing granodiorites (Hbl+Bt type), tonalities and
monzonitic granites (Bt+Msc type) are common (Burchart,
1958). A part of the Jawornickie granitoids are considered
to be syn-tectonic with D2, and part post-D2 on the basis of
the field structural observations in the country rocks (Cwoj-
dzinski, 1977) and AMS study (Biatek & Werner, 2002).

Two granite samples were dated by the 40Ar/39Ar step
heating method (Bialek & Werner, 2004). From Hbl+Bt
sample hornblende yielded plateau age of 351.1+ 3.7 Ma
and coexisting biotite 349.6+3.8 Ma. Muscovite from Bt+
Msc type showed a plateau age of 344.6+3.8 Ma, whereas
biotite yielded a concordant plateau age of 343.1+3.8 Ma
(Biatek and Werner, 2004). Chopin et al. (2012) using the
same method dated two metapelites samples collected at
300 m and at few meters from the contact with Jawornik
granites. Muscovite, defining syn-shear foliation yielded
plateau ages of 347.9 +8.6 Ma and 335.2 + 12.6 Ma respec-
tively (Chopin et al., 2012) which overlap within error with
cooling ages from neighboring granites.

Two types of Jawornickie granitoids — Hbl+Bt type and
Bt-Msc type, were selected for U-Pb SHRIMP dating of

zircons. The data from Hbl+Bt was collected under separate
conditions for the cores and rims. The data from the cores
show a spread of ages from ~350 Ma to ~650 Ma, with the ma-
jority of the data clustered towards the younger ages. Within
this range of ages there are two more significant groups at
~350 Ma (Concordia age 351 + 1.3 Ma) and ~450 Ma (Con-
cordia age 455 + 5.2 Ma). Within the spread of data from the

rim analyses there are a few ages that are common, as well as a

distinct group at the oldest end of the spectrum. The Concordia

age for this oldest rim group is 361.5 £ 2.6 Ma. Two slightly
younger groups are seen, though with only a few analyses,
with Concordia ages of 336.3 + 1.7 Ma and 304.7 £ 2.2 Ma.

Zircons from Bt+Msc variety are significantly lower in
uranium concentration, typically lower than 100 ppm and
often as low as 10 ppm. The zircons show a large spread of
ages from ~250 Ma to 2800 Ma. No ages produce a particu-
larly significant cluster, with only a small group of 3 zircons
at ~340 Ma. The Concordia age for this group is 336.3 £2.4
Ma, although with only 3 points this is not a statistically re-
liable value. The 336 Ma age is very similar to the age seen
in rims of Hbl+Bt variety.

This data confirm previous observations of different ages
and different position relative to tectonic structures of various
types of Jawornik granitoids. They also prove that magma for
different varieties was derived from different source rocks.
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Aeromagnetic data have been used recently in Morocco
for geological mapping after its use for a long time in the
mining prospecting (Bouya et al., 2013 a, b; Bouya, 2014)
and throughout the world since some decades (Galdeano,
1980; Blakely, 1995; Grauch et al., 2001; Aspler et al.,
2003; Randrianasolo, 2009; Aryamanesh et al., 2009).
Based onto magnetic susceptibility, it allows to highlight di-
fferent petrographic types at map scales (Gleize, 1992;
Bouchez, 1997). However, it’s always difficult to assign a
magnetic anomaly to a specific geological facies (Henkel,
1991; Clark, 1997; Naba, 2007; Randrianasolo, 2009).

This study concerns the geological interpertation of
aeromagntic data of Bou Chber region from Central Mo-
rocco. Processed magnetic maps obtained from different
standard methods known in aeromagntism, were compared
to field geological structures. We propose then a geological
sketch of the Bou Chber non-mapped area and we interpret
magnetic anomalies detected in this region.

Studied area corresponds to a segment of the famous
Fourhal-Telt syncline trending NE-SW. Stratigraphic series

the Visean—Namurian stage, which are overlapped by De-
vonian—Visean allochthonous limestones. These series are
folded as a NE-SW direction like the rest of Central Moroc-
can Meseta. It’s known that magnetic anomalies could be
induced by crystalline rocks or metamorphic basement, or
can be generated by linear tectonic contacts (Grauch et al.,
2006). The first obtained processed map is the residual mag-
netic anomaly map. The reduction-to-pole technique ap-
plied to the latter permits to obtain the RTP map which will
become the base for applications of various filters. So the
RTP map allows to find different geological contours as
well as major geological structures that characterize this re-
gion. Obtained maps permit to distinguish four areas that
show strong magnetic anomalies, the north end of the map
coincides with the edge of the plateau of Agourai, a strong
anomaly oriented E-W in the east-central part of the map
aligning along the Oued Ifrane and finally two strong anom-
alies in the southern part of the map. The application of the
Euler deconvolution to the magnetic data of Bou Chber area
permits to detect many contacts, two semicircular contacts
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NE-SW in the NW part and finally linear N—S contacts ob-
served in the eastern part of the map. Euler map of structural
index (SI = 3) confirms these structures and highlights a
semicircular structure in the southern part of the map that
may be caused by deep magnetic source.

The first strong E-W anomaly detected in the northern
part, corresponds to the Triassic outcrops bordering the Me-
sozoic plateau of Agourai. The second strong circular
anomaly detected, few km south, corresponds to basaltic
Carboniferous flows (Driouch et al, 2010). The strong
magnetic signature of these outcrops justifies their mineral-
ogical composition and geochemical characteristics of basic
and/or ultrabasic rocks (Thomas ef al., 2002). The third
E-W strong anomaly detected in the central part, coincides
with a Quaternary basalt flow. It is characteristic of basaltic
Plio-Quaternary volcanism that marked the magmatic prov-
ince of the Middle Atlas and Central Morocco. Finally, the
fourth strong anomaly was highlighted in the southern part
of the map. This anomaly may be caused by a deep magnetic
source. From the intensity of the magnetic signal, we can as-
sume that this deep source correspond to basic magmatic
rocks analogous to basic flows exposed in the northern re-
gion of Bou Chber. The estimated depth of this magnetic
source from Euler deconvolution and the analysis of the
magnetic signal is about 2100 m.
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The study was focused on Ordovician sedimentary rocks
and their anisotropy of magnetic susceptibility (AMS). The
area under study is situated in the Prague Synform, Bohemian
Massif, Czech Republic. Sedimentation in the basin began by
Ordovician transgression and continued with siliciclastic
rocks to Lower Silurian. The Upper Silurian is typical by
carbonatic rocks as well as Devonian. The Silurian and De-
vonian sedimentary rocks are intensely folded and thrusted
(Melichar, 2003), while the Ordovician-rock deformation is
not visible. The aim of the study was to find out whether the
Ordovician rocks are actually un-deformed or was affected
by strain by using AMS.

Over 1500 samples were taken from 56 sites throughout
dozen Ordovician formations. Temperature dependence of
magnetic susceptibility was measured on the samples as
well as AMS, which was compared to structural analysis of
individual localities. In some specific cases, x-ray analysis
or microscopic studies were used.

Results and interpretations: Analysis of temperature de-
pendence of magnetic susceptibility showed that all Ordovi-
cian formations are controlled by paramagnetic minerals
(Cerny, 2010).

1) In majority sites normal sedimentary (e.g., Fig. 1c) or
strain fabrics (e.g., Fig. 1b) were recognized. Very impor-
tant for further interpretations seem to be fabrics from the
neighbor of Sktipel village where two different tectonic fab-
rics were found (Cerny & Melichar, 2012), or from the
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neighbor of Dobfichovice. There were also found inverse
and intermediate fabrics in the area.

2) Inverse fabrics found in 4 sites were caused by fi-
brous ankerite (e.g., Fig. 1a). Fibers were grown perpendic-
ularly to the bedding plane in the fibrous microveins and
cone-in-cone textures. The maximum susceptibility direc-
tion is parallel to crystallographic axis ¢ of ankerite in the
samples.

3) Intermediate fabrics or their relics were exclusively
linked to all localities in two basal Ordovician formations
(e.g., Fig. 1d). In this case, we cannot speculate about sim-
ple combination of normal and inverse fabrics, but about
autoregulatory diagenetic processes.
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Fig. 1. Localization of different found types of AMS fabrics in Prague Synform. Diagrams show examples of results for each kind of found
fabric; a) Inverse magnetic fabric; b) Tectonic magnetic fabric; ¢) Sedimentary magnetic fabric; d) Intermediate magnetic fabric.
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The Mecsekalja Zone (SE Mecsek Mountains, SW
Hungary) metamorphic rocks are cross cut by a generation
of a pervasive calcite filled microcrack system. Cathodolu-
minescence images reveal that the microcracks develop due
to the fragmentation of the rock forming feldspar crystals
(Fig. 1A), and the microcrack density is proportional to the
feldspar content of the host rock (cf. Fig. 1). Stable isotope
data from the microcrack calcite display a linear trend with
oxygen isotope compositions between 14.6%o and 30.3%o
and carbon isotope compositions between —9.7%. and
1.7%o, and indicate that the parent fluid is related to the
Early Cretaceous dyke magmas (Fig. 2A). The trend itself
provides two interpretations. According to the first, the lin-
ear trend is a result of isotope exchange between the parent
fluid, and the oldest and most widespread occurring calcite
vein generation (Cal,l, Fig. 2A). The isotope exchange
model applied to the data (Rye & Bradbury, 1988) is sensi-
tive to the CO, concentration of the fluid, and predicts a
fluid with higher molal CO, ratios (X, = 0.35) during the
isotope exchange process than the maximum CO, concen-
tration of the fluids entrapped in the primary inclusions
(X0, 1s lower than 0.015, as implied by microthermometry,
Fig. 2A). The relevance of the isotope exchange model in
the formation of the isotope trend supposes the segregation
and loss of massive amount of CO, before the fluids entrap-
ment in the microcrack calcite. The formation of the trend
can also be a result of mixing of the volcanic fluid with sea-

water intruded into the microcrack system of the crystalline
rocks. Since both scenarios are well documented attendants
of seismic activity (Weise et al., 2001; Lin et al., 2003), the
microcrack generation is interpreted as the seismic damage
zone of the Ofalu Fault (the north-western boundary of the
Mecsekalja Zone) during its active period in the Early Cre-
taceous. The microporosity system is considered to be the
fossilised analogue of the pervasive crack systems detected
around recently active faults (Hiramatsu et al., 2005; Li et
al., 2006), which calls the attention on the relevance of short
lived co-seismic pervasive crack damage in the redistribu-
tion of crustal fluids subsequent to earthquakes.

The rock-type dependent microcrack density calls the
attention on the existence of a compartmentalized seismic
damage zone around seismic faults in metamorphic com-
plexes of heterogencous lithology, like the Mecsekalja
Zone. This suggests that the damage zone in a metamorphic
complex is basically different from those described in more
homogeneous lithologies, and the decrease of microcrack
density is not monotonous towards the protolith.

Homogenisation temperatures of the fluids entrapped in
the microcrack calcite reveal the existence of rock-type de-
pendent fluid—rock subsystems, in conjunction with the for-
mation of different crack densities in different rock-types.
The more narrow range of fluid densities suggests hydro-
static fluid pressure in the feldspathic rocks, while the wide
range of densities in the less feldspathic chlorite gneiss indi-

Fig. 1. A. Cathodoluminescent image of a pervasive microcrack system in a feldspathic rock type. B. The microcrack calcite is present as

small disseminated patches in a micaceous rock type.
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Fig. 2. A. Stable isotope compositions of the microcrack calcite.
The dashed lines are the results of the isotope exchange model, and
represent the conformation of the calcites’ stable isotope composi-
tions due to isotope exchange with the vein calcite generation of
most widespread occurrence (Call) at the study area. DO — stable
isotope compositions of the East Mecsek dyke ocelli. B. Isochores
constructed from the 7" data measured in the primary inclusions of
the feldspathic gneiss microcrack calcite. The dashed line figures a
possible conformation of the fluid temperatures with depth due to
locally different magmatic upheat (symbolized by horizontal ar-
rows with different lengths). The conformation of the fluid temper-
ature is unknown, the intersection of the curve with the solid iso-
chores marks the real depth of formation.

cates deformation related fluid pressure increase in an un-
drained fluid-rock subsystem or the decrease of the parent
fluid’s temperature due to lower water—rock ratio. The par-
ent fluid’s salinities indicate the connection between the
microcrack fluids and interpillow sulphate chimneys in the
western continuation of the Mecsekalja Zone to the west
and suggest that they were part of the same hydraulic sys-
tem (Jager et al., 2012). Isochores constructed based on the
homogenisation temperature data measured in the feldspa-
thic rock types and corrected with an average (30 °C/km)
hydrostatic gradient suggest maximum hydrostatic pres-
sures between 33.6 and 39.4 MPa (Fig. 2B). These values
are consistent with burial depth between 2.9 and 3.5 km, as-
suming a seawater column of 400-500 m above the rock
column. However the magmatic heat carried by the volcanic
fluids and the volcanic upheat of the metamorphic host rock
possibly perturbed the fluids temperature from that marked
out by the hydrostatic gradient (Fig. 2B), i.e. the real forma-
tion depth is possibly lower than that is deduced from the
application of the hydrostatic gradient.
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Finite element modeling of fault-propagation folding above a rigid
basement: A case study of the Nysa Klodzka Graben (Sudetes,

SW Poland)
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* Physics of Geological Processes, University of Oslo, Norway

Monoclinic folds have been described in the Late Creta-
ceous sediments of the Nysa Ktodzka Graben since Closs
(1922) and they have been interpreted to have developed
above fault blocks. The strata cropping out along the graben
flanks are traditionally considered to correspond to the low-
ermost sedimentary units of the graben. The results of elec-
toresistance surveys in the area demonstrate the presence of
multiple small fault blocks in the basement. Here, we inves-
tigate whether forced folding due to faulting in the basement
might have brought the thin layers (10-40 m) of the Ceno-
manian or Lower Turonian, which are at a depth of 300—
600 m in the center of the graben, to their current position.

We present a finite element study of fold development
in sedimentary cover above a fault in rigid basement. The
layers constituting the sedimentary cover are treated as
non-Newtonian fluids in creeping flow (Stokes flow) re-
gime with gravity. MILAMIN (Dabrowski et al., 2008), a
Matlab implementation of the finite element method, is used
to compute the deformation field above the basement. We

use unstructured triangular computational meshes to accu-
rately represent the evolving structures, with an interface-
fitting mesh refined above the fault. The lithostratigraphic
column is based on a data compilation from the literature.
We investigate the influence of fault kinematics (extensio-
nal, contractional & in sequence), fault dip, rheological be-
havior of the sedimentary cover and erosion on the struc-
tural development of monoclinic folds above the rigid base-
ment. The results of our modeling are compared to struc-
tural features extracted from a self-developed 3D Nysa
Ktodzka Graben model, which is predominantly built on
data obtained during electroresistance surveys.
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Magnetic anisotropy and tectonics of the Upper Proterozoic rocks
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This work represents the first results of AMS research
in Kralupy—Zbraslav and Stéchovice formations. These for-
mations are located in Barrandian from central Bohemia re-
gion among Prague, Rozmital pod Tfemsinem and Novy
Knin. It is a 15-20 km wide and about 60 km long stripe of
slates, siltstones, graywackes, and conglomerates. The belt
is oriented in SW—NE direction and main bedding surfaces
as well as cleavage planes strike approximately in the same
way.

Oriented samples were taken by manual drilling ma-
chine from outcrops or in laboratory from oriented stones.
Cores, 25 mm in diameter and 20-25 mm length, were mea-
sured in AGICO laboratories, on MFK1 device.

The first sets of samples were studied in five localities,
where anisotropy of magnetic susceptibility (AMS) was
measured. Orientation of principal directions of AMS is
shown in azimuthal plots (see Fig. 1). These pilot results in-
dicate that AMS is not uniform in the area under study, and
therefore strain influence was different in different do-
mains. AMS shows expected SW—NE direction of magnetic
lineation (K1) on localities S-4 and K-2, which well corre-
sponds to trend of pencil structures found on these locali-
ties. Similar fabric (less intensive) seems to be on S-11 site.
Another pattern of AMS was found at S-15 site, where per-
pendicular orientation was recognized (K1 in NW-SE di-
rection). And the last studied locality, S-12 shows very dif-
fuse fabric, which may originated in sedimentary process.

10 km

180

Fig. 1. Measured magnetic fabrics (Lambert proektion, geographic coordinate system) on region scheme, K1 — directions of maximum
magnetic susceptibility (magnetic lineation), K3 — directions of minimum magnetic susceptibility (magnetic foliation), K2 — directions of

middle susceptibility.
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Petrological and geophysical evidence for a one-time detachment fault
in the metamorphic basement of the Pannonian basin, S Hungary
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The Pannonian Basin has a crystalline basement with a
rather complicated metamorphic and structural develop-
ment. During the Neogene basin subsidence, deep sub-bas-
ins evolved surrounded by basement highs. The industrial
interest about the numerous fractured hydrocarbon reser-
voirs of these basement highs allows the investigation of
them. As there is no surface outcrop in the region, the meta-
morphic rock bodies can only be examined using the several
bore cores and well-logs, which penetrated the uplifted re-
gions.

One of these basement reservoirs is the Kémpdc — Cso-
lyos-E (Kom — Cs6-E) fractured hydrocarbon field (Fig. 1),
situated in the Korés Complex, south from the Szank and
northeast from Zsana regions. According to the well docu-
mentation, the rock columns in the wells are tectonically
disturbed, the rocks are strongly, but in varying degrees de-
formed. The classification of the lithologies is complicated
by the intense deformation and the superposition of differ-
ent stages of the tectonical events.

The main mass of the metamorphic block of Kém —
Cso-E (Fig. 1.) consists of polymetamorphic (S1 and S2 tex-
tures) sillimanite biotite gneiss (Fig. 2¢), probably with in-
trusive igneous origin (myrmekitic feldspars, idiomorphic
zircon grains). The orthogneiss body locally encloses unwe-
athered and in varying degrees altered amphibolite xeno-

liths (Fig. 2f). The orthogneiss block underwent more con-
secutive deformation events. The different deformational
phases overprinted each other in wide varieties, but the most
general sequence is the following: mylonite (Fig. 2a, b) —»
pseudotachylite (Fig. 2¢) — cataclasite (Fig. 2c, d) — fault
breccia (Fig. 2d) — fractures and veins (Fig. 2). These fault
rocks with different physical circumstances appear close to
each other within a narrow field. Such a superposition struc-
ture of fault related rocks usually appears along detachment
faults (Lister & Davis, 1989), where during the uplift of a
shear zone the ductile deformation changes to brittle. My-
lonite forms in higher temperatures, while as soon as it
reaches the brittle zone cataclasite starts to develop. The
identified rock types were extended along each well with
using the well documentation and the well-logs. According
to these result, the metamorphic block of the field consists
of two main blocks; a northern gneiss — mylonite block and
a southern gneiss — cataclasite block.

The Kom — Cso-E field has two neighbouring reser-
voirs with similar petrographic features; Kiskunhalas-NE
(Kiha-NE) field and Janoshalma (Jh) High (Fig. 1).

The incompatible rock column of the Kiha-NE field
(Fig. 1) consists of four main rock units. In the lowermost
structural position, an orthogneiss with amphibolite xeno-
liths is common. On the basis of the petrological character-
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Fig. 1. Location of the Janoshalma High (Jh), the Kiskunhalas-NE field (Kiha-NE) and the Kémpoc — Csolyos-E field (Kom-Cso6-E) in the

Pannonian Basin (after Haas et al., 2010).
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Fig. 2. The characteristic rock types of Kémpoce - Csélyos-E. a) mylonite (2N); b) protomylonite with ultramylonite band (on the top of the
image) (IN); ¢) pseudotachylite in catalcalsic geiss (1N); d) fault breccia (upper part of the image) and cataclasic gneiss (lower part of the
image) (1N); e) sillimanite biotite gneiss (1N); f) unweathered amphibolite (2N).

istics it is similar to the orthogneiss body of the neighbour-
ing Jh High (7' < 580°C, Zachar & Téth, 2004). The next li-
thology unit upwards is the mylonitized orthogneiss, which
clearly differs from the next graphitic gneiss mylonite type
in its mineral assemblage. The extensional fabric elements
(C/S fabric, apatite bookshelf, boudinaged clasts and de-
formed quartz grains) are common in both mylonite types.
In accordance with the quartz suture thermometer (Kruhl &
Nega, 1996), the temperature of the deformation event of
these two mylonite types is estimated as 7,,,~455°C and the
metamorphic temperature of the graphitic gneiss mylonite is
T ~410 £ 45°C using a carbonaceous material thermometer
by Raman microspectroscopy (eg.: Beyssac et al., 2002).
The uppermost member of the ideal rock column, a graphi-
tic carbonate phyllite, occurs only in a limited area of the
site. Its carbonaceous material thermometer results suggest
a T~370+ 15°C. According to these results there is approx-
imately 200°C difference in characteristic metamorphic
temperatures between the bottom (orthogneiss) and top
(graphitic carbonate phyllite) (Nagy & M.T6th, 2012). With
using of open-hole well-logs, lithology boundaries were es-
timated and the results were represented along geological
sections. The gneiss/mylonite boundaries appear as a low
angle (<5°) plane with northern dip (13—18°); interpreted as
a one-time detachment fault linked to a formation of a core
complex (Fiser-Nagy & Toth, 2014).

The Jh High (Fig 1.) consists mainly of a uniform ortho-
gneiss block with presence of xenoliths and xenocrysts of
incompatible compositions and metamorphic evolutions.
The xenoliths are of different sizes from tiny crystals up to
possibly huge mafic lenses. Late granitoid veins intruded
the gneiss body after the two-phase metamorphism. There
are several samples with evidence of post-peak ductile de-
formation (dynamic recrystalisation of quartz, kink bands,
mica fishes and very fine grained mica bands). The dynamic
recrystallization of the quartz grains in the granitoid veins
suggests that this low grade mylonitisation took place be-
fore the granitoid intrusion (Zachar, M. T6th 2004).

In all three studied situation the metamorphic basement

mainly consists of orthogneiss; in the cases of Jh and Kiha-
NE the orthogneiss is probably identical, in Kém — Cso-E it
has slightly different mineralogical composition. The evi-
dence of a one-time detachment fault in Kiha-NE and Kom
— Cs0-E suggests some relationship between these neigh-
bouring basement highs, too. There in Kiha-NE both the
footwall and the hanging wall are exposed, while in the
Kom — Cso-E area the wells penetrated the complicated
fault rocks and the orthogneiss basis. Jh gneiss also under-
went in an intense ductile deformation and so probably rep-
resents the footwall of the same structure.
Acknowledgement: This research was supported by the
European Union and the State of Hungary, co-financed by
the European Social Fund in the framework of TAMOP
4.2.4. A/2-11-1-2012-0001 ‘National Excellence Program’.
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The Pannonian Basin system is due to late Early to Mid-
Miocene lithospheric extension and related crustal faulting
between 19 and 11.6 Ma (Tari, 1996). The faults bounded
more or less isolated sub-basins with few hundred meters of
terrestrial to marine sediments while the intermittent basin
highs were marked by a reduced sedimentation or erosion.

At the beginning of the Late Miocene, the sedimenta-
tion has been changed and the brackish Lake Pannon devel-
oped. Between 11.6 and 9.7 Ma the former basin highs were
progressively inundated and the surface and volume of the
lake increased (Magyar et al., 1999; 2013). Since 9.7 Ma
onwards clastic input via extensive fluvial networks pro-
gressively filled the lake, large scale normal regression took
place.

Late Miocene deposition pattern, facies relationship
and coeval structural geometry and kinematics, as well as
their influence on sedimentation was studied by the help of
surface structural, sedimentological and paleontological ob-
servations, by 2D and 3D seismic reflection data sets. Our
research extended into the Transdanubian Range (TR), the
largest high in the Miocene, and sub-basins west, south and
south-east from the paleo-high.

The transgressive phase resulted in in a spatially vari-
able facies pattern (Sztand et al., 2013). Deep lacustrine
marls of large thickness accumulated in the deep sub-basins
(Endrod Fm) and condensed marls in the less than 100 m
deep waters covering the flanks of the basement highs. This
latter lithofacies (Szak Fm) is characteristic along the west-
ern margin of the TR during 9.5-9 Ma. The clastic input
reached the western Pannonian basin from the NW and N.
As rivers entered the lake, deltas of ca. 20—-50 m thick coars-
ening upwards successions were formed. These shelf deltas
prograded towards the several hundred meter high ba-
sin-margin slopes, and also towards flooded basement highs
where slopes were missing (Sztand et al., 2013). Deltas

were prograding across both type of areas, but above deep
basins deltaic successions has a large thickness, while on
highs they compose reduced sequences.

Systematic mapping of shelf-to-basin clinoforms
clearly indicate the influence of basement highs which de-
flected slope progradation into a direction sub-parallel to
highs (Uhrin et al., 2009; Uhrin, 2011; Toéro et al. 2012;
Varkonyi 2012). These basement highs were partly inher-
ited from the syn-rift deformation, however, seismic sec-
tions clearly demonstrate active syn-sedimentary faulting
during the transgressive phase and partly during slope pro-
gradation, ca. between 11.6 and 8.5 Ma. Fault-controlled
abrasional gravels and fault breccias are found along the
margins of TR, were most likely coeval with the flooding of
highs and might have occurred between 9.5 and 8.8 Ma.
Surface measurements suggest an E-W to ESE-WNW
extensional (transtensional) stress field in agreement with
seismic fault mapping (Balla & Dudko, 1996; Fodor ef al.,
1999).

Southeast from the Lake Balaton, several faults of the
wide Mid-Hungarian shear zones were reactivated. Namely,
the Balaton fault zone was a sinistral transpressional struc-
ture (Varkonyi, 2012). The transtensional Ozora trough
could be active between 8.6 and 8 Ma (Toro et al., 2012).
Along strike continuation of the Toéalmas Zone the sinistral
pull-apart Adony basin developed, and the basin-margin fault
continued north-eastward (Téalmas Fault) (Palotai, 2013).
On the other hand, south from the TR, thickness of basinal
marls decreased above E-W trending transpressional ridges
(Kiliméan and Belezna Highs, Skorday, 2010) which were ac-
tive between ca. 12 and 9 Ma. After the cessation of deforma-
tion during slope progradation between 9 and 8 Ma, a new
phase of folding started and reactivated the E-W trending
anticlines from ca. 8—7.5 Ma. Although this could be consid-
ered as the first step in neotectonic reactivation (Horvath,
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Fig. 1. Simple model for facies relationships, depositional environments of late Miocene (Pannonian) sediments in the NW half of the
Pannonian Basin, after Sztand et al. (2013). Note possible locations of syn-sedimentary faults.



CETeG 2014 ABSTRACTS 15

Uhrin et al. 2009
Uhrin 2011
Tird et al. 2012
Magyar ctal. 2013
Palota 2013
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Fig. 2. Map of Late Miocene structures superimposed on large shelf-margin slope units (Uhrin et al., 2009; Uhrin, 2011; Toro et al., 2012).
Large and small arrows indicate slope progradation. Ages of shelf edge after Magyar et al. (2013).

1995), regional subsidence counterbalanced anticlinal
growth and deltas overstepped folds.
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The Holy Cross Mountains (HCM) comprise a solitary
Paleozoic massif that emerges from beneath a Permian—Me-
sozoic cover ~100 km beyond the southwestern edge of the
East European Craton (EEC). Their importance as the best
exposed part of the Trans-European Suture Zone has been
long appreciated. The HCM experienced tectonic inversion
in the Late Cambrian (Sandomirian phase: a time-equivalent
of the late Timanian orogeny), Late Silurian—Early Devonian
(Caledonian), Late Carboniferous (Variscan), and the Late
Cretaceous—Paleocene (Laramide). Most of the present re-
gional structural fabric was inherited after Variscan shorten-
ing. The Variscan structures overprint, yet not entirely con-
ceal the pre-existing Caledonian and Sandomirian geome-
tries.

The Paleozoic of the HCM consists of two tectonostra-
tigraphic units — the Kielce and Lysogory Zones. These are
separated by the Lysogory Thrust (Holy Cross Fault) (Fig. 1).
The two zones differ in terms of stratigraphy and structural

expression of the main deformation phases. The Kielce
Zone is made up of Early Cambrian—Early Carboniferous
sediments resting on top of unidentified substratum. The
post-Cambrian strata attain ~1-2 km in thickness; the un-
derlying Early-Mid Cambrian strata are thick (~1-2 km?),
yet their base is not exposed. The sedimentary succession of
the Kielce Zone contains two unconformities that corre-
spond to the Sandomirian and Caledonian deformation pha-
ses. The sediments have been deformed into a series of
ESE-trending folds. The Lysogory Zone consists of Mid
Cambrian—Late Devonian sediments that reach ~7 km in
thickness. These are stratigraphically continuous, with the
exception of a locally developed Caledonian-related uncon-
formity between the Upper Silurian and the Lower Devo-
nian. The most prominent structural feature of the Lysogory
Zone is a large NNE-dipping homocline directly adjacent to
the Lysogory Thrust.

New structural descriptions and kinematic interpreta-
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Fig. 1. Simplified geological map of the Holy Cross Mountains.
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tions of the HCM are presented, with a particular emphasis
on the geometric and kinematic links between the Kielce
and Lysogdry Zones. Regional structures have been investi-
gated by cross-section balancing techniques. Four cross-
sections were constructed, two of which are included in this
abstract (Figs 1 and 2). This work focuses on the well-ex-
posed and well-mapped western and central parts of the
HCM (Fig. 1).

The Kielce and Lysogdry Zones form a geometrically
and kinematically coherent contractional belt. This belt con-
sists of two distinct structural entities: 1) a south-vergent
thin-skinned system comprising the Lysogory Zone and the
northern part of the Kielce Zone, and 2) a thick-skinned sys-
tem that has experienced less shortening and which incorpo-
rates the central and southern parts of the Kielce Zone. The
thin-skinned system has been thrust to the south along a de-
tachment that follows Mid Cambrian shales beneath the
Lysogdry Zone and climbs up to Early Silurian graptolite
shales in the northern part of the Kielce Zone. The foreland
reach of the thin-skinned system is controlled by the sub-
surface extent of the Early Silurian graptolite shales. The
structural anatomy of the HCM therefore does not fit with
its division into the Kielce and Lysogdry Zones based on
stratigraphic criteria.

The southern anticlinorial part of the Kielce Zone in-
volves a series of Cambrian-cored anticlines. The anticlines
have inconsistent wavelengths, amplitudes, shape ratios and
show irregular transverse profiles. The Cambrian-cored
anticlines therefore do not permit discrimination between
end-member kinematic mechanisms (i.e. detachment fold-
ing or fault-propagation folding). Folding must have re-
sulted from localized involvement of the Early Cambrian
strata without a common detachment plane. Selective acti-
vation of basement-rooted faults, sealed by the Lower Cam-
brian is the proposed mechanism (Fig. 2).

The northern part of the Kielce Zone forms a tightly
folded synclinorium. Here, a series of short-wavelength,
south-vergent, and fault-related Silurian-cored anticlines
have a common detachment in the Early Silurian graptolite
shales. In the western part of the HCM, these Silurian-cored
anticlines form a small imbricate fan. This fan is linked to
the Lysogdry Thrust through the basal detachment and thus
forms the leading edge of the Lysogory thin-skinned system
(Fig. 2).

The hinterland limit of the Silurian-cored imbricate fan
is formed by the Lysogoéry Thrust. The thrust dips 35-45°
NNE, steepening to 70-85° NNE in the west as a result of
piggy-back rotation. The Lysogory Thrust is a thin-skinned

structure rooted in the Mid Cambrian shales of the Lyso-
gory Zone. It has transported detached sediments of the
Lysogory Zone onto the Kielce Zone. The Lysogdry Thrust
Sheet (LTS) forms the hanging wall of the Lysogory Thrust.
The LTS has a homoclinal geometry, with the oldest sedi-
ments adjacent to the basal thrust and successively younger
strata cropping out towards the hinterland. The western part
of the LTS hosts a Caledonian-related progressive uncon-
formity (Fig. 2). The unconformity results in a thickness re-
duction of the Late Silurian—Early Devonian stratigraphic
units and indicates that the LTS was active during the Cale-
donian inversion. The existence of Latest Silurian—Early De-
vonian growth strata in the subsurface is predicted (Fig. 2).
To the north, the LTS descends into the deep Bodzentyn
Syncline (partly included in Fig. 2). Thickness extrapolation
from the core of the syncline constrains the position of the
flat-ramp transition of the Lysogory Thrust at depth.

The structure of the HCM indicates a dominant role of
plain-strain shortening during Variscan inversion. The Ly-
sogory Thrust accommodates ~3—4 km of Variscan shorten-
ing and the frontal, Silurian-floored imbricate fan accom-
modates ~1.5—1.7 km. Tectonic transport was from the stru-
ctural depression in the north (Lysogdry Zone) to the struc-
tural high in the south (Kielce Zone). Such a configuration
is diagnostic of passive-roof backthrusting. The structure of
the HCM is therefore interpreted as a crustal-scale triangle
zone that was created by the indentation of the leading edge
of the Kielce Zone into the Mid Cambrian detachment of the
Lysogory Zone (Fig. 2, inset scheme). This solution com-
plies with the present (?Variscan) structural geometries but
also offers a key to understanding the kinematics of the Cal-
edonian and Sandomirian phases of inversion. In both cases,
repetitive thrusting of the Kielce Zone over the Lysogory
Zone can explain the accelerated subsidence in the Late
Cambrian and Late Silurian as well as the regional deforma-
tion pattern fitting to the triangle-zone scenario. A compre-
hensive justification of these statements will be provided
separately.

An important consequence of the presented model is the
idea of a permanent kinematic coupling of the Kielce and
Lysogory Zones in the Paleozoic. The Lysogory Thrust
(Holy Cross Fault) is a superficial, thin-skinned structure
that does not continue below the Middle Cambrian. The
structural boundary between these two Zones is the inferred
NNE-vergent basement ramp carrying the Kielce Zone on
top of the Lysogory Zone. This ramp may sole down to the
brittle/ductile transition or may have deeper foundations.
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Structural geometry of the Carpathian orogenic front
between Tarnow and Pilzno was investigated, using bore-
hole and 2D and 3D seismic data. The study revealed the
Carpathian orogenic front is a complex fold-thrust zone
with structural geometry that is apparently changing along-
strike. At places the frontal thrust of the Carpathians is blind
and accompanied by well developed wedge tectonics phe-
nomena (Fig. 1A). Elsewhere it is emergent at the surface
and shows an apparently simple structure (Fig. 1B). The base
of the fold-thrust zone rests on a substratum with highly vari-
able palacotopography (Fig. 2), which, during the thrusting,
was apparently covered with salt-bearing evaporite of areally
limited extent. The thrusting took place in Badenian to Sar-
matian stages of the Miocene epoch.

The wedge tectonics phenomena include backthrusts
and a prominent crocodile structure. The tectonic wedge is
formed by stacked thrust-slices of the Cretaceous-to-Oligo-
cene flysch of the Skole nappe. This wedge has forced a
basal Miocene evaporitic layer (including salt) to split into
two horizons (1) the lower one, which acted as a tectonic lu-
bricant along the floor thrust of the forward-moving flysch
wedge, and (2) the upper one, along which the Miocene sed-

A Skole nappe flysch
S (Crefaceous-Palasogene)

parautochthonous
Miocene ;

frontal homacline

iments of the Carpathian foredeep were underthrusted by
the flysch wedge (Fig. 1A). This resulting crocodile struc-
ture has the flysch wedge in its core, a passive roof of Mio-
cene sediments at the top and tilted Miocene strata at its
front, defining a frontal homocline. A minor triangle zone,
cored with deformed evaporites, has formed due to back-
thrust branching at the rear of the frontal monocline. The
thrust deformation’s intensity quickly declines towards the
foreland. Frontal fault-bend anticlines in the Miocene strata
trace the northern limit of the deformation related to the
Carpathian orogen. The anticlines affect both pre- and syn-
tectonic strata; they are buried by posttectonic sediments.
Locally, above the frontal backthrust, fault-bend frontal
anticlines are developed over oblique and frontal ramps.
They are accompanied by a SW-plunging syncline related
to an oblique ramp in the west.

At other places, the Carpathian flysch and its basal
thrust, emerge at the surface. We infer the flysch must have
once also formed a wedge there, but currently the most part
of it has been removed by erosion that followed its elevation
above the present-day topographic surface on the frontal
thrust (Fig. 1B).

Carpathian foredeep
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A

Fig. 2. Map of foredeep base surface in time domain based on 3D seismics showing location of cross sections.

The Skole flysch units overlie a relatively thin zone of
deformed Miocene evaporitic series that covers autochtho-
nous clastic Miocene sediments of the inner parts of the
Carpathian foredeep. The sediments are southerly dipping
at a shallow angle below the Outer Carpathian nappe struc-
ture. The Miocene, in its turn, rests on top of erosionally dis-
sected Mesozoic sedimentary cover of the Malopolska
terrane, being part of the Trans-European Suture Zone of
the Palacozoic West European platform.

Our study indicates that the lateral variations in the stru-
ctural geometry at the thrust front of the Carpathian orogen
are due to different levels of erosional truncation that were
controlled mainly by a predeformational palaecotopography
of the base of the Carpathian foredeep. At the same time, the
wedge tectonics phenomena owe their formation to the lim-
ited lateral extent of the evaporitic layer and its facies
changes.

At erosionally lowered locations of the foredeep’s base,
represented by the 800 m-deep palacovalley of Pogodrska
Wola (Fig. 2), the Carpathian thrust front is a fully preser-
ved, subsurface structure, concealed below the Miocene
molasse of the foredeep. On the other hand, in areas where
the pre-thrusting erosion was not so efficient (outside the
palaeovalley, in the Pilzno segment), the Carpathian oro-
genic front is emergent at the surface. We infer that the orig-
inally existent flysch tectonic wedge, splitting the evaporite
at its front, was thrusted to upper levels and then eroded at
such locations.

The results of this study are illustrated by a set of cross-
sections and a 3D model constructed using the Petrel Soft-
ware (™Schlumerger).
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While mapping the central and northern parts of the
Ztoty Stok — Skrzynka tectonic zone, on both Polish and
Czech sides, the authors encountered the dikes of dark,
ultramylonitic rocks. The features of their occurrence,
which are: dominant petrographic attributes visible macro-
scopically, obvious mylonitization, also vicinity of quar-
tzites occurrences and granitoid intrusion and finally, the lo-
cation at fault zones allowed the authors to classify tenta-
tively (field) these rocks as pseudotachylites group.

The discussion on the origin and nature of pseudo-
tachylites dates back to the beginning XXth century and re-
fers to glassy massive rocks occurring in the form of dikes
which are located in different regions of the world, most of-
ten in the vicinity of intrusive massifs and large fault zones,
especially overthrusts (e.g. Northwest Highlands, Cheviot
Hills, Glen Coe — Scotland, Outer Hebrides Thrust Faults,
Himalayan Thrust Fault, Parys Region of South Africa)
(Higgins, 1971). One of the first descriptions of these rocks
gave Shand (1916) claiming that pseudotachylites came
from the rocks containing them, through melting due to in-
fluence of thermal shock or alternatively by gas-fluxing. An
important factor in this type of heat-generating process of
creating of pseudotachylites can be the thermal effect of
friction in a fault zone (local “hot spot” — Bowden et al.,

1947). The confirmation of this hypothesis could be the
smooth transition zones in small areas where is visible a
clear gradation from the thin glassy rock through mylonite,
ultramylonite, to the non-deformed rock. This last feature
was visible in the rock described from the Zloty Stok —
Skrzynka tectonic zone.

A detailed interpretation of the genesis of pseudota-
chylites, based on the full complement such as: field, petro-
graphic, X-ray and chemical studies, described from their
occurrences in Canada and South Africa, gave Philpotts
(1964). Author concluded that “pseudotachylites are the re-
sult of fusion of rocks either by frictional heat or very hot
gases probably developed in a fault zone during period of
rapid displacement”. According to this author melted mate-
rial is forced into fractures where is begin to cool (Higgins,
1971). Pseudotachylite is classified to the fault rock group,
which forms mainly in upper part of the crust (Fossen,
2012).

The composition of the pseudotachylites correspond
closely to the rocks in which they occurs. Fragments of
them are included in fine-grained groundmass as porphy-
roblasts. The significant role in their formation is assumed
to the presence of rocks rich in quartz, which may be due to
its mechanical properties (Philpotts, 1964). The main pro-

Fig. 1. Location of investigated samples on the geological map of the Ztoty Stok — Skrzynka tectonic zone.
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Fig. 2. Ultramylonite from the Ztoty Stok — Skrzynka tectonic
zone, photomicrographs, transmitted light, one polar; A — rounded
quartz porphyroblasts occurring on the opaque, fine-grained to
aphanitic groundmass. Part of blasts are uniform, whereas the ma-
jority are cataclazed and dismembered. The veins are composed of
quartz; B — amebodal, cataclazed porphyroblast surrounded by
fine-grained to aphanitic groundmass that mimic the blast bound-
ary. The edges are rounded.

cesses having influence on these rocks formation include:
frictional fusion, shock processes and “cataclasis at high
strain rate during seismic slip events” (Wieland, 2006).
Rock classified by us as pseudotachylite, occurs both in
outcrops as simple dikes and frequently was encountered as
single blocks. For the initial petrographic determinations we
collected samples from two outcrops, one of which is lo-
cated on the Czech side on the NE slopes of the Muflon hill
(Fig.1,219701) and the second is located on the E slopes of
a hill 745.11 m a.s.l., westwards from the Jaworowa pass
(Fig.1, 213902). Both positions are located among different
rocks. In the vicinity of the first outcrop there is a tectonic
contact of Jawornickie granitoids and leptynites with nar-
row zone highly mylonitized shists, graphite shists, light
quartzites and amphibolites (Stronie Formation). The vicin-
ity of the other outcrop is dominated by schists and biotite
paragneisses (Mlynowiec Formation) and bright strongly
tectonized quartzites (Stronie Formation). However, both
dikes are located in very similar structural position. They

are cutting rocks on intensively dislocated inverted limbs of
large antiforms. This dislocations are clearly defined as re-
verse faults. The strike of these faults has a direction NE—
SW and the blocks of the described rock was observed
along this zone. In both described outcrops pseudotachylites
occur in the form of dikes. The gradation from the glassy
rock in the centre and laminated mylonite towards borders
of the dike is visible in the 219701 locality. In the 213902
there is an intrafoliational penetration of the pseudotachy-
lites into the precinct of surrounding gneisses. The contact
of the pseudotachylite dikes with adjacent rocks ranges
from sharp cut-off veins to graduall disappearance of its
features, and, a clear color change from brown and navy
blue to lighter steel and blue. In both outcrops strike of
pseudotachylite dikes is close to the main foliation (which is
corresponds to layers boundaries), but they have clearly
steeper dips (more about the 20-30s) which emphasizes of
the dike nature of these occurrences.

The rock in the outcrop 219701 can be macroscopically
described as a dark, quartzitic ultramylonite with the transi-
tion to mylonite which has a characteristic alternation of
dark and bright lamella from 2 to 10 milimeters. The dark
color of the rock may be caused by magnetite crystals oc-
curring within the quartzitic groundmass (feature observed
in the microscope view).

The sample from 213902 in macroscopic scale repre-
sents dark to brown and blue color mylonite, without visible
orientation of components. In the dark groundmass occur
scattered and rounded grains of quartz. The rock consist of
black, nearly opaque and aphanitic groundmass and quartz
porphyroblasts of various sizes (100 um — 4 mm). The
porphyroblasts are often dismembered and cataclazed, uni-
form grains occur rarely. Locally their edges are rounded
and they have ameboidal shape. Both dark groundmass and
porphyroblasts are cut by veins filled by quartz (Fig.2).

The rock of the both samples were probably affected by
friction processes originated from an intense shearing in the
fault zones. The influence of thermal factor, considered as a
possible one formation of pseudotachylites, is less visible,
but based on preliminary petrographic analysis should be
not excluded. Both the thermal effect of intrusive bodies in
the vicinity of described rocks and the possibility of gener-
ating thermal effects in tectonic processes should be consid-
ered in the next examinations. Both outcrop positions are in
fact located in the NE-SW trending regional range fault
zone with an imbricate structures (Fig.1).
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Introduction: The South Rifian Ridges (SRR) are lo-
cated at the frontal part of the Rif Cordillera. They comprise
elongated hills, formed mainly by Jurassic rocks. The SRR
are grouped into two great ensembles separated by the
Volubilis depression (Fig.1). They are formed by a sedi-
mentary sequence starting with Triassic rocks, a thick Juras-
sic sequence, and locally, a marly Cretaceous series in the
Eastern Ridges. Unconformable Lower and Middle Mio-
cene marls as well as sandstones of Middle-Upper Miocene
cover the Mesozoic series. The SRR correspond generally
to anticlinal hinges of SW and S vergence located in the
mountain front and associated with thrusts of the Prerif
nappe sheets. They are complex folds, with a kilometric
length and periclinal ends. Recent structural studies (Had-
daoui, 2000; Sani ef al., 2007; Habibou et al., 2012) inter-
preted these structures as ramp propagation folds born on
the main thrusts in this region probably started to develop
since the Early Miocene. The most active deformation
phase affecting Pliocene rocks consisted of N—S to NE-SW
oriented compression.

In this work, we want to understand the influence of
early extensional structures which are formed in the fore-
land basin on the evolution of fault propagation folds of
SRR, we modeled the structure of Fert El Bir anticline by
Ramp software (EM) (Mercier, 1995) which turns out espe-
cially useful for this end. This program takes into account
extensional synsedimentary tectonics.

Structure of Fert El Bir: This Jebel is located in the
Eastern arc, north of the Zerhoune ridge (Fig. 2A), which
extends between Moulay Idriss town and Douar El Kifane
(Fig. 2A). It corresponds to an asymmetric faulted anticline.
The northern flank formed by the Middle Lias is pending
moderately, but the southern flank is sub-vertical and for-
med by the Domerian limestones to miocene. The Fert El
Bir anticline is bordered southward by the reverse fault of
Moulay Idriss and seems to overlap Jebel Zerhoune (Fig.
2B). In his works, Haddaoui (2000) considered that this re-
verse fault before tectonic inversion had played as a normal
fault during Jurassic and it is responsible of the creation of
the ramp during the development of the fault fold. While
Faugcres (1978) insists on the replay of old normal faults
into reverse faults well as Triassic salt diapirism, which gen-
erate a faulted asymmetric anticline

Direct modelling: The geometric evolution of Jebel Fert
El Bir is interpreted onto different stages (Fig. 3):

Stage 1: During Domerian-Bajocian, the southern part

of Fert El Bir correspond to a shoal area characterized by re-
duced and condensed sedimentation. This area, separates
two subsiding zones: the northern part of Fert El Bir and the
current location of Jebel Zerhoune.

Stage 2: At the beginning of the Miocene compression,
existing normal fault had localized raising of the decolle-
ment level and induced the genesis of the ramp. The propa-
gation of this ramp is accompanied by the creation of a fault
propagation fold within the meaning Jamison (1987) and of
passive transport of the upper part of the initial normal fault
and the corner of the Triassic salts.

Stage 3: It is characterized by a modification of defor-
mation style. This passes from brittle/plastic field to a brittle
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Fig. 1. A. Geological setting of South Rifian Ridges, Northern
Morocco and structural scheme of the South Rifian Ridges and lo-
cation of studied fold. B. Geometrical model of the studied struc-
ture.
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tewond; AKJ: Abdelkrim Jebel
BAJ: Kern Bou Abane Jebel
BS.: Bin Bou Skif Jebel

KJ: El Kifane Jebel

F1 et F2: Major faults

FMI: Fault of Moulay Idriss

A8 Reverse thrust faults
¢ White marl olistolites
| White marl pelagic

I Upper Lias-Bajocian

B Middie Lias

Bled Moussaoua

NE sw

[ Trias [ Middle Lias S Upper Lias-Bajocian =~ Upper Miocéne
(B)

Fig. 2. A. Structural map of J. Fert El Bir (Haddaoui, 2000; modi-
fied). B. Geological section of J. Fert El Bir.

context. The ramp after crossing the Jurassic, came lock on
the competent level Aaleno-Bajocian. The deformation is
transferred along a brittle fracture which affects the blocked
structure. In this case, the fracture is limited to the inside of
the forelimb, because it comes to a sector where the rocks
are strongly deformed and work hardened.

Discussion and Conclusion: The synsedimentary exten-
sional faults seem to be transported during shortening pha-
ses and have only guided the location of the ramp. Previous
works in the area have considered that these structures were
iverted during Miocene compressional stages. It is likely
that normal faults have only determined the place where
overlaps were developed. If the ramp corresponded to an
old extensional fault, listric or not, this would not be a fault-
propagation fold that would develop, because it is character-
ized by the fact that it grows, by accommodating, the same
time as propagates the newly formed fracture which serves
as a ramp (Suppe & Medwedeff, 1990). Conversely, if the
ramp is pre-existing, we will get an anticline of type
“Fault-bend fold” (Suppe, 1983).

The model proposed here implies that the structure of J.
Fert El Bir which is perpendicular to the constraint, accords
perfectly with the model of fold propagation frontal ramp.
The sub-horizontal upstream flank shows sub-horizontal
normal faults affecting Jurassic series.
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The Zamtyn Nuruu crustal block situated in the eastern-
most tip of the Mongolian Altai is exposed between the Pa-
leozoic volcanosedimentary prism of the Gobi-Altai Do-
main in the S and the Neoproterozoic—Cambrian accretio-
nary wedge with ophiolite remnants (the Lake Zone) in the
N. The Zamtyn Nuruu block of the pre-Cambrian age is
composed of variegated metasedimentary rocks in the upper
part while the lower part is formed by orthogneisses, mi-
gmatites and amphibolites accompanied by syn-tectonic
gabbro and diorite intrusions. The mineral assemblage of
amphibolites corresponds to P-T conditions of about 680 +
60 °C and 8.6 + 1 kbar. The partial melting of migmatized
members may possibly have been caused by decompression
during the fast exhumation. These rocks are covered by ter-
restrial siliciclastic sediments and, together with them, in-
truded by post-tectonic Late Cambrian granites (Hrdlickova
etal.,2010).

The usually foliated mafic intrusive rocks form bodies
elongated parallel to foliation in adjacent amphibolites. They
are medium- to coarse grained, varying from pyroxene-am-
phibole to biotite-amphibole gabbro (rarely with cumulate fa-
brics) and diorite.

The mafic igneous rocks are basic to intermediate (SiO,
=46.7-55.5 wt. %), metaluminous, calc—alkaline with low
K,0/Na,O of 0.1-0.2. The chondrite-normalized REE pat-
terns are rather flat (La,/Yb, = 3.5-6.7) with positive Eu
anomalies (Eu/Eu* = 1.0-1.3). Composition of the sur-
rounding amphibolites is similar (SiO, = 46.8-53.8 wt. %,
K,0/Na,0 = 0.1-0.7). The REE patterns show varied, but
usually low degree of fractionation (La,/Yb, = 0.7-4.7).

The LA ICP-MS zircon age of 542 + 4 Ma from gabbro
dates time of zircon crystallization and zircon age of 517+ 5
Ma from diorite is interpreted as timing its emplacement. Hf
isotope compositions are close to that of depleted mantle

(e, = 8.2-10.2). Trace-clement signatures (enrichment in
Ba, Th, U, K, Pb and Sr accompanied by Rb, Nb, P and Zr
depletion if compared with NMORB) as well as isotopic
data (*Sr/*Sr,,, = 0.7047-0.7056 and 1, = 2.1-2.7) point to
primitive source of mafic rocks and only limited role for
crustal contamination.

Our data, together with those of Hrdlickova et al.
(2010), provide an evidence of Cambrian (c. 540 and 510
Ma) magmatic activity evolving from syn-tectonic mafic
magmatic arc to post-tectonic relatively mature granites in
the SE tip of the Lake Zone. Similar rocks can be traced
more to the west (Dijkstra et al., 2006) and form a large
magmatic arc in the Mongolian Altai part of the Central
Asian Orogenic Belt (Janousek ez al., 2014).
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Biotite to amphibole-biotite augen gneisses (known
also as “pearl gneiss”) with oval feldspar eyes usually up to
few mm in size are characteristic rocks of the Policka Unit.
Although, the “pearl gneiss” bears distinctive metamorphic
fabrics with penetrative foliation and banding suggesting a
metasedimentary protolith, most of the “pearl gneisses” of
the Poli¢ka Unit are of the magmatic origin (Burianek et al.,
2009).

The Polic¢ka Unit is situated in the NE part of the Bohe-
mian Massif and belongs to the Bohemicum in the classical
concept of Misaf et al. (1983). The Policka Unit is out-
cropped in the NW-SE oriented belt approximately be-
tween villages of Prose¢ and Bystré in the tectonic footwall
of the Svratka Unit and it is covered by the Cretaceous sedi-
ments from the NE. The augen gneisses form a continuous
sheet along the contact with the Svratka Unit. This sheet is
swollen in elongation to the NW toward the contact with the
Paleozoic sediments of the Hlinsko Unit. Bodies of porphy-
ritic metagranodiorites (Mifetin pluton) are exposed here in-
side the augen gneisses. Belt of the augen gneisses with por-
phyritic metagranodiorites trace a shape of the Svratka anti-
cline towards the SW and near to Vortova village rotates to-
wards the SE in the narrow belt following internal structure
of the Svratka Unit in footwall and terminates inside the
Moldanubicum as an isolated relict near Strzanov (4.5 km N
of Zd’ar nad Sazavou).

The augen gneiss from Strzanov locality is a dark grey
fine to medium grained rock with oval augens of plagioclase
(andesine), rare K-feldspar and poikiloblastic amphibole.
Matrix is composed of quartz, plagioclase (An,, ), biotite
(X, = 0.62-0.64; AlY = 2.39-2.47 apfu). Magnesiohorn-
blende (X,, = 0.34-0.46) is replaced by actinolite (X,, =
0.50-0.52).

Augen gneiss from the Strzanov can be classified as
metadiorite and geochemically fits well with metagranitoids
and augen gneisses of the Policka Unit. They are repre-
sented by diorite (tonalite) — granodiorite — granite row with
SiO, in range 57.3—70.3 wt. %. Rocks are calc-alkaline of
high-K series with K,0/Na,O = 0.8—1.6, mafic members are
metaluminous while acid are peraluminous. The chondrite-
normalized REE patterns show medium degree of fraction-
ation and pronounced negative Eu anomaly (La/Yb, =
6.7-14.7, Eu/Eu* = 0.4-0.9). Trace-element signatures
show enrichment in Rb, Ba, Th, U, K and Pb accompanied

by Sr, Nb and Ti depletion if compared with NMORB and
together with plotting in geotectonic discriminations dia-
grams indicate origin on active continental margin. The po-
sition of the metadiorite of the Policka Unit inside the
Moldanubicum is still obscure. Nevertheless, exposures of
metagranodiorites rimming contact of the Svratka and Po-
licka Units in the NE and forming the NW-SE oriented belt
inside the Svratka Unit in the SW do not fit well with the in-
terpretation as syntectonic intrusion of these rocks between
the Hlinsko and Svratka Units (Pitra et al. 1994). Grano-
diorites intruded (327 + 6 Ma Schulmann ez al. 2005; 346
+ 5 Ma Vondrovic et al. 2011) into the metasedimentary
complex of the Policka Unit and were affected by subse-
quent deformation related with the thrusting of the Policka
Unit over the Svratka Unit (Burianek et al. 2009). Relict of
the Policka metadiorite in the Moldanubicum lies on the
NW-SE oriented shear zone corresponding with shorter
limb of the drag fold of the Svratka anticline developed
along the contact of the Moldanubicum and Svratka Unit.
Financial support — Mapping project of the CGS No.
6328 “Zdarské vrchy Protected Landscape Area” financed
by the Ministry of the Environment of the Czech Republic.
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Water-fluxed melting, also known as fluid- or water-
present melting, is a fundamental process in the differentia-
tion of continents. Its importance has been underestimated
in the past 20 years during which research efforts focused
on dehydration melting reactions involving hydrate phases,
in the absence of a separate aqueous phase. Three key issues
are raised to argue against the importance of water-fluxed
melting: (i) There is only small volume of water stored in
the lower or middle crust, and what little exists is migrates
through narrow high permeability paths of limited impact in
surrounding rocks. (ii) Water-saturated melts produced by
water influx are inhibited from rising because decompres-
sion leads to solidification, therefore this process does not
give rise to large upper crustal batholiths. (iii) Difficulties in
fluxing rocks at conditions above the water-saturated melt-
ing. Fluids will pond at the water-saturated solidus isotherm
and promote melting. The volume decrease accompanying
water-saturated melting causes a pressure drop attracting
more fluids into the area in a positive feedback and trapping
the melts. The perception that water-fluxed melting is unim-
portant goes against the rock record which, supported by ex-
periments, suggest that this is a common crustal process and
that the issues raised do not impede water-fluxed melting
from impacting on crustal evolution. In this contribution,
we will argue against these three issues, using migmatites in
NW Zanskar, Himalaya as an example.

Water-fluxing can occur at any point of the metamor-
phic evolution of a terrane. At upper amphibolite facies it
will typically cause congruent melting and form minimum
melts. At higher temperatures it may be associated with in-
congruent melting and the dehydration melting of micas,
and be associated with the production of hornblende or an-
hydrous peritectic minerals. A number of incongruent melt-
ing reactions have been proposed to account for the
paragenesis encountered where fluid fluxed suprasolidus
terranes have been inferred. These melts are undersaturated
in water and are therefore capable of rising to form plutons.
The influx of even relatively small volumes of fluids early
in the prograde path can significantly affect the volumes of
melt produced during subsequent dehydration reactions.
Crustal conditions corresponding to the water-saturated sol-
idus represent a trap for fluids where water is consumed in
melting reactions and the negative AV of the reaction causes
a pressure drop that attracts more fluids and holds the melt
in the anatectic region. Nevertheless there are numerous ex-
amples where water has by-passed this trap and reached the
core of hot terranes. The water-saturated solidus trap may
be overcome in two ways. One is the direct influx of fluids
into hot terranes by means of efficient fluid channels such as
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Fig. 1. Water influx into a thrust with inverted geothermal gradi-
ent. Melting starts when water reaches conditions equivalent to the
water-saturated solidus (aHO=1). Melt rises up-temperature and
becomes the water-transport agent, triggering melting in order to
dilute its high water content, as dictated by the liquidus curves. Mi-
gration establishes an upward expanding magma network. Notice
that the water-saturated curve is slightly steeper than the isotherms,
assumed to be parallel to the thrust plane. Inset photograph: Melt
influx pathways may become outflux pathways depending on fluc-
tuations in melt pressure in the system and changes in large scale
pressure gradients. A network could already exist if the rock was
undergoing dehydration melting, and this could be re-used and ex-
panded by influx of water-rich magmas. Example from Tml-bear-
ing leucosomes in the Higher Himalayan Crystallines of Zanskar,
NW India.

fractures and shear zones, intrusion of large bodies of wa-
ter-rich magmas or fluids with low water activity, such as
brines. In this case, water-fluxing generates water-undersa-
turated melts that are upwardly mobile and may have anhy-
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drous peritectic phases typically associated with dehydra-
tion melting reactions. The other is up-temperature migra-
tion of water-saturated melts either in regions of inverted
geothermal gradient (Fig. 1) or by lateral or downward mi-
gration, in which case their migration is unrestricted by de-
compression crystallization. Up-temperature migration trig-
gers water transfer from the melt to the dry surroundings
promoting the generation of water-fluxed undersaturated
(aH,O < 1) melts, with water contents defined by the liqui-
dus curves. This is a process of water-fluxed melting medi-
ated by water-rich anatectic melts. Thus, only water-satu-
rated melts that remain in or close to the source and eventu-
ally crystallize, record high water activity. All other melts
that are extracted from the source and interact with other
rocks are likely to lose this signature. Water-fluxed melting
typically conjures the thought of water-saturated melts
when in fact this is a particular case of the more general pro-
cess of a system that is ultimately rock-dominated, where
aqueous fluids, either as a separate phase or dissolved in
melts, are ultimately consumed to generate low water-activ-
ity melts.

Other limiting factor for water-fluxing hot terranes is
their expected low porosity and permeability. The combina-
tion of deformation, magmatism and metamorphism gives
rise to conditions where aqueous fluids are released and to
transient pressure gradients and permeable paths that drive
fluid migration. Water-fluxed melting is naturally con-
trolled by these pathways and pathway heterogeneities and
variable water fluxes lead to heterogeneous melt production

from place to place, even at a metre, as well as multiple
melting events during a single tectono-thermal event, lead-
ing to a spread in zircon and monazite ages. Fluid influx sets
up a water activity gradient in the hot surroundings, with
water activity decreasing away from the influx point. This
means that fluid flux raises locally and temporarily the wa-
ter activity in its surrounding and thus drives melting
around the regions of fluid ingress.

Thus, active tectonics and magmatism play a key role in
promoting water-fluxed melting. Tectonic activity in partic-
ular is responsible for the burial of hydrous rocks, as deep
fluid sources, and for maintaining pressure gradients that
drive fluid and melt migration, as well as maintaining high
permeability channels, and geothermal gradients that favor
water-fluxing and melt migration (Fig. 1). Water-fluxed
melting may impact in the continued development of an
orogeny. For example in the Zanskar Himalayas wa-
ter-fluxed melting may have weakened the core of the orog-
eny triggering the onset of a period of extension leading to a
relaxation of the taper angle. Furthermore, water-fluxed
melting consumes the energy buffering peak metamorphic
temperatures.

In summary, we suggest that melting due to the fluxing
of aqueous fluids is a widespread process that can take place
in diverse tectonic environments. Active tectono-magmatic
processes create conditions that trigger the release of aque-
ous fluids and deformation-driven, transient high perme-
ability channels, capable of fluxing voluminous high-tem-
perature regions of the crust where it triggers melting.
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The “optimality” of fault plane orientation in respect to
reactivation of this fault in a given stress tensor can be very
simply quantified using reactivation potential parameter,
which is based on calculation of distance between stress
state point of analyzed fault plane and Coulomb failure cri-
terion line in the Mohr graph. In principle, three possible
definition of this distance exists, all three definition were
used (Mildren et al. (2002), parameter DP, — distance paral-
lel to normal stress axis; Svancara et al. (2008), parameter
D, — distance parallel to shear stress axis; Vavrycuk et al.
(2013), parameter I — distance perpendicular to failure crite-
rion line). Despite the fact, those reactivation potential pa-
rameters based on different discussed definitions differ each
from other, their relative values are same. The relative reac-
tivation potential parameter D, (Havit 2012) is defined as
relative value of reactivation potential, which varies from 0
(the most optimal orientation of fault plane) to 1 (the worst
orientation of fault plane for reactivation). The relative reac-
tivation potential analysis can be combined with calculation
of kinematic potential parameters defined as rake of block
movement for given fault geometry and given reduced
stress tensor.

The usage of relative reactivation and kinematic poten-
tial analysis is shown on example of the NE part of the Bo-
hemian massif. Possible reduced stress tensors representing
recent stress field orientation were set according to breakout
and focal mechanism data (Peska, 1992; Spagek et al.,
2006). In the case of extensional stress field with steep max-
imum compression axis, the values of relative reactivation
parameter D, calculated for NW—SE to NNW-SSE fault
systems (for instance Sudetic Marginal Fault, Béla Fault,
Busin Fault etc.) are smaller in comparison to W-E faults
(for instance Marginal Jeseniky Fault). But in the case of
stress field with subhorizontal both maximum and minimum

stress axes, the values of relative reactivation potential of
W-E systems and NW-SE to NNW-SSE systems can be
similar. The NW-SE to NNW-SSE fault systems show ten-
dency to significant normal dip-slip component of move-
ment in most part of analyzed sets of reduced stress tensors.

This study illustrate robustness of the discussed simple
method, which can produce interesting results taking into
account the uncertainty in some model parameters: princi-
pal stresses orientation, shape ratio of reduced stress tensor,
coefficient of friction and/or dip of fault plane.
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The Gobi—Altai tectonic belt in central Mongolia loca-
ted between the main Mongolian Lineament and the Trans-
Altai Fault, and this region reveals a complex and a poly-
phase structural evolution which remains not well under-
stood. The striking feature of the region is marked by the de-
velopment of thermal dome structures cored by the granitic
plutons. Recent studies have revealed these granitic plutons
are mainly of Late Devonian—Early Carboniferous forma-
tion ages (Kroner ef al., 2010), implying the domes were
likely formed during this time period. The Carboniferous
basin may therefore record the pivotal information on the
evolution of these domes.

In the present study, we mainly focus on the litholo-
gical, structural as well as detrital zircon in geochronologi-
cal aspects of the Carboniferous sediments seated between
the Tseel and Tosgt domes in the central of Gobi—Altai tec-
tonic belt. The studied area is featured by two granitic-
migmatitic domes associated with a large belt of low-grade
Paleozoic sediments and volcanic rocks. The Carboniferous
sediments seated on the top of the sedimentary sequence is
mainly composed of terrigenous clasts which now finding
as sandstone, siltstone, mudstone and conglomerate. The
structural evolution of the region involves: (1) a early flat
green schist-facies fabric locally preserved in basement
rocks (Tugrig Fm); (2) a sub-vertical fabric developed in the
Tugrig Fm and also Devonian sequence under E-W orien-
ted compression associated by syn-tectonic emplacement of
magmatic complexes which from thermal domes in the re-

gion; (3) a subsequent event affected the whole sequence,
including Carboniferous sequence under N—S compression
regime during Permian. Our primary Zircon U-Pb and Hf
isotopic data resemble those of the neighboring preexisted
sedimentary sequences and granitic rocks. Taken together,
these results permit us to interpret that the detritus of the
carboniferous rocks most likely represent the erosion prod-
uct of the preexisted rocks nearby in an intra-mount basin
setting, which directly linked to the formation of granitic
domes in the region. The simultaneous sedimentation, ero-
sion, and tectonic uplift of the domes is portrayed by the
progressive compressional tectonic regime of the Gobi—
Altai in Devonian—Carboniferous (Lehmann et al., 2010).
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Metabasites in the Nové Mésto Unit (NMU) and the Or-
lica—Snieznik Dome (OSD) are both parts of metamorphosed
volcano-sedimentary successions in the central part of the
Sudetes. Metabasalts in the western part of the OSD form
small exposures (lava flows and sills) embedded within meta-
sedimentary rocks of the Stronie and Mlynowiec Formations.
Metabasalts of the NMU form: (1) ca. 30 km long and 2—
3 km wide belt composed mainly of amphibolites extending
along western border of the core part of the OSD as well as
(2) greenstones interfingered within phyllites of the NMU.
The age of the NMU metabasalts is only traditionally re-
garded as Neoproterozoic.

Metabasalts of the western part of the OSD, which were
emplaced coevally with the accumulation of the protolith of
the Stronie Formation, show diverse geochemical features.
Immobile trace element and Nd isotope features allow dis-
tinction of dominant, E-MORB-like to mildly enriched N-
MORB-like tholeiites (Zr/Nb 9-27, eNd.,, +0.2 to +6.7), and
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scarce but genetically important OIB-like alkaline (Zr/Nb 5,
eNd,,, +2.2) or strongly depleted tholeiitic rocks (Zr/Nb 67,
eNd,,, +7.9; Fig. 1). All magmas were extracted at shallow
levels from different mantle sources. The OIB affinity is in-
terpreted to reflect an EM-type asthenopheric source whilst
groups of tholeiitic rocks indicate involvement of depleted
MORB-type mantle (DMM). Several geochemical signa-
tures, the decoupling between Nd isotope and trace element
characteristics, and melting models indicate variable enrich-
ment of the DMM-like source here ascribed to astheno-
sphere-derived OIB-like melts and a contribution from a su-
pra-subduction zone (Fig. 1b).

The NMU metabasites also show geochemical charac-
teristics of tholeiitic basalts varying from N-MORB-like
(Zr/Nb 58, eNd,,, +6.2), to dominant, variably enriched in-
termediate between N-MORBs and E-MORBs (Zr/Nb 12—
32, eNd,,, +2.6 to +5.9), to enriched basalts intermediate be-
tween E-MORBs and OIBs (Zr/Nb 12-14, eNd.,, +2.7 and
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Fig. 1. Geochemical features of metabasites from the Nové Mésto Unit (NMU) and the western part of the Orlica—Snieznik Dome (OSD).
a. The V-Ti diagram of Shervais (1982). b. Th/Yb vs. Nb/Yb diagram of Pearce & Peate (1995). Heavy diagonal lines of constant Th/Nb in-
dicate the array of basalts from non-subduction settings. Vectors show the subduction and within-plate enrichment. Black triangles denote
the position of meta-boninites from the NMU. Abbreviations: DMM — depleted MORB mantle, E-MORB — enriched MORB, IAT —island
arc tholeiites, N-MORB — normal MORB, OIB — ocean island basalts, PM — primitive mantle. The OIB, PM, E-MORB and N-MORB val-
ues are from Sun & McDonough (1989), DMM values from Workman & Hart (2005).
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Fig. 1). Similarly, the parental magmas to the protoliths of
the NMB meta-tholeiites were generated in spinel stability
field from depleted, fertile and non-residual asthenospheric
mantle (DMM). The presence of enriched meta-tholeiites
with mildly radiogenic Nd isotope composition on time-in-
tegrated basis (eNd,,, +2.6 do +4.1) is probably related to
metasomatic event (OIB-like melts formed in garnet stabil-
ity field) in the depleted source shortly prior to the magma
generation. The mantle source of the NMU meta-tholeiites
was also heterogeneously and randomly metasomatised by
subduction-related component introduced into the mantle
wedge predominantly as melts generated at the expense of
sediments embedded in the subducted lithospheric slab. Al-
though the degree of subduction input seems smaller than in
case of the OSD metabasites, the influence of subduction
zone in the NMU meta-tholeiites is firmly endorsed by the
presence of the recently reported rare high-Ca metaboni-
nites (Mg# 71-74, TiO, 0.29-0.46 wt.%, CaO/ALO, 0.8—
1.1, Zt/Nb 77, eNd,,, +2.9; Ilnicki, 2013). Geochemical fea-
tures of meta-boninites are akin to high-Ca boninites recog-
nised in back-arc basins of North Tonga and of the Dacha-
daban area (the North Quilan oceanic-type suture zone,
China). In particular, they are similar to meta-boninites found
in the Neoproterozoic basement in the SE part of the Tepla—
Barrandian (the Kralupy—Zbraslav and the Stechovice Groups;
Ilnicki, 2013 and references therein).

The occurrence of boninites in the NMU relates this
area to the Tepla—Barrandian zone, as only there in the Bo-
hemian Massif boninite dykes were also found. Moreover,
the generation of the boninite magma could have been re-
lated to ridge subduction and slab break-off under condi-
tions of vanishing activity of the back-arc zone. In the re-
gional context, the association of boninites and the back-arc
basin basalts (BABB) in the NMU is interpreted as a part of
the back-arc system of the Cadomian volcanic arc preserved
in the SE part of the Tepla—Barrandian. Likewise, contrast-
ing BAB- and within-plate-like affinities of the OSD meta-
basites, and petrogenetic constraints from the contempora-
neous ca. 530 Ma Stronie formation rift basin (Szczepanski,
2010; Mazur et al., 2012; 2013), connect the appearance of
the OSD mafic volcanics with the cessation of the supra-
subduction zone activity (Ilnicki et al., 2013). Thus it is
plausible that the generation of protoliths to the metabasites

of the NMU and the western part of the OSD records the an-
alogical processes taking place in Neoproterozoic in various
places of the Cadomian—Avalonian belt developed along the
active Gondwanan margin (e.g. Nance et al., 2010 and ref-
erences therein).
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The Orlica—Snieznik Dome (OSD) is located in the NE
part of the Bohemian Massif and mainly consists of Cam-
brian orthogneisses and the metavolcano-sedimentary rocks.
The latter have disputable protolith ages and are subdivided
into the Stronie Formation which was metamorphosed under
amphibolite-facies conditions and the Mtynowiec Formation
which experienced local migmatization (Fig. 1; Don ef al.,
2003). Our new studies provide new data on (i) protolith age
of the metasedimentary formations, (ii) their position in the
structure of the OSD as well as (iii) timing of the tectonic and
metamorphic events that occurred in the OSD.

The studies were conducted along the transects crossing
the sequence built by paragneisses of the Miynowiec For-
mation, light quartzites and mica schists of the Stronie For-
mation in the eastern part of the OSD (Fig. 1). We observed
neither evidence of large-scale tectonic transport nor any
structural unconformity between the two formations. The
boundaries between these rocks are all gradational and
mainly characterized by gradual changes in quartz and
phyllosilicates content, presumably reflecting the sedimen-
tary and chemical differences in their protoliths.

The U-Pb SHRIMP dating of zircons from the light
quartzite sample with higher muscovite and lower Kfs con-
tent (Qtz — 84%, Ms — 15%, Kfs — 1%, Opq — 1%) indicates
that this rock mainly contains rounded detrital grains of
Lower Cambrian, Neoproterozoic and Palacoproterozoic
ages. In this rock, however, 10% of zircon population be-
longs to euhedral ~500 Ma old zircons that could be inter-
preted as a part of the syndepositional volcanogenic mate-
rial deposited together with well sorted quartz sands. In a
K-feldspar rich quartzite collected from the same outcrop
(Qtz —75%, Kfs — 19%, Ms — 4%), 10% of the zircon popu-
lation is represented by ovoid Neoproterozoic grains, while
90% of the zircon population belongs to ~500 Ma euhedral
zircons with well preserved pyramid terminations. The min-
eral composition, zircon morphology and a narrow age
spectrum obtained for this rock question the long-distance
sedimentary transport of these zircons and suggest tuffitic/
volcanic protolith of this rock. Our data thus suggest that the
protolith of rocks forming the boundary between the Mty-
nowiec and Stronie formations comprised pelitic, quartzose
and, occasionally, metatuffitic and metavolcanic rocks de-
posited during Late Cambrian.

The structural studies indicate that the penetrative folia-
tion in the Mlynowiec—Stronie Group is parallel to the pene-

trative foliation in the orthogneisses, and is concordant to
the locally observed contacts between the orthogneisses and
metasediments. Both these lithological contacts and pene-
trative foliation locally dip at different angles: shallow,
moderate to high, and display different dip azimuths: E, NE,
N, NW and W in different domains of the eastern part of the
OSD (Fig. 1). In all studied rocks of the Mtynowiec—Stronie
Group, this penetrative foliation is axial planar to the tight,
N-S trending folds F2. This foliation, labeled S2, contains
relics of the earlier metamorphic foliation S1, preserved
also as inclusion trails in Grt and Pl porphyroblasts. Our
pseudosection thermobarometry applied for rocks of the
Mtynowiec Formation, when compared with P-T record of
the other metasediments in eastern part of the OSD (e.g.
Stipska et al., 2012), suggests that rocks of the Stronie For-
mation, non-migmatized rocks of the Mtynowiec Formation
and migmatized part of the Mtynowiec represent respec-
tively shallower to deeper metamorphic levels. Subsequen-
tly, top-to-the-N(NE) tectonic movements reactivated for-
mer fabrics, produced further uplift and cooled the rocks to
greenschist facies conditions (D3 stage). The S2 foliation
and Barrovian metamorphic zones were finally folded and
generally inclined toward W(NW) (D4 stage). In conse-
quence, the metamorphic structure of the OSD was dis-
turbed so that the migmatic rocks outcrop in cores of the
large-scale antiforms, mostly in the SE part of the OSD.
This study aims also to provide new monazite data to
verify a hypothesis of Cambro-Ordovician contact meta-
morphism or regional metamorphism of the Mtynowiec—
Stronie Group and to constrain the age of the Variscan
metamorphic events in the OSD. Paragneisses of the Mty-
nowiec Formation, light quartzites and mica schists of the
Stronie Formation and the adjacent orthogneisses were se-
lected for electron microprobe Th-U-total Pb dating of mo-
nazite. Samples were collected at different distances from
the contact between the orthogneisses and metasediments.
Monazite from a medium-grained orthogneiss yielded dates
ranging from 546 to 322 Ma, while three age domains of ca.
480 Ma, ca. 420 Ma and ca. 370 Ma have been obtained for
a fine-grained orthogneiss. Two age domains of 370-360
Ma and 340-335 Ma were obtained from monazite in two
porphyroblastic paragneisses, out of which the older ages
are recorded by inclusions of monazite in staurolite, plagio-
clase, and also by matrix monazite. Ca. 337 Ma age yielded
monazite in leucosome of the migmatized Mtynowiec para-
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Fig. 1. New structural data from the Mtynowiec—Stronie Group drawn on the base map of Don et al. (2003) and geological cross-section of
Don (1982).

gneiss, while ca. 330 Ma age and a several dates of ca. 355
Ma were obtained for matrix monazite in melanosome. Mo-
nazite in K-feldspar bearing light quartzites shows record of
older ages of 525-460 Ma, and younger ages of ca. 360 Ma
and 340 Ma. Only younger age domains of ca. 365 Ma and
340-330 Ma are defined by monazite from two K-feldspar
free light quartzites, and one K-feldspar bearing light quar-
tzite. Similar two age domains of 370-360 Ma and 340-330
Ma yields monazite from six mica schists, with a faint re-
cord of ca. 406 Ma in one of these samples.

The geochronological results suggest polyphase
Devono-Carboniferous metamorphic evolution that inclu-
ded at least two tectonometamorphic episodes. Microstruc-
tural context of the studied grains indicates that the record
of 370-360 Ma ages likely defines a progressive metamor-
phism (D1-D2), whereas pervasive record of 340-330 Ma
ages could reflect either peak metamorphic conditions (D2)
or superimposed penetrative shearing connected with exhu-
mation (D3). Monazite data show no clear evidence for pre-
Variscan metamorphism of the Mtynowiec—Stronie Group.
Cambrian to Ordovician monazites developed only in K-

feldspar rich rocks, i.e. the orthogneisses and K-feldspar
light quartzites, which indicates growth of the Early Pala-
eozoic monazites during formation of their, respectively,
magmatic and partially volcanic protoliths.
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The Krkonose—Jizera Mountains in the Bohemian Mas-
sif cover an important tectonic boundary with the the Saxo-
thuringian lower plate in the West and the Tepla-Barrandian
upper plate in the east. The subduction and exhumation pro-
cesses brought together three distinct lithological com-
plexes of the Saxothuringian lower plate: a) the metabasalts
with the affinity to oceanic crust; b) metasediments of the
former continental passive margin and c¢) metagranitoids
representing the pre-Variscan Saxothuringian continental
crust. Detailed structural analysis carried out in the vast re-
gion of the Czech part of the Krkonose—Jizera Mountains
revealed that the relatively simple geometry of the Variscan
nappe stack related to underthrusting of the Saxothuringian
plate has been modified by a large scale isoclinal/sheath
fold during the later exhumation process. Thus while in the
castern part of the studied area the east-dipping nappe stack
preserves its original geometry characterized by structurally
higher metabasalts, intermediate metapelites and lower
orthogneiss, towards the east this sequence becomes over-
turned. The observed geometry corresponds to a large scale
isoclinal fold with three main limbs extending from Zacléf
to Zelezny Brod that is locally accompanied by a small scale
isoclinal folds throughout the entire studied region. Both the
small-and large-scale isoclinal folds are geometrically con-
cordant and characterized by generally east-dipping axial
planes and E-W trending axes, which are subparallel to the
stretching lineation. In the eastern part of the studied area
the isoclinal folds locally show sheath fold geometries indi-
cating strong simple shear component.

The axial planar cleavage S2 represents the dominant
fabric of the studied area and it is characterized by the
greenschist facies grade with PT conditions of 350-450°C

and 0.3-0.7 GPa. In metapelites this metamorphism is ac-
companied by widespread blastesis of albite. The earlier S1
fabric is associated with chlorite-muscovite-garnet assem-
blage with estimated PT conditions of 470-550°C and 1.0—
1.4 GPa. The locally observed older relic assemblages of
garnet-chloritoid-paragonite in micaschist and chloritoid-
paragonite in phyllite indicate the peak metamorphic PT
conditions of ~470°C and 1.9 GPa and 400-500°C and
1.4-1.8 GPa, respectively. Although this relic assemblage is
difficult to associate with observed structures, it probably
corresponds to the early stages of S1 development.

The dynamically recrystallized quartz aggregates sam-
pled along the arc of the studied fold indicate systematic
spatial variation in shear sense obtained from Crystal Pre-
ferred Orientation (CPO). Thus while the CPOs in the fold
hinge zone show top-to-the west shear sense, in the fold
limbs the shear sense is opposite. The opposite shear senses
indicating both thrust and detachment kinematics can be
best explained by the S2 overprint of S1 folded fabrics in
the limbs of the large scale isoclinal fold while the S1 re-
mains preserved in the mechanically more stable hinge
zone. The difference between the kinematics of S1 and S2
fabrics thus documents an important switch between the S1
related nappe stacking process and S2 related folding and
exhumation of the stack.

The geometry of the large scale isoclinal fold has been
subsequently modified by N—S compression resulting in the
development of small- to large-scale folds with steep E-W
trending axial planes. The very last folding event character-
ized by E-W shortening is associated with local develop-
ment of small-scale folds and kink bands.
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The Clay Fault is a significant tectonic structure of the
southeastern part of the Barrandian. It has NE-SW direction
with length of over 30 km and separates the Cambrian sedi-
ments on the southeast from the Upper Proterozoic on the
northwest. Fault has been traced into depth equal 1.5 km
thanks to long-time mining in well-known Bfezové Hory
district. Orientation of the Clay Fault surface gradually
changes from subvertical on the NE (Havlicek, 1973) to the
steeply (70°) dipping to the northwest on the SW (e.g.,
Bambas, 1990). The northeastern end of the fault disappears
in the Proterozoic rocks near Dobfi§ town, as any fault is
hardly noticeable in such rocks. But the southwestern end-
ing of Clay Fault is evident and marked by so-called Roz-
mital Block of Lower Paleozoic sediments (Havlicek in
Chlupac et al., 1998), which is rimed by narrow granodio-
rite intrusion of Blatna type. This structure could be inter-
preted as a fallen block originated by pull-apart mechanism,
which leads to acceptance of sinistral strike-slip movement
along the main fault surface.

Both walls of Clay Fault are cut by steep basaltic dikes
striking in N-S direction. Old miners tracked these dikes
due to mineralization of hydrothermal veins coupled with
them. They counted that the veins as well as the dikes are
usually cut and terminated by the Clay Fault. Havlicek
(1981) and Masek (1986) interpreting geological map ad-
mitted, that basaltic dikes pass through the structure of the
Clay Fault, which dated tectonic movement along the fault
to Cambrian. Our new research rejected the possibility of

RoZmital p. TF.

continuation of the dikes through the fault (Sedulka et al.,
2011) and the age of movement should be post-Silurian.

The second fault under study, i.e. Zavist Fault, was de-
fined by Kettner (1911). He described it as a fault separated
from the Clay Fault, because he found its opposite dip direc-
tion. The Zavist Fault is noticeable between Dobfi§ and
Mnisek pod Brdy, where it divides the Cambrian and Ordo-
vician sediments on the NW and the Proterozoic flysh rocks
on the SE. It continues about 30 km to the Prague-Kamyk,
where it branches into two thrust splays called the Uvaly
faults (Havlicek, 1950). Kinematics of Zavist Fault can be
derived from stratigraphic relations and/or paleostress anal-
ysis. According to the stratigraphy, Kettner (1911) consid-
ered this fault to be an overthrust. Results of paleostress
analysis of footwall quartzites from Cernolice indicate
subvertical 6, and subhorizontal o, axis oriented in N—S di-
rection, which — base on Anderson’s theory (Anderson,
1972) — points out sinistral strike-slip regime on the Zavist
fault.

The Clay and Zavist faults are connected one another
not only by the same direction but also by continuous
change of their dip. The Clay Fault gradually changes its
steep dipping to NW on the SW to subvertical orientation
on the NE. Here, near Dobii$ town, Zavist Fault continu-
ously varies analogously from subvertical position (on SW)
to medium dipping to the SSE on the NE. It is obvious, that
both faults are forming one single structure, whose surface
is screwed into form of propeller. Construction of stratigra-
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Fig. 1. Stratigraphy fault-cut diagram for Clay Fault (SE wall) and Zavist Fault (NW wall).
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phy fault-cut (SFD) diagram was used to testify, whether
faults movements are compatible (Fig. 1). Cross-cutting
fault-cut lines indicate partially rotational nature of move-
ment along the unified fault surface. The axis of rotation is
projected to place near Dobfis§ town, where both walls of the
fault take place in the Proterozoic sediments. Shared activ-
ity of both faults corresponds to sinistral strike-slip move-
ment with a slight rotation producing different components
relating to distance from rotational axis. As the main phase
of tectonic movement is partly synchronous with grano-
diorite intrusion, we assume the Tournaisian and Visean age
of tectonic activity along the fault.
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The orthogneisses form an important component of the
Central Western Carpathians (CWC) in the autochthonous
position as part of a crystalline basement (Tatricum and Ve-
poricum) as well as form basis of Krizna nappe (Fatricum)
in an allochthonous setting. Generally, there are present var-
ious structural types e.g. coarse grained “augen” orthognei-
sses and medium grained (stromatitic) — “banded gneisses”
representing mylonites in which the outlines of the original
K-feldspar parent megacrysts are still clearly visible as
polycrystalline elongate aggregates of new daughter grains.
These rocks are known in nearly all Tatric core mountains
(e.g. the Povazsky Inovec Mts., the Tribe¢ Mts., the Mala
Fatra Mts., the Velka Fatra Mts., the Zapadné Tatry Mts.,
the Nizke Tatry Mts., the Branisko Mts.), and the Staro-
horské Vrchy Mts., frequently occurred in the Veporic part
of the Slovenské Rudohorie Mts., as well as sporadically
were described in the crystalline islands within the Central
Slovakia Volcanic Field (e.g. Vyhne). Review of their his-
torical and petrographical aspects was given by Kohut
(2004). It was Hermann Vetters (1909) who first identified
and mapped these rocks within the Western Carpathians in
the Ziar Mts (ZM). However, during construction of Gen-
eral geological map of Czechoslovakia in a scale of 1 :
200000 (“60s of XX™ century) these rocks were mapped as
migmatized gneisses and/or common granites — therefore
were omitted from map of mentioned area — ZM. Recently,
these sheared granitic rocks were reaffirmed in the frame of
detailed geological mapping of the Ziar mountains (Kohut
et al., 2013) in the area where were identified by Vetters
(l.c.) hundred years ago.

These old felsic granitic rocks sheared and dynamically
metamorphosed to “banded” and ‘“augen” orthogneisses
form only southern part of studied ZM between Mala Causa
and Sklené villages. They are pale- to dark-grey colour, me-
dium- to coarse-grained rocks with planar — foliated and
“augen” S-C fabric, locally with typical up to 8 cm large
K-feldspar phenocrysts, having mylonitic, blastomylonitic
and lepidogranoblastic texture. Basic mineral composition
is quartz, plagioclase, K-feldspar, biotite, muscovite, %silli-
manite, accessory minerals: zircon, monazite, apatite +gar-
net. The precursors of these rocks were mostly biotite and
muscovite-biotite monzogranites to granodiorites. Geoche-
mically they are typical medium- to high-potassium mag-
matic rocks (K,O = Na,O) of the calk-alkaline series, with
peraluminous character (ASI = 1.16 ~ 1.24) what is com-
mon feature of all porphyritic granitic rocks within CWC.
Studied ZM orthogneisses exhibit distribution within gran-
ite and shifting to granodiorite field in the O’Connor’s
An-Ab-Or normative diagram. These rocks display general
felsic character with B < 150, and clear dominance of biotite
over muscovite within field III (Debon & Le Fort’s A vs. B
diagram) of common crustal derived granitic rocks. Their

primary granitic source could be recycled mixture of
greywackes and arkoses. Possible melting of sedimentary
crustal source in the pre-collisional stadium is inferred on
the basis of R1-R2 diagram. Generally, we suppose that
these ZM orthogneisses represent former pre-collisional
crustal VAG granites. The crustal S-type character of these
rocks well indicates classical diagrams of Chappell & White
(1974). Although it is rather ambiguous in the Na,O vs. K,O
diagram (partial affiliation to I-type), the situation is clear
from CaO vs. FeO,,, diagram, as higher contents of iron are
not saturated by elevated values of calcium (what is com-
mon for the presence of hornblendes in the I-type rocks),
whereas lower calcium values suggest only for the presence
of biotites and/or reflect peraluminous S-type character of
common CWC orthogneisses. The uniform low to moderate
REE’s show typical fractionated pattern with distinct nega-
tive Eu anomaly, and partly elevated HREE contents are ap-
parently controlled by presence of monazite and apatite.
The moderate initial Sr values (I, = 0.707 ~ 0.718) suggest
for slight influence by lower crustal source, whereas recal-
culated initial Nd values (g, = —6.1 ~—8.3) indicate domi-
nance of crustal source what confirmed values of the Neo-
dymium crustal index (NCI = 0.88 ~ 0.97). The apparent
neodymium crustal residence ages suggest that magmatic
precursor of these ZM orthogneisses were generated from
the Meso-Proterozoic crustal source T, = 1460 ~ 1630
Ma what is in accordance to similar rocks described in
CWC (Kohut & Nabelek, 2008) and/or the Variscan/Cal-
edonian granitic rocks of the Central Europe (Liew & Hof-
mann, 1988). The hybrid multi-recycled origin of ZM
orthogneisses is well documented by Hf zircon isotopic sig-
nature because the Proterozoic zircon restitic cores (2670 ~
730 Ma) have mantle derived initial Hf values (g, = +13.0
~+5.4), indeed the Cambrian to Ordovician protomagmatic
zircons (540 — 475 Ma) have typical crustal (g, = —4.8 ~
—7.0) characteristic, whereas the Carboniferous metamor-
phic/anatectic overprinted zircon rims (360 — 330 Ma) dis-
play mixture character (g, = +3.8 ~ —0.4) influenced by
lower crust. The Hf ,,,, zircons crustal residence model
ages vary for the ZM orthogneisses in age interval 970 ~
2400 Ma, indeed these Hf model ages are partly older then
WR two stages Nd;,,,, model ages. The U-Th-Pb zircon dat-
ing by means of SHRIMP was carried out with an aim to
solve their protomagamtic and metamorphic/anatectic ages.
Detailed CL and BSE zircon study revealed typical multi-
stage origin with presence rather complicated internal tex-
tures, frequent inherited cores, oscillatory zoned and/or
newly grown domains at rims for majority of zircons. Proto-
magmatic age of original S-type granitic precursor was
identified from spot dating of magmatic zoned crystals giv-
ing ages between 505 and 470 Ma with concordia age close
485 Ma, whereas anatectic overgrown zircon rimes yielded
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ages around 350 and/or 330 Ma. Noteworthy, that mona-
zites from strongly sheared orthogneiss gave EMP —
CHIME dating age 365 Ma indicating probably maxima of
dynamic, metamorphic deformation processes.

However, our recent study proved that ZM orthognei-
sses are related to the Mesozoic sequences of the Fatricum
(Krizna nappe) alike in the Starohorské Vrchy Mts., having
thrust fault boundary with neighbouring Tatric basement.
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Kiivoklat—Rokycany volcanic complex represents main
body of Cambrian volcanic rocks in Barrandian area. Just
only part of the complex remains due to it’s limitation by a
tectonic fault with the NE-SE direction in the south. Main
body is compound of younger rhyolite zone and older ande-
site-dacite one. Feeding structure fulfilled by the Sykofice
Porphyr is situated in the NE. It consists of diamagnetic
minerals while real value of magnetic susceptibility in the
complex reaches values in order of magnitudes at least 10°
SI (paramagnetic). AMS makes possible to distinguish 3
types of volcanic rocks in the older part. Two groups have a
dominant compound of ferromagnetic particles with differ-
ent sizes of magnetic susceptibility. Paramagnetic minerals
control magnetic fabrics of the third group. Different mag-
netic fabrics have most probably relation to the changes of
viscosity and mineral composition of the rock. The highest
degree of anisotrophy with oblate character was found close
to the contact of andesites and dacites. Several feeding cen-
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ters are situated in the rhyolite part, particularly near tec-
tonic fault boundary of NE part of the complex. The sense
of flow to NW might be derived from the position of feed-
ing centers. The direction of prolate bubbles was success-
fully measured at one locality and it can be referred as mag-
matic flow direction. Those directions are parallel to mag-
netic lineation (K1) and perpendicular to the direction of
minimum magnetic susceptibility (K3). Therefore it’s likely
that the maximal susceptibility direction (K1) obtained by
AMS can represent magma flow direction in the other local-
ities as well. So we can expect that the orientation of the
flow based on the results of AMS is oriented in NW-SE di-
rection in the andesitic part.
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Fig. 1. Schematic map of Ktivoklat-Rokycany volcanic complex and its degree of anisotropy and shape parameter.
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The study area is a transition zone between the still up-
lifting Eastern Alps and the subsiding Danube Basin, bor-
dered by Réba/Raab on SE and S, Lapincs/Lafnitz on W,
Bernstein and Rechnitz—Koszeg Mountains on N and
Répce/Rabnitz on E. Several investigations focused on the
Southern, Southeastern flank of Rechnitz tectonic window
in order to get information about young tectonism of the
study area. The aim of this paper is to summarize and inter-
pret the results of these tectonic investigations complemen-
ted with the reconsidered interpretation of seismic sections
and results of geomorphometrical methods (Kovacs et al.

see in this volume). The pre-Cenozoic basement of the re-
search area consists of different Alpine nappes, which are
separated by detachment fault, that where active during the
syn-rift extension of the area (from 19 Ma; Fodor et al.,
2011) and the exhumation of the Rechnitz tectonic window
(Tari et al., 1992).

During the Late Miocene sedimentation (from ~11.6 Ma,
the basin was filled by different types of sedimentary units,
while it evolved from deep lake through delta slope, to delta
(Magyar et al., 1999). The geometry of these structures is
more or less explored, that makes it usable in the recon-
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Fig. 1. Pre-Tertiary basement geology of the study area (based on Fliigel, 1988; Tari & Horvath, 2010; Fodor et al.,2011). 1 —unspecified,
proven structural line; 2 —unspecified, ambiguous structural line; 3 — detachment fault; 4 — normal fault; 5 — thrust fault; 6 — contour of base-
ment depth; 7, 8 — outcropped, buried Penninic nappe; 9, 10 — outcropped, buried Lower Austroalpine nappes; 11, 12 — outcropped, buried
Upper Austroalpine nappes; 13 — younger nappes; 14 — referred seismic sections.
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struction of post-sediment deformation. In the latest period
(from ~8.7 Ma) the area was a marsh zone producing hori-
zontal clayey layers with thin lignite horizons. This alternat-
ing se- diment style provides the opportunity to correlate
layer horizons between borehole data and to follow these
horizons by geophysical methods. Later small-scale defor-
mations cau- sed only minor changes in layer geometry.
Since surface erosion was more effective than these tectonic
deformations, the effects of these deformations are hardly
observable in the present morphology. Variegated geomor-
phometrical methods (presented in a different paper of this
volume; Kovacs & Telbisz, 2013) were used to detect the
superficial expression of these deformations.

A general conclusion drawn from this and previous
studies is that the large-scale morphology of the surface re-
flects the basin-ridge system of the pre-Cenozoic basement.
Above South Burgenland Swell (Sachsenhofer ez al., 1997)
the terrain is more uplifted (~50—100 m), while the base
level is the same for the whole area. It explains why the
western area is much more eroded. This unit is bordered by
young ~N-S faults radial to uplifting tectonic window of
Koszeg—Rechnitz Mountains possibly of post-rift activity
(Nebert, 1979; Kosi et al., 2003). Topographic swath analy-
ses applied for the surface and for Pleistocene gravel ter-
races distinctly, revealed the post-sediment tilting of differ-
ent blocks (Telbisz et al., 2013; Kovacs & Telbisz, 2013) of
South Burgenland Swell. Nebert (1979) claimed the tecto-
nic origin of Pinka and Strem valleys. Tectonic origin of
other morphological lines radial to Koszeg—Rechnitz Mou-
ntains are suggested by some local measurements (Repce
scarp: Szabo & Kovacs, 2014; Lower Gydngyds scarp: un-
published field report) but further investigations are needed.

Using geomorpometrical methods it is also demon-
strated that uplift has been an active process above the sub-
surface ridge of Penninic rocks. Surface is relatively up-
lifted above the buried east-northeastern ridge of Eisenberg/
Vas Hill and Koszeg—Rechnitz Mountains, and further on
above the southern foreland of the latter. On the totally plain
southeastern area possible surface deformations could be
detected using geomorphometrical tools. River style investi-
gation (see Kovacs ef al. in the same volume) revealed strik-
ingly regular shape in the southwestern area. Seismic sec-
tions perpendicular to the revealed features also demon-
strate folded geometry in the underlying Late Miocene sedi-
ments. Deformation along the northeastern sections smoo-
thly follows the basement morphology. Synclinal forms can
be the result of the post-sediment activity of the detachment
fault. Basement morphology is not reflected directly in the
surface morphology in the southern part, however thrust
faults of the basement and connected anticlinal folds of the
burying Late Miocene sediments can be observed in the
seismic profiles.

The study was supported by Hungarian Scientific Re-
search Fund (OTKA NK83400) and was realized in the
frames of TAMOP 4.2.4.A/2-11-1-2012-0001 high priority

“National Excellence Program — Elaborating and Operating
an Inland Student and Researcher Personal Support System
convergence program’ project’s scholarship support.
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A complex thin-skinned nappe pile of the Inner Western
Carpathians was studied in the central part of the Rudabanya
Hills, NE Hungary. A new structural model and evolution
were suggested on the basis of structural, metamorphic petro-
logical, geochronological and paleontological data.

The investigated nappes derive from the Neotethys
Ocean and its attenuated continental margins and built up by
Triassic and/or Jurassic sedimentary rocks. The flysch-type,
fine to coarse-grained sedimentary sequence of the Teleke-
soldal nappe is marked by Bajocian-Callovian sedimentary
age (~160—170 Ma) and low-grade metamorphism (1.5-2.5
kbar and 300-350°C). Stratigraphical, sedimentological and
structural features are similar to that of the Meliata unit, so
we consider the Telekesoldal sequence as part of the Me-
liata unit. The Torna nappe system built up by Triassic sedi-
mentary cover rocks of an attenuated continental crust suf-
fered low-grade overprint with 3—4.5 kbar and 300-350°C,
corresponding to 10—15 km of burial. This tectonic burial
resulted in S, foliation in both tectonic units. Because of
their very similar early deformational history (D, foliation,
D, folding, D, kink-type folding) and metamorphic degree,
it is supposed that the tectonic contact of the Torna and
Telekesoldal nappes is a pre-metamorphic nappe contact.
Newly obtained K-Ar ages put a time constraint of 142—-113
Ma for D, phase.

The metamorphosed, deformed and exhumed Meliata
and Torna rocks were emplaced onto non-metamorphic Tri-
assic to Jurassic series (D, phase). Outcrop- and map-scale
structures refer to NW—SE shortening and southeast-ver-
gent nappe emplacement.

Later, the metamorphosed over non-metamorphosed tec-
tonic couplet was thrust again onto the metamorphic Meliata
nappe system along E-W striking thrusts (D, phase). Thrus-
ting associated with reworking of the previous nappe con-
tacts and map-scale F, folding. Fold vergency indicates
southward tectonic transport.

Research on the basal cataclastic breccias of the over-
thrusting units permits to establish a relative chronology of
D, and D, thrust contacts and the p-T data of the move-
ments. Trapped fluids in syn-kinematic minerals indicated
temperature up to 200-320°C and pressure up to 3.6 kbar
during the D, nappe movements. Fluid inclusions from the

D, contact resulted in significantly lower p-T values (200—
260°C, 0.3—1.0 kbar), indicating thrusts in shallower crustal
level. This is in agreement of the relative chronology of the
D, and D, deformation phases.

Migrating high temperature fluids along the nappe con-
tacts caused partial or total reset of the K-Ar isotope system,
thus the measured 87-94 Ma is suggested to be connected
to nappe movements.

Geodynamic implication: the 150-160 Ma south-di-
rected subduction of the West Carpathian margin (marked
by the blueschist-facies Borka nappe slice) continued to 140
Ma. At that time, the uppermost, Mesozoic part of the previ-
ously thinned crust entered the subduction zone, indicated
by the medium-pressure metamorphism of the Torna unit.
Part of the Jurassic Meliata sediments submerged into the
subduction zone, too. This is the time (D,) when the Torna
structural unit underplates the tectonically buried Meliata
sedimentary melange. Meanwhile, part of the already HP
metamorphosed oceanic and continental crustal fragments
(Borka nappe) exhumed to the foot of the buried Meliata
sedimentary melange. Ongoing compression pushed tec-
tonic slices of the HP unit into the Meliata unit as a tectonic
matrix. Low-grade prograde metamorphism of the Torna
and Meliata tectonic units and retrograde metamorphism of
the Borka HP nappe were coeval, indicated by K-Ar data
(140-120 Ma).

Probably during that time period a considerable strike-
slip deformation could rearrange the Triassic to Jurassic
passive margin units. Namely, the Silica nappes and other
non-metamorphosed units were emplaced south from the
buried units by strike-slip displacement. This model, postu-
lated already for the Eastern Alps, could explain the facies
relationship of Triassic margin sequences.

The mid-Cretaceous Eoalpine phase resulted in thick-
and thin-skinned nappe movements in the Western Carpa-
thians: they have southeast- and south-vergency in the study
area. These later D4 and D5 phases dominate the present
tectonic geometry. Rearrangement of the metamorphosed
and non-metamorphosed units and their duplication may be
responsible for the former contradictory views on the struc-
tural setting.
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Fig. 1. Schematic structural evolution of the study area during the Mesozoic. Note that Triassic paleogeographic position of some tectonic
units is only tentative.
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Recent structural and geophysical observations from
central Asia show that the crustal-scale buckling of Mon-
gol-Okhotsk subduction zone was accompanied with heter-
ogeneous thickening of adjacent crust and deformation of
lithospheric mantle. In order to simulate processes related to
this oroclinal bending and deformation of surrounding li-
thosphere we present a complex analogue model of buck-
ling of vertically layered domain which is surrounded by
horizontally anisotropic material.

In our experiments we used 43/26/4 cm (width/length/
height) modelling box and one sided piston mechanism.
Modeled domain is formed by several layers oriented along
two principal directions. Central part is formed by two verti-
cal and gently arcuated ductile layers oriented parallel to the
shortening direction. This domain is surrounded by horizon-
tal two-layer (brittle/ductile) segment located in the side of
future fold amplification. Both domains are supported by
higher viscosity material representing the upper mantle.
This structure is embedded in ductile material of variable
viscosity to suppress negative influence of lateral boundary
conditions.

Materials and geometry of the model are scaled accord-
ing to standard analogue modeling principles (Hubbert,
1937; Ramberg, 1981; Brun, 2002). Upper crustal layer is
formed by Fontainebleau sand with specific and well-
known material properties (Brun, 2002; Cagnard, 2006).
Ductile lower crust and vertical ,,weak’’ layer are repre-
sented by silicone putty of a relatively low viscosity, while
upper mantle layer is represented by higher viscosity sili-
cone (like a surrounding material in some experiments). For
the most competent vertical layer (buckling controlling
layer), we used high viscosity silicone combined with plas-

tic and elastic sheets. It should be noted that all used silicone
putties are Newtonian materials deformed at constant tem-
perature.

Following evolutionary trends were commonly ob-
served: 1) amplification of fold associated with indentation
of central domain by propagating fold hinge. Because of
pure-shear deformation geometry and vertical thickening of
horizontal layers, the fold amplification is relatively small
due to resistance of the central domain. 2) The indentation
of central domain is compensated by lower crustal horizon-
tal flow in opposite direction. 3) The deepest mantle mate-
rial is filling the region in front of propagating fold hinge.

We suggest that our model may simulate the folding of
Mongol-Okhostks subduction zone together with ribbon
continent and deformation of adjacent oceanic crust during
Asain Paleozoic orogeny. The model is set up to explain
mechanical behavior of surrounding crust, its thickening,
horizontal flow of deep crust and deformation of litho-
spheric mantle. The results are discussed in the frame of
current tectonic models of Central Asian Orogenic Belt.

References

BRUN J. -P., 2002. Deformation of the continental lithosphere: In-
sights from brittle-ductile models. Geological Society, London,
Special Publications, 200: 355-370.

CAGNARD F., BRUN J.-P. & GAPAIS D., 2006. Modes of thick-
ening of analogue weak lithospheres. Tectonophysics: 421,
145-160.

HUBBERT, K., 1937. Theory of scale models as applied to the
study of geological structures. Geological Society of America
Bulletin, 48: 1459-1520.

RAMBERG, H., 1981. Gravity Deformation and the Earth Crust.
Academic Press, London and New York.



46 CETeG 2014 ABSTRACTS

Geologia Sudetica, 2014, 42: 46—48.

Structure and Phanerozoic evolution of the SW edge of the East
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The SW edge of the East European Cratonic edge in
Poland has recently been the focus of very intense explora-
tion for unconventional hydrocarbons. As a result, approxi-
mately 2200 kms of regional high-effort seismic reflection
data has been acquired using following acquisition parame-
ters:

— ultra-long offsets (12 km)

— long record lengths (12 sec)

— tight station spacing (25 m)

—high fold (480)

The acquired data was processed through PSDM and
was calibrated by public-domain deep research wells. Re-
sults of seismic data interpretation were supplemented by
2D gravity — magnetic modeling.

Cratonic edge in Poland is bordered by, and also partly
superimposed on, the Teisseyre — Tornquist Zone which is
separating the cratonic plate from the West European Plat-
form (Fig. 1; Ziegler, 1992; Doornenbal & Stevenson,
2010). During the Precambrian/Cambrian, the cratonic edge
underwent extension and rifting of the Rodinia superconti-
nent, while Cambrian—Ordovician subsidence was driven
by a post-rift lithospheric thermal cooling (Poprawa et al.,
1999; Poprawa, 2006a). In the Silurian, the cratonic edge
was under the strong influence of the Caledonian thrust belt,
and was incorporated into its flexural foredeep basin (Po-
prawa et al., 1999; Nawrocki & Poprawa, 2006; Poprawa,
2006b). The Silurian Caledonian foredeep basin encom-
passed vast areas stretching from the present-day Sweden
across Estonia, Latvian, Lithuania, Russia (i.e. Kaliningrad
District), Poland, Belarus, Ukraine and farther to the south-
east (Poprawa et al., 1999; Skompski et al., 2008; Zdana-
viciute & Lazauskiene, 2007).

Late Paleozoic (Bretonian and Variscan) and Mesozoic
tectonic movements have resulted in compartmentalization
of the Lower Paleozoic basin into the Baltic, Podlasie and
Lublin sub-basins.

In the Baltic Basin, the large-scale seismic geometry of
the thick (up to 67 km, post-erosional) Silurian succession
reflects the progressive progradation of the Caledonian
foredeep basin fill toward the east-southeast. The Precam-
brian basement and Cambrian—Silurian sedimentary cover
is deformed by faults that might have been formed as a nor-
mal faults during the passive margin stage and then reacti-
vated as reverse faults during the Bretonian (latest Devo-
nian—early Carboniferous) tectonic phase and assiociated
uplift of the Mazury—Belorussian High (Anteclise). Struc-

tural deformations documented within the Baltic Basin also
include intense Late Triassic normal faulting, rooted in ei-
ther the Silurian shales or Precambrian basement.

The Podlasie Basin is characterized by a system of
deeply rooted reverse fault zones, active mostly during the
Bretonian tectonic phase. Preserved Silurian succession is
characterized by a progradational pattern suggesting sedi-
ment input from the northwest.

Within the northeastern part of the Lublin Basin and
also partly within the Podlasie Basin intense Bretonian (lat-
est Devonian—early Carboniferous), reverse/strike-slip faul-
ting has been identified. These reverse faults, with large
throws up to 3 km, are deeply rooted within the Precam-
brian basement and follow regional southwest-northeast
tectonic grain known from this part of the East European
Craton and delineated by the magnetic data (Fig. 1B).

The axial part of the Lublin Basin is characterized by
Variscan (late Carboniferous, cf. Narkiewicz, 2007; Krzy-
wiec, 2009) mostly thin-skinned, compressional deforma-
tions detached either at the base of Silurian or within the
Mid Devonian. Major faulting along the southwestern edge
of the Lublin Basin was interpreted as thin-skinned. It led to
thrusting of the Radom—Krasnik block over the Paleozoic
infill of the Lublin Basin. The detachment zone is inter-
preted to be above top of the Precambrian basement at depth
as great as 20 km.

Within the axial part of the Lublin Basin, previously
unknown deeply rooted steep fault zone has been identified.
This fault zone, characterized by the total throw in order of
almost 3 km, together with another similar fault zone, the
Grojec fault zone, characterized by similar displacement at
the basement level, are located at the edges of the Malo-
polska Gravity High. Within this part of the basin also evi-
dences for the Neoproterozoic rifting have been identified
that might have taken place at the SW continuation of the
Orsha—Volyn Aulacogen (Pacze$na & Poprawa, 2005).
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Seismic reflection techniques are used to map the sub-
surface distribution of stratigraphy and structures, thus they
are the key to delineate potential hydrocarbon reservoirs.

OpendTect is a complete seismic interpretation soft-
ware package in an open source environment. It enables the
user to process, visualize and interpret multi-volume seis-
mic data using attributes and modern visualization tech-
niques such as RGB-Blending and Volume Rendering.

OpendTect has a broad attribute engine, with a large va-
riety of purposes. It supports various horizon-tracking algo-
rithms, a well-tie module that enables the interpreter to cor-
relate well information (logs) to the seismic on-the-fly TD
(or DT) conversion and batch processing of volumes and
horizons.

OpendTect uses commercial and non-commercial
plug-ins like:

— Dip-steering that allows the user to create a (dip-)
SteeringCube which contains local dip and azimuth infor-
mation of seismic events at every sample location,

— HorizonCube. A HorizonCube consists of a dense set

of correlated 3D stratigraphic surfaces. Each horizon repre-
sents a (relative) geologic time line,

— Well Correlation Panel (WCP). A plugin that is used
for picking well markers and correlating markers guided by
seismic evidence,

— The Neural Network plug-in supports Supervised and
Unsupervised Neural Networks. The main application of
Unsupervised NN is clustering of attributes and/or wave-
forms for seismic facies analysis. The Supervised approach
is used for more advanced seismic facies analysis, to create
object “probability” cubes such as TheChimneyCube® and
TheFaultCube® and is used for inversion to rock properties,

— The SSIS plug-in (Sequence Stratigraphic Interpreta-
tion System) supports full sequence stratigraphic analysis,
including automated wheeler transforms, systems tracts in-
terpretation and annotations.

In this paper [ will try to introduce those tools and show
a typical tutorial on how to process and visualize seismic
data and well logs.
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Two-wavelength folding in the Lublin Basin (Central Poland) indicates
a depth- and lithology-dependent role of the layer-parallel-shortening
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The Lublin Basin is located above the southwestern
edge of the East European Craton (paleocontinent Baltica).
Sedimentary infill contains Neoproterozoic—Carboniferous
strata unconformably covered by the Permian—Mesozoic se-
diments. In this abstract only the Devonian—Carboniferous
part is dealt with. The Early Devonian comprises <2.1 km
thick clastic sediments. They are covered by <1.6 km thick
Mid-Late Devonian carbonates, evaporites, marls, shales
with subsidiary siliciclasitcs. The Carboniferous contains
claystones, mudstones and siltstones grading into sand-
stones interbedded with coal seams. Its top is everywhere
erosional.

The Lublin Basin was inverted in the late Westphalian—
Stephanian. As shown by recently acquired deep seismic re-
flection data, this Variscan inversion was mostly thin-skin-
ned (Krzywiec et al., 2013). It took place in front of the
Radom—Krasnik Block displaced towards NE above the
Precambrian basement. Multiple detachment levels pro-
duced complex fold pattern in Devonian and Carboniferous
strata. Deformed pre-Permian sedimentary cover of the
Lublin Basin was unconformably covered with a Permian—
Mesozoic succession of the Mid-Polish Trough (MPT).
Late Cretaceous—Paleogene inversion of the MPT led to mi-
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Fig. 1. Schematic geological map of the Lublin basin. Extent of
Devonian and Carboniferous strata, as well as main fault zones and
line of seismic transect is marked (based on Pozaryski &
Dembowski, 1983).

nor reactivation of some of the deeper structures of the
Lublin Basin.

Recently acquired seismic data in the central part of the
Lublin Basin (Fig. 1) provided high-resolution image of the
intra-Mid—Upper Devonian and intra-Carboniferous small-
scale folds and thrusts, superimposed on the km-scale folds
that involve the full sedimentary sequence (Fig. 2). The aim
of this contribution is to describe the geometry and mechan-
ics of this peculiar structural pattern.

The superposition of short- and long-wavelength folds
and thrusts occurs in the southwestern part of the Lublin Ba-
sin, in between the Radom—Kras$nik Block and the Wilczo-
pole Anticline (Fig. 2). To the north of the Wilczopole Anti-
cline, the short-wavelength structures disappear. The main
structural fabric is formed by km-scale folds. These show
concentric geometries in the sub-Mid Devonian levels.

The short-wavelength folds and thrusts occur in the up-
per part of the folded section. The deepest ones appear be-
low the Mid Devonian seismic marker, but bulk of the struc-
tures of this type is concentrated in the Late Devonian inter-
val. The most prominent are low-angle thrusts displacing
the Mid Devonian marker. They flatten down ~300—400 m
below the top-Mid Devonian. These thrusts show constant
northeastern vergence and cut-off angles of ~10-30° re-
gardless the dip of bedding. Displacements vary from ~50
to ~1100 m, with the average of ~200 m. These low-angle
thrusts transfer the shortening into the overlying Late Devo-
nian strata. The slip transmission has been accommodated
by forward-propagating thrusts (6—8, 24—-26 km of the cross-
section in Fig. 2), minor duplexing (2021 km) or fish-tail
backthrusting (23—24 km). This shortening is dissipated in
the Upper Devonian by numerous, diminutive anticlines,
low-angle thrusts and fish-tail wedges. The density of these
minor structures is higher in the vicinity of the slope of the
Radom—Krasnik Block than in the more distal parts of the
Lublin Basin. The preferred northeastern vergence is also
clearer near the Radom—Krasnik Block. Although the minor
folds and thrusts are dispersed within the entire Late Devo-
nian section utilizing numerous internal detachment levels,
they seem to concentrate preferably in the interval located
~800 m above the Mid-Devonian seismic marker. It is pos-
sible that this horizon corresponds to the evaporite-bearing
Ciecierzyn Member.

The concentration of small-scale contractional struc-
tures in the higher part of the profile indicates a difference
in shortening between the Early Devonian and the Mid-De-
vonian—Carboniferous sections. In order to quantify this
difference a line-length restoration of the selected marker
horizons was done. This simple exercise has shown that the
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Fig. 2. A. Underlined seismic pattern which shows small-scale thrusting and folding in the Mid-Devonian—Carboniferous strata; B.
Line-length restoration of selected marker horizons which reveals more geometrically restorable shortening in the Mid-Devonian—Carbon-

iferous part than in the Early Devonian interval.

Mid-Devonian—Carboniferous strata absorbed 4-10% of
shortening more than the top-pre-Devonian marker (Fig. 2).
The constant cut-off angles of minor thrusts prove their
initiation in horizontal strata. The short-wavelength struc-
tures affecting the Mid-Devonian—Carboniferous levels are
therefore inferred to initiate during early phases of shorten-
ing. The absence of similar structures in the underlying
Early Devonian sediments suggests that at these deeper lev-
els the incipient shortening must have been accommodated
by a different mechanism. Here, the same amount of hori-
zontal contraction was possibly absorbed by the layer-paral-
lel shortening (LPS) instead of small-scale folding and
thrusting. The ~4—10% difference in the amount of geomet-
rically restorable shortening between the shallow and deep
horizons (Fig. 2B) quantifies the LPS-surplus at depth. The
vertically variable susceptibility of the sediments to the LPS
is conceptually explained in accordance to the results of
sandbox modeling published by Koyi et al. (2003). They
conclude that the LPS is a depth-dependent shortening me-
chanism more efficient under a thick overburden than near
the surface. It is a proposed interpretation of the general pat-
tern observed in our seismic line. However, it fails to ex-
plain a sharp structural boundary between the finely folded
Late Devonian—Carboniferous part of the section and co-
planar Early Devonian part. This contrast coincides with the
lithologic boundary between the dominantly clastic Early
Devonian and carbonate-shaly-evaporitic Mid and Late De-
vonian. According to Koyi et al. (2003) the amount of LPS

is dependent on the strength of the detachment. Weak de-
tachment facilitates a quick cessation of the LPS and initia-
tion of folding, while a strong detachment favors more LPS
before the folding/thrusting commences. Accordingly, it is
proposed that during a progressive shortening of the Lublin
Basin the numerous weak horizons dispersed through the
Late Devonian section promoted an early transition from
the LPS to short-wavelength folding, while the LPS contin-
ued to operate in the underlying, lithologically uniform
Early Devonian strata. Ultimately the entire section was in-
volved into regional, km-scale folds.

Acknowledgments: MOVE"® software used for cross-
section construction was kindly provided by Midland Valley.
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Depending on pattern of discontinuity geometry, geo-
logical properties of any specific rock unit of discontinuous
rock mass can vary significantly. The determination of sta-
tistically homogenous domains defined by distinct geome-
try pattern of discontinuities is essential for detailed engi-
neering research of discontinuous rock mass. Discontinu-
ities include structures such as bedding planes, foliations,
joints, and faults (Miller, 1983).

Discontinuity data of the Southern railway tunnel of
Nové spojeni were analysed in order to characterize struc-
ture orientation of Vitkov hill. Vitkov hill forms a signifi-
cant elevation located on the right riverbank of Vltava be-
tween Zizkov and Karlin in Prague. Tunnels of Nové spo-
jeni encounter Ordovician Sarka and Dobrotiva Formations
(Prague Synform, Barrandian). Deformation of sedimentary
rock is significantly affected by Prague Fault.

Over 3000 major bedding planes and joint set traces
were selected as representative data for statistical analysis
of discontinuity strike. The tunnel was divided into total of
25 sections, 50 m each. However Western tunnel terminal
section turned out to be less than 20 m and Eastern ending
section 51 m. Twenty-five individual data sets were created
from strike measurements of each section. In order to deter-
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mine data sets’ properties, strike measurements were divi-
ded into 12 intervals, 30° each. Strike frequency and cumu-
lative relative frequency was calculated. All of twenty-five
data sets shown non-Gaussian distribution. Five of twenty-
five data set didn’t met Chi-Square Test conditions for ex-
pected intervals counts. On the basis of data sets properties
and analysis purpose, Kolmogorov—Smirnov Test was se-
lected as alternative to more common Chi-Square Test (Ku-
latilake et al., 1996). Kolmogorov—Smirnov Test is a non-
parametric test for one dimensional probability distribution.
Test permits the comparison of two data sets without mak-
ing assumptions about their distributions (Borradaile,
2003). Assuming discontinuities have similar strike distri-
butions for statistical homogeneity of domains, adjacent
sections were compared. In addition to Komogorov—Smir-
nov Test, every result for two adjacent sections was verified
by visual comparison of corresponding pair of contoured di-
agrams. As a result of statistic analysis of discontinuity
strike, Southern tunnel of Nové spojeni was divided into
five domains. In every domain, strike directions form three
to four dominant discontinuity clusters. These dominant clus-
ters correspond with assumption that statistically homoge-
nous domain have similar strike distribution (see Fig. 1).
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Fig. 1. Five contoured diagrams represent different statistically homogenous domains.
The domains were selected from 1251 m long discontinuous rock mass of Southern tun-
nel of Nové spojeni. Five domains are a result of statistical analysis of strike measure-
ment with use of Kolmogorov—Smirnov Test. From Western tunnel portal to Eastern (a)
35.6-350 meters of tunnel, (b) 350-500 m, (c) 500-950 m, (d) 950-1150 m, (e) 1150—

1251 m. Arrow indicates direction of tunnelling.
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Fragmentation and rifting of the Atlantic Ocean began in
Upper Triassic (approximately 230-200 Ma; Schettino &
Turco, 2009), with drifting following in Lower Jurassic
(200-185 Ma). The whole process started in the central area,
which ranges from the north of South America to Nova Sco-
tia on the border of USA and Canada. The first oceanic crust
formed in the area of Baltimore Canyon Trough.

The extensional forces and rifting reactivated pre-exist-
ing Paleozoic faults, and propagated along them (Nemcok et
al., 2005). The main controlling faults of the rift system
strike in NE-SW to ENE-WSW direction. Based on the
controlling kinematics, the Central Atlantic is divided into
three segments — northern, central, and southern. The north-
ern and southern segments moved orthogonally along NE—
SW faults, while the central segment moved along sinistral
transtensional faults. Kinematics of the central segment re-
sulted in formation of numerous pull-apart basins, for exam-
ple near Morocco (Nemcok et al., 2005).

According to stratigraphic data, rifting began in the
southern segment (Carnian to Rhaetian—Hettangian) and
progressed northward, with the same age range for central
segment, and Carnian—Norian to Rhaetian—Pliensbachian in
the northern segment (Cornet & Olsen, 1985; Nemcok et
al., 2005; Hafid et al., 2008). Similarly to the timing of rift-
ing, onset of drifting occurred with slightly different timing
in the three segments as well. It began in Rhaetian—Hettan-
gian or Hettangian—Pliensbachian in the southern segment,
followed by the central segment in Hettangian—Toarcian,
and the northern segment in Pliensbachian (Olsen et al.,
2002; Schlische et al., 2003; Nemcok et al., 2005; Schettino
& Turco, 2009).
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Coupled thermal-mechanical numerical simulations
provide useful insights into the parameters controlling
crustal deformation and describe the origin and geometries
of various geological structures. However, the validity of
such numerical simulations is limited by a large number of
weakly constrained parameters. Namely the description of
material behavior — rheology — is not fully determined and
yet it largely affects the results of simulations.

Laboratory experiments and microstructural studies of
natural rocks have identified distinct mechanisms of rock
ductile deformation such as dislocation and diffusion creep,
grain boundary sliding, solution-precipitation etc. The se-
lection of dominant deformation mechanism in individual
mineral phases depends on many parameters, mainly tem-
perature, differential stress, strain rate and grain size, which
often change during progressive deformation. In the labora-
tory deformation experiments, the important factors such as
stress, strain and temperature can be determined with a rela-
tively good accuracy. This, however, is not the case of natu-
rally deforming samples where the actual cause of change in
deformation mechanisms is often unclear.

In the southern Moldanubian domain (Bohemian Mas-
sif, central European Variscides) several large granulite
massifs outcrop as a part of a lower-crustal belt embedded
in mid-crustal migmatites. These massifs were interpreted
to result from collision-related forced diapiric ascent of
lower-crustal material towards the middle crust and subse-
quent lateral spreading. Three types of microstructure were
distinguished in the predominating felsic granulites. The
oldest relict microstructure with large grains (>1000 pm) of

feldspar deformed probably by dislocation creep at peak HT
eclogite facies conditions. Subsequently at HP granulite-fa-
cies conditions, chemically-induced recrystallization led to
development of a fine-grained microstructure (~50 pm
grain size) indicating diffusion creep, probably combined
with grain-boundary sliding. This was associated with flow
within the lower crust and/or the growth of the diapirs. The
third and youngest microstructure shows ~100 um grain
size and deformation by dislocation creep under amphibo-
lites-facies conditions. It is related to final stacking and
spreading of the Moldanubian domain.

In order to interpret and simulate this sequence of de-
formation styles, we use (i) deformation mechanism maps,
(i1) simple and (iii) complex numerical simulations. The for-
mer numerical setup represents a block of material sub-
jected to simple shear. Rate of shearing and temperature are
imposed, similarly to laboratory experiments. The latter nu-
merical setup represents a part of an orogenic root with
growing diapirs such as those in the Moldanubian domain.
It contains several materials with predefined properties,
while stress, strain and temperature evolve in a more natural
manner in this case. We test how evolution of the system de-
pends on the experimentally determined flow laws, which
approximate deformation mechanisms observed in natural
samples. Besides that we consider number of other factors:
change of the mean grain size due to stress, thermal anneal-
ing of grains, change of mineral composition and grain size
due to evolving pressure-temperature conditions, melt-
ing/solidification, and influence of fluids.
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Over the years, various authors have shown various
perspectives on interpretation of the contact between Brno
Massive and Moravian Karst. The Brno Massive is a Cado-
mian plutonic rock body, which has undergone variscan me-
tamorphosis and Moravian Karst as a Devonian sedimen-
tary complex. They do not allways have a normal stratigra-
phic contact as they were affected by tectonic processes.
The Brno Massive is formed mainly by more or less de-
formed granitic rocks. Moravian Karst sequence starts with
devonian basal clastics, occasionally continues with Petro-
vice Shale. The upper devonian sequence of Moravian
Karst is formed by limestones.

Zapletal (1922; Fig. 1A) interpreted the occurence of
Devonian rocks in the crystalline body by a system of longi-
tudal and transverse subvertical faults. In Kettner’s model
(1935; Fig. 1B), the Devonian rocks form stripes with N—S
direction. Kettner implied that the faults are suborizontal
but he did not mark them in his map. He also showed in his
cross sections that Brno Massive is thrusted to the eastern
direction over the sequences of Moravian Karst. Dvorak

and Slezak (1960) in their work implied, that the Moravian
Karst was moved up towards to the W over the Brno Mas-
sive. They also imply that during the thrusting process clo-
sed to open folds were formed (Fig. 1C).

Our latest research confirmed Kettner's idea and shows
us that the overall structure is mainly subhorizontal (Fig.
1D). Brittle-ductile mylonitic shear zones found in the area
imply that thrusting has taken place under green-schist fa-
cies condition. The thrust planes are gently dipping to the
west and intersect the surface forming long curved lines in
app. N=S direction (Fig. 1D.)
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Fig. 1. Four maps showing the individual interpretations of the contact between the Brno Massive and Moravian Karst: 1A. Zapletal
(1922), simplified; 1B. Kettner & Augusta (1935), simplified; 1C. Dvotak & Slezak (1960), simplified; 1D. Map showing the current per-
spective and plot diagram with poles representing the bedding orientations.
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Six detrital zircon concentrates from the metasediments
and metavolcanics of the Central Sudetes, Bohemian Mas-
sif, have been dated using SHRIMP II (Fig. 1; Mazur et. al.,
2012, 2013). Four metasedimentary samples yielded Pre-
cambrian age spectra similar to those that are characteristic
of the Cadomian terranes: (1) Archean and Paleoproterozoic
zircons scattered between 3380 and 1860 Ma, and (2) abun-
dant Neoproterozoic zircons dated at 800-560 Ma. Two of
the analysed samples also contain Early Cambrian and
Early-Late Cambrian zircons. The estimated maximum sed-
imentation ages for the Mtynowiec (ML 20) and Wyszki
(W1) paragneisses are 563+6 Ma and 566+4 Ma, respec-
tively. Younger maximum sedimentation ages were ob-
tained for the Stronie schist (R2; 532+6 Ma) and for the
Goszow quartzite (Q1; 490+9 Ma). Consequently, the meta-
sediments of the the Orlica—Snieznik dome are interpreted
as three distinct metasedimentary successions. They repre-
sent a Neoproterozoic back-arc basin, Early Cambrian in-
cipient rift basin, and a Lower Ordovician post-rift succes-
sion, respectively.

Two metavolcanic and volcanic samples were analysed
along with the metasediments. The Ktodzko Fortress pyro-
clastic metarhyodacite (TKTO03) gave an igneous emplace-
ment age of 536+2 Ma equal within error with the maximum
sedimentation age of the Stronie schist. The magmatic pre-
cursor to the subvolcanic Gniewoszéw metarhyolite (G1)
was dated at 501+3 Ma, the age that closely correlates with
the emplacement of the Orlica—Snieznik gneisses.

The Wyszki/Mlynowiec monotonous metagreywackes
(Fig. 2) collectively bear a resemblance to the Rothstein
Formation cropping out in the Torgau—Doberlug Syncline
of the Saxo-Thuringian zone. Zircon data suggest deposi-
tion of the Rothstein Formation at ¢. 565-570 Ma (Busch-
mann et al., 2001) i.e., at the same time as the maximum
depositional age for the Wyszki/Mlynowiec sequence. The
geochemical signature of the Wyszki metagreywacke suc-
cession is characteristic of sediments laid down in an arc-re-
lated setting (Szczepanski, 2010), similar to the Rothstein
Formation that is assumed to have originated in a back-arc
setting (Linnemann et al., 2007).

The ages of syn-depositional volcanism in the Ktodzko
Fortress unit (536 +2 Ma) and sedimentation of the Stronie
sequence (532+6 Ma) overlap within error and suggest a
common or similar source for those volcano-sedimentary
units (Fig. 2). Their geochemical affinity to subduction-re-
lated volcanic rocks (Kryza et al., 2003; Szczepanski, 2010)
can be explained by recycling of Cadomian orogenic crust
using the analogy to the lower Cambrian Zwethau Forma-
tion of the Saxo-Thuringian zone (Linnemann and Romer,

2002). The latter is considered a shallow marine deposit that
accumulated in an incipient rift basin, succeeding cessation
of the Cadomian orogeny (Linnemann et al., 2007). A simi-
lar interpretation is applied to the Klodzko Fortress unit and
the Stronie sequence, taking into account their lithological
inventory and maximum deposition age similar to that of the
Zwethau Formation (534 Ma; Elicki, 1997).

The emplacement mode of felsic metavolcanics into the
upper part of the Stronie sequence has thus far remained un-
clear since their contacts are tectonised, and primary fea-
tures obliterated by pervasive deformation. However, be-
cause of the similarity of age to the igneous precursor to the
Orlica—Snieznik orthogneisses, the Gniewoszéw metarhyo-
lite probably represents a subvolcanic intrusion into the lo-
wer Cambrian Stronie sequence (Fig. 2) as also suggested
by field evidence (e.g., Don et al., 2003). This conclusion
can tentatively be extrapolated to the other occurrences of
felsic metavolcanic rocks since their geochemical signature
is fairly uniform and fits to that of the orthogneisses (Mur-
tezi, 2006).

The latest Cambrian (490+£9 Ma) maximum sedimenta-
tion age of the Goszow quartzite and the high maturity of its
protolith suggest correlation with the Lower Ordovician
sandstone deposits (“Armorican Quartzite”; Fig. 2) that are
widespread in the Cadomian part of Central and Western
Europe (e.g., Linnemann ef al., 2007). The Lower Ordovi-
cian overstep sequences can be classified as post-rift sedi-
ments or deposits of a rift-drift transition (e.g. Linnemann et
al., 2007).

The dated samples come from two adjacent suspect ter-
ranes — the Orlica—Snieznik dome and the Ktodzko massif
in the Central Sudetes that are characterised by contrasting
timing of metamorphism and exhumation. Despite this dif-
ference, the results obtained show a similar provenance of
the studied units and their common affinity to the Saxo-
Thuringian terrane. Since the Central Sudetes are separated
from Saxo-Thuringia by a collisional suture, the pre-Varis-
can rocks must represent the deformed and metamorphosed,
allochthonous equivalents to Saxo-Thuringian lithologies.
They were probably subducted together with the Saxo-Thu-
ringian passive margin during a Variscan collision and then
exhumed within an accretionary wedge in front of Brunia/
East Avalonia.
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The Northern Alvand granite pluton is located at north-
ern part of the Sanandaj—Sirjan zone (SSZ) and west of
Hamadan city in western Iran. During the Mesozoic, the
oceanic crust of the Neotethys was subducted beneath the
Eurasian plate, then magmatic-metamorphic belt, namely,
SSZ with 1500 km length along strike and 150-200 km in
width was formed (e.g. Alavi, 1994; Mohajjel et al., 2003).
The 200 km® large Alvand pluton intruded the Triassic—Ju-
rassic phyllites known as Hamadan schist. The pluton is
dominated by porphyritic granite with the following mineral
composition: orthoclase, plagioclase, microcline, quartz,
and biotite, with accessory muscovite, tourmaline, apatite,
zircon, and +chlorite.

Since slightly deformed granites show no mesoscopic
magmatic fabrics in field, for the first time, we employed
AMS (Anisotropy of Magnetic Susceptibility) method to in-
vestigate magnetic fabric of this intrusive body. The mag-
netic measurements of 260 oriented samples revealed that
the magnetic susceptibility ranges between 60 puSI and 478
uSI, with 197 uSI in average, thus northern Alvand pluton
can be classified as paramagnetic granites, although the
thermomagnetic measurements show a distinguishable drop
on the magnetic Curie temperature, so we prefer name it a
weakly magnetic granite. T parameter varies from —0.67 to
0.97 that is in oblate form especially in eastern part of the

pluton and the mean value of it is about 0.12 and tends to be
more oblate with increasing Pj which indicates the planar
magnetic fabric of this intrusive body. The main magnetic
fabric carrier is biotite, inferred from thermomagnetic cur-
ves and oriented thin-section observations. Petrofabric anal-
ysis confirmed the correlation of K, and lineation inferred
from biotite and some elongated ferruginous opaque miner-
als, also these observations indicates high-temperature
solid-state deformation like GBM (Grain Boundary Migra-
tion) especially at the margin of the pluton and the low-tem-
perature ones like SGR (Sub Grain Rotation) in other parts.
Foliation pattern shows an N—S to NE-SW trends. Our
preliminary interpretation for mode of emplacement is that
the tension gashes made by dextral shearing and magma
pressure opened them and produced space for its emplace-
ment, because of that foliation pattern encompasses the
country rocks in many part of the pluton, but also further
analysis is essential for comprehensive interpretation.
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The Guyana passive margin encompasses the Guyana—
Suriname sedimentary basin located between Venezuela to
the North and Suriname to the South, along the northern
South American continental margin. The Guyana—Suriname
basin is an extensional basin further composed of a number
of smaller pull-apart sub-basins formed by transtension re-
sulting from two main events, the opening of the Central
and Equatorial Atlantic segments. The margin was formed
by the progressive counterclockwise rotation of Africa rela-
tive to South America initiated by rifting during the late Ju-
rassic to early Cretaceous. The opening was initiated in the
South Atlantic and progressed northward. South and Cen-
tral Atlantic segments were finally connected during the
Barremian to Aptian by the separation of the Demerara Pla-
teau and Guinea Rise. The available dataset consists of at
least ~20 industry wells and around 10 more pseudo wells
constructed to increase well control and to fill in data gaps.
The offshore area has been extensively imaged using seis-
mic surveys, with both 2D multi-channel seismics and tight
3D grids, which yield generally very good resolution. The

depositional and hydrocarbon habitats of the said area in-
volve burial and thermal modelling of selected wells from
the dataset. Potential candidates are simulated in PetroMod
1D in order to constrain the subsidence history that the ba-
sin has undergone throughout time. Preliminary results
show an increased sediment influx in the W and NW part of
the basin. This can be attributed to the siliclastic input from
the Orinoco River located NW of the basin forming a delta
offshore Venezuela. Basin geometry varies spatially mainly
depending on the phase of rifting and the type of prevailing
tectonic settings such as normal faulting produced by the
break-up between North America and Africa, and strike-slip
faulting resulting from the opening of the Equatorial seg-
ment. This can be seen from the subsidence histories of each
of the generalised clusters of wells scattered across the area.
Preliminary subsidence analysis shows that from the late
Triassic until Jurassic the basin has undergone rapid subsi-
dence as a result of rifting, however the following thermal
subsidence had a more pronounced effect.
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The Pannonian Basin consists of Neogene deep sub-
basins that are separated by metamorphic basement highs,
which in many cases act as fractured hydrocarbon reser-
voirs. One of the best known basement high is the Szegha-
lom Dome (SzD) (Fig. 1.), composed of Variscan metamor-
phic rocks (mainly gnesses and amphibolites) with diverse
pressure-temperature-time histories. These metamorphic
blocks were juxtaposed by post-Variscan structural move-
ments which were coupled with the formation of wide brit-
tle fault zones and significant porosity enhancement. How-
ever, the interpretation of these hydrodynamically important
fault zones can be problematic as they are often below the
limit of seismic resolution. The aim of this study is to recon-
struct the structural evolution of the SzD and determine the
role of the fault zones in the local fluid flow regimes.

The borecores and well-log data of seven wells were in-
vestigated from the central part of SzD (Fig 1.). The well-
log data were calibrated on the depth intervals of wells that
overlapped with the core samples. The discriminant func-
tions were defined to separate the lithologic groups based

on their well-log properties: first, to define the difference
between the undeformed wall rock and the tectonized depth
intervals, then to reveal the internal structure of the fault
zones.

The undeformed host rock and the tectonized samples
were separated using the following discriminant function:

D(1-2)=1.1 * natural gamma — 0.5 * log resistivity — 0.9
* density

The fault rock types were then defined by the applica-
tion of these functions:

D3= 0.7 * neutron porosity — 0.5 * log resistivity

D4= 0.6 * density — 0.9 * natural gamma

The intensely fractured host rock and the coarse fault
breccias of the analyzed borecores presumably form the da-
mage zone of the fault zones. In contrast, the intervals of
cataclasite and fault gouge are up to one meter wide and are
considered as the fault cores. These fault cores imply to the
presence of major fault zones and mark the locations of
largest displacements.

Based on the correlation of the available well-log data,
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Fig. 1. a,b. Location of the Szeghalom Dome in the Pannonian Basin and its geological environment. c: The sampled wells in the central

part of the SzD.



62 CETeG 2014 ABSTRACTS

SzD can be interpreted as series of low-angle thrust sur-
faces. The numerous occurrence of the deformed horizons
define dominantly low angle (8°-13°) fault planes with typ-
ically south-southeastern dip and indicate their relatively
similar origin. According to the analogies from the crystal-
line basement, formation of these low angle (=5-15°) se-
quences throughout the basement of the Pannonian Basin
are related to Eoalpine (late Cretaceous) compressional ac-
tivity with formation of northwest-vergent thrust faults
(Tari et al. 1999) (Fig. 2). The spatial arrangement of the
thrust surfaces indicate some post-Cretaceous tectonic ac-
tivity with high angle normal faulting: approximately 150

' M2 s O+« Ws e

meters of vertical displacement combined with tilting of the
hanging wall block. Extensional tectonic activity has been
widely reported in the SzD and can be related to the forma-
tion of horst-graben structures during the syn-rift stage of
the opening of the Pannonian Basin during the middle Mio-
cene (Tari et al., 1999) (Fig. 2).

The reconstructed fluid evolution was based on earlier
analyses of petroleum inclusions from the fracture-fillings
of the amphibolites or the damage zones of faults (Schubert
et al., 2007) and unpublished industrial (well test) data. The
fact that most the analyzed fluid inclusions are from the am-
phibolites and totally absent in the gneisses, indicate that the

Fig. 2. Schematic model of the geodynamic and fluid evolution of the SzD. 1: Coastal conglomerate 2: Basal clay marl (Endrod Forma-
tion) 3: Turbidite-rich sediments (Szolnok Formation) 4: Delta front sediments (Algyo Formation) 5: Main fault zones, 6: Regional fluid
flow system. “A” marks the amphibolite-rich zones, while “G” the gneiss-dominant parts. a: Variscan metamorphism. b: Eoalpine
compressional tectonics, which juxtaposed the diverse metamorphic blocks in unknown depth. c: Middle Miocene (Badenian) exhumation
of the SzD with the formation of a series of high-angle normal faults and the deposition of Pannonian clastic sediments. d: Recent hydraulic

system with significant overpressure under the local aquitard.
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main storage capacity is related to the former lithology,
strengthing the results on the fracture network geometry of
SzD (M Toéth, 2008). The amphibolite-rich lithologies are
dominant in the structurally topmost metamorphic block of
the basement. In this model, the damage zones of faults with
their limited width and spatial distribution served as migra-
tion pathways towards these sporadic bodies. The quite per-
meable behavior of the fault zones is unlined by the rather
productive well-tests.

The diverse fluid inclusion data (by the geochemical
features and the degree of maturation of the analyzed hydro-
carbon) indicating that even though the fractured masses are
often aligned along the same, wide brittle fault zones, their
samples represent separated hydrodynamic regimes, at least
during the cementation of the fractures. This compartmenta-
lization can be explained most likely by the combined ef-
fects of the intense multistage Neogene tectonic activity
(Juhasz et al. 2002) and the strong permeability anisotropy
of the fault zones (Evans et al., 1997).

There is strong dissimilarity between the paleo and re-
cent petroleum system of SzD regarding the possible source
rocks: the earliest date of paleo-fluid migration recorded by
the fluid inclusions was the Cretaceous (according to their
biomarkers, Schubert et al., 2007), while the data of Schu-
bert et al. (2007) indicate that the migration ended before
the Badenian exhumation of the SzD. In contrast, the cur-
rently produced hydrocarbon originated from upper Mio-
cene shales in the adjacent sub-basins south from SzD (the
Békés Basin or the Vészto Graben). In the light of the indus-
trial data, SzD has a very strong hydraulic connection with

the overlying sediments as the metamorphic basement can
drain the adjacent overpressured basins under regional
aquitard (Endrod Formation) and behaves as a migration
pathway towards the overlying clastic sediments (Szolnok
and Algyo Formation) (Fig. 2.). The results of Juhész ef al.
(2002) on the hydraulic connection between the basement
and the overlying sediment from the middle Miocene period
support this hypothesis.
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High-pressure kyanite-K-feldspar granulites in the Bés-
tvina granulite body, which belongs to the Variscan oro-
genic root in the Bohemian Massif, preserve muscovite,
rutile and kyanite inclusions in garnet. High-Ti muscovite
(Ti = 0.09-0.20 p.fu.,, Si = 0.21-3.24 p.f.u.) included in
garnet is associated with quartz and is in crystallographic
continuity with biotite, interpreted in terms of exsolution
from an original less-dioctahedral higher-Ti muscovite. The
assemblage garnet-kyanite-antiperthite-perthite-quartz-ru-
tile and the mineral compositions indicate a peak of meta-
morphism at about 900°C and 17-21 kbar, based on P-T
pseudosection modelling, ternary-feldspar and Zr-in-rutile
thermometry. The matrix assemblage garnet-kyanite-pla-
gioclase-K-feldspar-quartz-rutile-ilmenite and garnet rim
compositions at contact with feldspars and quartz indicate
the end of overall equilibration in the presence of melt at
12—-14 kbar and 820-840°C. Embayments of biotite and
plagioclase locally replacing garnet, and connected with
modification of garnet composition, may indicate sites of

last isolated melt or diffusion of H,O from that melt down to
10 kbar and 800°C. Zircon with uniform cathodolumines-
cence (CL) pattern is present as rims around cores with faint
oscillatory zoning, or as entire rounded grains. These zir-
cons gave a cluster of ages at 359 + 4 Ma, interpreted as the
age of metamorphism. Zircon ages from the cores with com-
mon faint oscillatory zoning range from 500 to 398 Ma, and
are interpreted as magmatic grains variably reset during
metamorphism. Two older ages obtained on cores of 620 +
18 Ma probably represent an inherited zircon component.
Molar isopleths of zircon along the P-T path in pseudosec-
tions suggest that crystallization of metamorphic zircon oc-
curred during decompression and cooling from 17-21 kbar
and 900°C to 12—14 kbar and 820-840°C. The inferred P-T
path and the age of metamorphism make a suggestion of a
geodynamic model that considers the granulites to be a part
of a subducted plate that failed to continue to subduct and
was spread below the upper plate.
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Two outliers of the Alpine Meliatic Borka nappe, trans-
ported during AD,, deformation phase from the Meliatic
oceanic realm collision zone, located south of Gemericum,
into the North-Gemeric zone, are known and well defined in
localities of Dobsina and Jaklovce (Eastern Slovakia). Both
outliers demonstrate their complicated internal tectonic and
lithological setting, differing from that in their footwall, and
encompass also several mélange blocks. As indicated at the
end of this contribution, their transport path differed, and
some criteria, which should be taken into consideration at
reconstruction attempts, are mentioned.

In the case of Dobsina, the allochthonous position and
north-vergent transport of the Borka nappe outlier were re-
vealed by mesoscopic structures in walls of former serpen-
tinite quarry, as well as in exploration adit. Three petrologi-
cally defined exhumed blocks of dimensions 3—15 meters
inside the serpentinite matrix — glaucophanites (blocks 1
and 2) and garnet-clinopyroxenite/rodingite (3), transported
by the nappe, mutually differ in their exhumation kinemat-
ics in the serpentinite matrix in their home area (i.e. the pre-
nappe transport = pre-AD,, structures).

Exhumed block 1 — glaucophanite represents an oval
body. An exhumation kinematics consisted of rotation mo-
vement of “exhumation balls”. This is demonstrated by the
stretching lineations around the perimeter of the exhumed
body, indicating in recent position the exhumation to E—
ESE, as well as by the absence of any systematic planar
structures inside the body, passing outside to serpentinite
mylonite matrix. Moreover, the lenticular exhumed block 1
occurs in the mélange of similar spherical fragments in ser-
pentinite matrix. Based on structural relations, we interpret

this glaucophanite block as entering the ultramafic body in
the deeper level of the exhumation channel, than it was in
the case of exhumed block of glaucophanite 2, and the block
of garnet-clinopyroxenite/rodingite 3. Inside the ultrama-
fics, the block 1 passed longer exhumation path, character-
istic with rotation kinematics of an spherical object. This
exhumation of the glaucophanite block 1 from relatively
deeper levels of exhumation channel can be indicated also
by its more southern location in the serpentinite body in
comparison with blocks 2 and 3. The suggested vertical ge-
ometry of the Meliatic exhumation channel south of Ge-
mericum, took into consideration the situation in frontal part
of the Borka nappe in the Dobsina area. During exhumation
of blocks 2 and 3 the block 1 was located relatively deeper
in the exhumation zone. This geometry corresponds with
finding that glaucophanites are relatively abundantly pres-
ent in exhumed Borka nappe mélange close to suture zone
(e.g. in the Sugov valley or the Nizna Slana Depression).
Moreover, we cannot forget the spatial reduction of the nappe
outlier in north-south direction being caused by imbrication
in the phases AD,, and AD,,, so the length of serpentinite
body in an uncompressed state could differ from the recent
800 m, as well as the mutual distance of exhumed blocks 3
and 2, vs. block 1 could several times overreach recent ca 200
metres.

Exhumed block of glaucophanite 2 has, similarly as
block 1 “frozen” east-trending exhumation transport inside
the serpentinite body. Its position in frontal parts of the
nappe caused its later segmenting by the thrust plane of
AD,, imbrication. The planar structures of AD,, and AD,,
phases differ in ductility with evolution of a-tectonites (line-
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Fig. 1 Position of Gemericum in the Alpine tectonic setting of Western Carpathians. The South-Gemeric zone with the Meliatic suture
(designated also as the Roznava discontinuity zone) was the home area of the Meliatic Borka nappe, whose outliers at Dob$ina and Jaklovce
are present in the North-Gemeric zone (A). Three exhumed blocks of the high-pressure metamorphic rocks in the Dobsina serpentinite
quarry. These blocks were transported by the Borka nappe from the South-Gemeric zone over Gemericum to the Dobsina area (B).
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ations) in the first case, and brittle-ductile shears in the sec-
ond case.

Exhumed garnet-clinopyroxenite/rodingite block 3 in-
dicates, as the only one, the west-vergent exhumation kine-
matics with exhumation planar structures dipping to E to
ENE. The base of block 3 is represented by an ultramylonite
zone.

In the Jaklovce area the Meliatic Borka nappe outlier
has even more complicated tectonic setting, being caused by
its more complex lithology (serpentinite, gabbro, retrograde
eclogite, radiolarites, calcitic marbles, black shales; cf. Né-
meth et al., 2012, Fig. 1 ibid), as well as its position inside
AD, NE-SW and NW-SE trending shear zones. The alloch-
thonous position of outlier marbles over autochthonous car-
bonates was demonstrated by paleopiezometry (l.c.), as well
as by unconformity in bedding of allochthonous part (gen.
330/55°), contrasting with prevailing general NW—-SE re-
gional trend of bedding and discontinuities of AD, , phases.

The transport kinematics of the Borka nappe from the
area of recent Meliatic suture zone south of Gemericum (the
Roznava discontinuity zone, cf. Pawliszyn, 1978, in Gre-
cula, 1982) over Gemericum into the North-Gemeric zone
has to take into consideration following facts: (1) Trans-
pression kinematics, which applied during exhumation and
collision transport in the area of Meliatic suture zone (pre-
AD,,), was demonstrated by meso- and micro-structures and
pebble deformation analysis (cf. e.g. Németh et al., 1997,
Figs 1 and 2 ibid.). (2) The visualization of the transport
path of the post-Jurassic and pre-Upper Cretaceous trans-
port of the Borka nappe from the South-Gemeric zone to
North-Gemeric zone was made complicated by the space re-
duction during AD,, phases, but mainly by the strike slips
in AD, phase, causing arc-bending of the Gemericum, as
well as sigmoidal bend in the western part of Gemericum. It

affected the position and relative transport path of the nappe
body into the Dobsina area. Due to AD, shearing, applying
model of asymmetric indentor trending NNE, the Borka
nappe transport into the Jaklovce area seems to be straight-
forward (indicated also by kinematic indicators), but the rela-
tive transport path to Dobsind area was modified by sinistral
shearing in the Transgemeric shear zone and further parallel
strike slip zones at the western margin of the indentor.
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The Gemer-Vepor Contact Zone (GVCZ) is the bound-
ary zone between the Gemer and Vepor Units (Central Wes-
tern Carpathians, Slovakia). The basement of the underlying
Vepor Unit is dominated by Carboniferous granitoids and
Lower Paleozoic schists . The overlying Gemer Unit con-
sists mainly of Lower Paleozoic volcano-sedimentary com-
plexes. Both units are overlain by the Late Paleozoic to Me-
sozoic cover sequences. The GVCZ is characterized by an
alternation of ENE-WSW trending lithological complexes
from the bottom to the top and from the NW to the SE these
are: (1) the Carboniferous Vepor basement granite, (2) Lo-
wer Palaeozoic garnet-bearing schists of the Hladomorna
Dolina Complex, (3) phyllites, metaconglomerates and meta-
arcoses of the Vepor Permian Cover, (4) Ochtina Nappe.

The region was strongly deformed during the Alpine
orogenic event of Cretaceous age, but relics of a Variscan
metamorphic amphibolite-facies fabric are locally preser-
ved in the Vepor and Gemer basement. Three deformational
fabrics of Alpine age are reported from the GVCZ. A first
prograde greenschist to amphibolite-facies metamorphic fo-
liation is subsequently overprinted by a second, lower grade
metamorphic cleavage. Both of these fabrics are then folded
with large scale open folds with subhorizontal axes and lo-
cally associated with a steep discrete axial-planar cleavage.
The first fabric resulted from the northward thrusting of the
Gemer Unit over the Vepor Unit, the second lower grade
cleavage is associated with the subsequent exhumation of
the Vepor Unit along large-scale detachment and the last
fabric results from the large-scale folding due to the contin-
uous indentation of the Gemer Unit, which also led to the
formation of the Trans-Gemer Shear Zone.

Numerous magnesite and/or talc ore deposits, some of
which are of economic importance, are present in metasedi-
mentary sequences of Carboniferous age in Gemer and Ve-
por Units. The origin of these deposits remains unknown.
Nevertheless, Mg-enriched shear zones develop in the Car-
boniferous granitoids of the Vepor Unit. The shearing asso-
ciated with income of Mg leads to the formation of Mg-
chlorite—muscovite—quartz phyllonites as well as Mg-chlo-
rite—kyanite-bearing shists. Compared to the composition of
granitoids, these rocks are depleted in alkalies and enriched
in magnesium, iron and manganese, which is most likely re-
lated to the influx of fluids along the shear zones. In con-
trast, shear zones developed within chloritoid-kyanite
schists of the Veporic Permian cover, display a different
type of metasomatic alteration, characterized by a strong
Fe-enrichment. The unusual enrichment in either Mg or Fe
may suggest either heterogenous fluid composition or two
separate metasomatic events in the studied area. However,
the spatial relationship of the two distinct fluids to two dis-
tinct deformation fabrics may imply that the formation of
these metasomatic rocks is associated with the different
stages of the polyphase Cretaceous evolution of the studied
area. The Mg-metasomatism could be associated with the
prograde metamorphic evolution of Vepor Unit during the
northward thrusting of the Gemer Unit, whereas the Fe-en-
richment observed in chloritoid-kyanite schists, strongly af-
fected by the second Alpine deformational fabric, could be
associated with the subsequent exhumation of Vepor Unit.
Petrological analysis of these rocks suggests that the min-
eral assemblages developed at 350—450 °C and 3—4 kbar for
both metasomatic events.
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The VLF method (acronym stands for Very Low Fre-
quency) is one of the geophysical survey method employing
electromagnetic (EM) radiation and electromagnetic effects
for recognition of shallow subsurface. In VLF survey the
EM waves of frequency between 15 and 30 kHz, which are
emitted by high-power radio transmitters principally con-
structed for long distance (usually military or governmen-
tal) radio communication are used. Application of the signal
for the geophysical surveys is actually free-ride opportu-
nity. The method was developed in late sixties and seventies
of XX century, and is still used, although its current impor-
tance as a survey method is still diminishing (for extensive
explanation of technique see: Milsom 2003).

The VLF survey method is sensitive to changes in elec-
trical properties (primarily resistivity) of the subsurface,
down to some teens of meters (the depth of penetration of
VLF radiation into the rock medium), and works best, when
sharply dipping sheet-like object of contrasting resistivity is
present. Above description suggests an obvious applications
for the VLF method — it might be used for mapping of
strongly mineralized dykes or ore-bodies and faults and frac-
ture networks performing as water conduits. In fact the main
applications of the VLF method are confined to groundwater
investigations (especially in connection with fractured aqui-
fer; e.g. Goldman and Neubauer 1994) and mineral prospect-
ing for vein deposits. Some attempts were made to apply the
VLF method for environmental surveys, ¢.g. mapping leak-
ages from waste deposits (Kowalska ez al., 2012). The VLF
method finds only marginal applications in research concern-
ing structural geology, which is probably caused by the fact,
that the VLF is usually performed on isolated sections as sup-
plementary method for other survey methods. The VLF re-
sults while being unitless (e.g. outcome of differential equa-
tion) or unintuitive (e.g. imaginary component of phase shift)
are extremely difficult for interpretation and ambiguous
when presented only as measurements on separate lines.

The author had the opportunity to apply the VLF me-
thod for surveying the site of gold-bearing vein in Khasagt
Range, Gobi—Altai Province, Mongolia. The surveyed area
consists of metamorphic (mainly gneissic) and magmatic
(granite and diorite) complex hosting numerous quartz
veins, some of which are gold-bearing. The original task of
the survey was to recognize the zones of increased mineral-
ization in the quartz vein known for its sub-commercial gold
grades, and identification of other possible gold-bearing tar-
gets near-by. The idea of the survey was, that the mineral-
ized vein, as containing minerals of electron conductivity
(basically pyrite) should produce electric contrast against
host-rock and show an effect on the VLF results.

Since the recognition of the area had to be very detailed,
uncommon survey pattern was projected. The VLF measure-

ments were taken every 10 m along the lines spaced at 100 m,
perpendicular to the strike of the known vein. The area of ap-
proximately 2 sq. km was covered with the survey. Such dense
measurement enabled the data set to be regarded as aerial grid
and in effect to compose map of the VLF anomalies. The map
of in-phase parameter was used for further considerations.

The quality of the obtained results was excellent, as
proved by its coherence and similarity of the results obtained
for two different frequencies. However the original assump-
tions failed to be working. The grades of conductive minerals
in the vein was too low to yield an effect on the VLF mea-
surements. Also in arid conditions of Gobi—Altai with huge
topographic relief, one cannot expect the fissure sets to be ef-
ficient water conduits. Surprisingly, very coherent and prom-
inent pattern of VLF anomalies, independent of local topog-
raphy, was present on the resultant maps. The location of
known vein coincides exactly with negative in-phase anom-
aly, suggesting that the host-rock is more conductive than
massive quartz vein in bulk. Moreover, at least four elon-
gated zones of negative anomaly to the south of the vein were
detected, oblique to the vein strike, unknown previously from
the field. The direction of this unidentified anomalies also
was not noted as an structural direction before, neither in the
area of survey nor in the surrounding part of Khasagt Range.

Author speculates, that series of oblique anomalies de-
scribed above, might represent series of secondary narrow
quartz veins or fissure network. The presence of such struc-
tural features might give some hints for understanding of
the pattern of gold occurrence in this part of Khasagt. Gold
occurrence is not confined to any of numerous generations
of quartz known from the area, and is apparently random
within quartz veins. It might be possible, that gold mineral-
ization is connected with tectonic structure unobserved pre-
viously, but prominent on the VLF anomaly map and occur
in quartz veins on their intersection with the feature.

Although presented speculation might be erroneous and
its proving would need much more observations and sur-
veys, the presented case study had shown, that properly de-
vised and conducted VLF survey might bring valuable pre-
liminary information concerning structural features that are
hard to identify otherwise.
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The Povazsky Inovec Mts. is one of the horst structures
situated in the NW portion of Central Western Carpathians.
It is composed of the Tatric crystalline basement rocks and
its sedimentary cover of Late Paleozoic—Mesozoic age
which is overlain by thin-skinned Mesozoic nappes of the
Fatric and Hronic. The Belice Unit (Ivanicka et al., 2011)
represents mainly a Late Cretaceous sedimentary succes-
sion cropping out in the northern and southern portion of the
Povazsky Inovec Mts. This unit is considered to be an ex-
tension of the South Penninic Zone in the Western Carpa-
thians known as the Vahic (Plasienka et al. 1994). However,
due to a number of uncertainties the Penninic provenance of
the Vahic rock complexes is disputable (Ivanicka et al.,
2011).

One of the key questions itself is an emplacement of the
Belice Unit sediments within structure of the Tatric crystal-
line. The Late Cretaceous sedimentary formations in the
northern portion of the Povazsky Inovec Mts. are usually lo-
cated in 100—500 m thin lenses between the crystalline base-
ment complexes. Reliable place for study of structural rela-
tionships between the Belice Unit and surrounding crystal-
line basement is the locality Hranty in the northern portion
of the Povazsky Inovec Mts. The Belice Unit at this locality
is forming relatively thin body built by carbonaceous flysch
deposits with beds of breccia composed of clasts of crystal-
line basement. This area was selected for the study using
electrical resistivity tomography (ERT). Measurements of
electrical resistivity tomography took place on 4 profiles in

the electrode arrangement dipole-dipole over the structure
of Belice Unit known from previous field work. Interpreta-
tion of the 2D inverse model was based on the contrast be-
tween the resistivity properties of the crystalline basement
rocks and the Late Cretaceous sediments of Belice Unit. Vi-
sualization of 4 profiles into the 3D model helped to clarify
overall geometry and the structural position of the Belice
unit in this location. Intervals of resistivity values of the
Late Cretaceous flysch and crystalline basement were ob-
tained on the basis of parametric measurements on type lo-
calities. The resistivity values ??were substantially different
so the determination between the lithologically distinct
complexes appears to be reliable. The internal structure of
the body can’t be defined on the basis of available informa-
tion due to its substantial complexity. Geophysical survey
shows that the Late Cretaceous sequences do not form lar-
ger rock body that increases its volume with depth. This is
confirmed by the combination of longitudinal and trans-
verse ERT profiles. On contrary it forms approximately
90 m thick wedge shaped and folded rock body bounded
from the top and bottom by the crystalline basement com-
plexes (Fig. 1). Such information are in conjunction with
observations from the other occurrence of the Belice Unit in
the southern portion of mountain range. The borehole (the
Jaster locality) penetrated the fault contact of the Belice
Unit with underlying Tatric granites. Recent investigation
along with previous knowledge shows that Belice Unit sedi-
mentation didn’t start with Oxfordian—Tithonian radiolari-
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Fig. 1. Interpretation of the folded structure of the Belice Unit in the longitudal Profile 1 showing contrast between the Late Cretaceous

formations and the Paleozoic crystalline basement complexes.
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tes (the Lazy Fm.) and begun as late as in Late Cretaceous
(Ivanicka et al., 2011). The radiolarites along with other
olistoliths, including Late Paleozoic basalts of Tatric prove-
nance (Puti§ et al., 2006) form blocks in Late Cretaceous
olistostrome which terminates the syn-orogenic sedimenta-
tion in the external portion of Central Western Carpathians.
Structural position, stratigraphic and sedimentological char-
acter suggests that the Belice Unit is not a remnant of an
oceanic realm and its affiliation with South Penninic is
highly controversial.
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Atoll shaped garnets commonly occur in the metape-
lites of the Tepla Crystalline Complex, which was affected
by polyphase deformation and metamorphism. Most of gar-
nets reflect prograde metamorphism and development of a
subvertical foliation S, and commonly exhibit cores rich in
inclusions of biotite, chlorite, muscovite, plagioclase and
quartz. Their atoll shapes were formed later during retro-
gression related to the origin of a subhorizontal cleavage S,.
Garnets show continuous textural variations from inclusion
free grains located in the microlithons through garnets with
inclusion-rich cores to biotite and/or chlorite rich aggre-
gates surrounded by thin garnet rims within the cleavage do-
mains of S,. Inclusion free garnets are chemically strongly
zoned with continuously decreasing Ca and Mn content
from the core to the rim, while Mg and Fe content increases.
Garnets with inclusion rich cores are charecterized by
chemical changes in the zoning profile, when Mn and Ca
content in the core decreases, while xMg ratio increases to
values similar to the most external garnet rim. Inclusion free
rim has similar prograde composition profile as have rims of
the inclusion free grains, and also as have isolated rims of
atoll garnets. PT pseudosection modelling of inclusion free
grains revealed near isobaric metamorphic history of gar-
nets from ca. 500°C in the garnet core to more than 600 °C
in the garnet rim at ca. 67 kbar. We interpret atoll garnets
as being developed by secondary non-isochemical decom-
position of the garnet core. Destabilisation of garnet cores
occurs first at peak temperature conditions and localises to

the place with largest gradient in chemical potential be-
tween non-equilibrium chemical composition of the core
and equilibrium composition of the garnet rim. High chemi-
cal gradient is best pronounced in the least diffusive Ca
component, whose equilibrium concentration differs be-
tween core and rim about 20 mol%. This is reflected by dif-
fusion-driven modification of the Ca and Mn rich cores and
can be observed only in inclusion rich garnets, where the
cores can effectively communicate with the matrix along
grain boundaries. The retrograde part of the clockwise PT
path follows grossular isopleth, leading to relative stability
of the garnet rim during exhumation. Moreover, Mn, Mg
and Fe form thin retrograde rim of slightly increased Mn
content and decreased xMg, omitting the breakdown of the
remaining atoll-shape garnet by intracrystalline diffusion.
At the same time, the garnet cores are partially or comple-
tely decomposed and replaced by biotite/chlorite agregates.
Position of atoll shaped garnets corresponds to a few km
wide D, detachment zone developed between rheologically
strong low-grade superstructure and weak high-grade infra-
structure. Such a zone is prone to focused fluid flow, which
enhance open system chemical changes in garnets in touch
with S, cleavage domains. Fluid activity allows outflow of
Ca™ from dissolved garnet core, and inflow of K" and H,O
to produce micas in the centre of the atoll. Finally, the
source of fluids is expected to come from the progressing
dehydration reactions in the underlying high-grade rocks.
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The study area is located in the eastern part of the North
Hungarian Paleogene basin (NHPB). It is bordered by the
Mid-Hungarian Shear Zone in the south, the Biikk Mts. in
the north, while the western and eastern borders are poorly
defined. It is made up of sediments of a Late Eocene—Early
Oligocene transgressive and a Late Oligocene—earliest Mio-
cene regressive cycle. Post-19 Ma evolution belongs to the
evolution of the extensional Pannonian Basin system. The
first rock suites of the basin fill are extended rhyolitic and
dacitic pyroclastic rocks produced by many eruptions of late
Early to Mid-Miocene times (Lukacs and Harangi, 2002).
The thick Late Miocene (Pannonian) sedimentary unit con-
sists of lacustrine marlstone, followed by basin floor sandy
turbidites, clayey slope deposits, sandy deltaic and varie-
gated fluvial suites (Magyar et al., 1999).

75 outcrops were involved to examine the stress field
evolution. In 4 sites (Early and Late Oligocene, Late Mio-
cene porous sandstone, conglomerate) we sampled defor-
mation bands for the purpose of making thin section and
cathodoluminescence analysis. Structural analysis was
complemented by generalized subsidence model based on
borehole and calibration data. Geological cross sections and
2D seismic profiles were also investigated to depict the
main NE to ENE trending structures and to reconstruct the
eroded parts of the top of Mid-Miocene and Pannonian sedi-
ments extrapolating from preserved formation tops.

8 stress fields (Fig.1) were determined in the studied
area by means of field structural observations, deformation
band analysis and seismic profile interpretation. The field
(D1) is predominantly NE-SW compression but less typi-
cally NW-SE extension also occurred. This phase is mainly
characterized by NW-SE trending conjugate reverse faults
in association with folds. The age of this stress field is un-
certain but it predates the latest Oligocene—earliest Miocene
post-sedimentary tilting event. The field (D2) was divided
in two events (Fig.1); they are similar in the direction of the
horizontal stress axes but different in style. The D2a of
NE-SW extension is characterized by fractured pebbles
which indicate syn-diagenetic deformation. Dilation defor-
mation band in Late Oligocene sandstone proves syn-sedi-
mentary extension (sample WS5-2 on Fig. 1). Conjugate
NW-SE disaggregation bands and initial cataclastic type
deformation bands (A1 and A2) indicate early extension be-
cause deformation mechanism involved grain rotation in
unconsolidated matrix and only minor cataclasis. The D2b
is basically a NW—SE compression with NE-SW trending

conjugate reverse faults and oblique dextral strike slip faults.
This compression is associated with blind north vergent re-
verse faults and folding and impingement of Paleogene sedi-
ments on elevated highs. The D3 is characterized by E-W
compression and perpendicular extension marked by E-W
trending normal faults and cataclastic type deformation
bands (A4 on Fig. 1). This deformation was active in earli-
est Miocene and resulted in syn-sedimentary thickening of
the lowest volcaniclastic level. The D4 field shows NE-SW
extension with NW-SE trending conjugate faults and joints.
This stress fiecld was responsible for syn-sedimentary thick-
ening of the early Middle Miocene volcanoclastic level.
This phase reactivated formerly created deformation bands
and induced more intense cataclasis along them. The D5
field of WNW-ESE extension induced the formation of
prominent, map-scale faults with ENE-WSW strike which
could be sinistral faults (Tari 1988). On seismic profiles
most of the NNE-SSW trending normal faults dip to the
WNW and were responsible for southward thickening of
Mid Miocene formations. The D6 field was a NE-SW to
ENE-WSW compression. N-S trending dextral and E-W
trending sinistral strike-slip zones characterize this stress
field together with NW-SE trending conjugate reverse
faults and small folds. This can be tied to the late Sarmatian
to early Pannonian inversion of the Pannonian Basin. The
D7 field is a NNW-SSE extension in which the most signif-
icant structures are ENE-WSW trending normal faults.
They induced the thickening of early Pannonian clastics in
the hanging wall. Important subsidence occurred in the
Vatta-Maklar Trough where more than 700 m thick Lower
Pannonian sediments were deposited. The D8 field is char-
acterized by NW-SE compression and perpendicular exten-
sion with WNW-ESE trending dextral and NE-SW tren-
ding reverse faults: this could be a late Pannonian phase.
Based on deformation mechanism in deformation
bands, their displacement and burial depth history the fol-
lowing trend can be drawn. The earlier the deformation
band in the deformation history, the less destructive band
type occurred (Fig. 2). The more indurated rocks show more
cataclastic deformation. The more cataclastic rocks are
more capable to evolve into a discrete slip surface. The most
evolved cataclastic deformation bands (S3) is the youngest
and probably indicates the most significant burial depth.
The strongly cataclastic deformation mechanism itself
could suggest 1-3 km overburden, although cataclastic de-
formation can occur in shallower burial depth less than 1
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km, (Fossen et al., 2007). The subsidence modelling pre-
dicts 600—800 m of cover at the presumed time of cataclastic
deformation. In summary, going from D1 to D7 deforma-
tion phase the burial depth is increasing in line with the de-
formation mechanism of bands (Fig. 13). Concerning the
displacement along the bands, the less destructive type of
deformation bands (S4, W2, Al, A2) indicates less dis-
placement (Fig. 2). Within the cataclastic type bands, the
more developed the cataclasis, the greater total displace-
ment can be observed. The youngest and most cataclastic
band (S3) indicates the greatest displacement and probably
the most significant burial depth. However, in case of the S4
and S1 transitional type deformation bands, the displace-
ment is not increasing in time which can be explained by
different deformation mechanism.

end of main subsidence periods while the red ones indicate the ero-
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Joints and faults are the most common brittle structures,
which disrupt the continuity of the rocks. This lower rocks
cohesion has its origin in less strength of joint or fault sur-
faces in comparison to unfractured rock. Joints are usually
considered to be isotropic but this point of view may be
used only in the first approximation but it is very simplified
in fact. Although it is evident that joints and faults surfaces
should be anisotropic only few papers are focused on this
problem (Grasselli & Egger, 2003; Kulatilake ef al., 1995,
1999). We tried to testify and quantified idea of shear
strength anisotropy of such fractures.

Real joint and fault surfaces from the Brno massif were
used for this study. Samples were taken by manual drilling
machine in the Vranov quarry, where we can find well ex-
posed granitoids with numerous fractures of different types.
There were drilled 16 drill cores in minimum through one
selected fracture, as samples were tested in sixteen different
directions (Proisl 2011, 2013). To keep original orientation,
samples were marked to show “zero” direction. It was cho-
sen randomly in case of joints or corresponds to striation on
faults surfaces. Samples were tested at shear tensile machine
Matest A129. Shear strength were obtained under fixed nor-
mal stress component equal to 22 MPa. Resultant shear
strengths were plotted in spider diagrams.

Strength pattern of real joints showed typically one
peak of shear strength while other directions we character-
ized by lower strength level (see Fig. 1A). This type of
strength pattern might be explained by presence of more or
less noticeable steps on joint surfaces. Tested faults brought
completely different picture of results. Two types of fault
strength pattern were recognized. The first one was typical

A

N
202,5° —— | —
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by the lowest values of shear strength observed in directions
parallel to fault striation regardless of the sense of move-
ment and by weak maximum strength in directions perpen-
dicular to striation (Fig. 1B), which was preliminary ex-
pected. Faults with the second pattern indicate different
strength in direction of striation due to asymmetrical struc-
tures on fault surface. Both pattern types have tendency to
show some weak peaks in oblique directions, which were
sometimes higher then strengths in perpendicular direc-
tions. This result of testing was much unexpected and indi-
cates some unknown strength behavior of striated planes.
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A combined study of structural field work based on
paleostress analyses and remote sensing data has been con-
ducted to provide more insight into the structural and tec-
tonic deformation of the east margin of the Dead Sea trans-
form in the southwestern part of Jordan. Analysis of digital
elevation model (DEM) and Landsat Thematic Mapper im-
ages provide means of recognizing and characterizing linear
morphological features and drainage patterns over the area.
Statistical analysis of morphological lineaments (Fig. 1A)
shows four major populations in the WNW-ESE to ENE—
WSW, NE-SW, NW-SE and ~ N-S directions, drainage
orientation analysis (Fig. 1B) shows similar trends suggest-
ing that the flow direction of the drainage system in this area
is influenced by the lineaments directions. A detailed field
survey was carried out in Precamprian to Cenozoic outcrops
that allowed gathering a significant dataset of fault-slip
data. By using the multiple stress inversions in 9D-space
(Melichar and Kernstockova, 2011), a number of 174 local
stress tensors with sub-vertical and sub-horizontal kine-

\‘)d
N=13512

180° 180°

matic axes were determined from measured faults; most of
them reveal a predominance of strike-slip regimes relatively
to the normal and reverse ones. The summarized inversion
results (Fig. 1C) reveal a series of clustered with three dom-
inant maximum horizontal stress (o)) trends (ENE-WSW,
NW-SE, NE-SW and N-S) and fits well the inferences de-
rived from remote sensing. These trends are associated with
the cumulative strain resulted from the total acting stresses
affecting the Arabian Plate over through geological time
and could be related to the Syrian Arc stress field (SAS),
and with the 105-km sinistral displacement along the Dead
Sea Transfom and the opening of the Red Sea (Dead Sea
stress Field/DSS).
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Fig. 1. Equal area projection and Rose diagrams: (A) Rose diagram showing the orientation of lineaments data set, (B) Rose diagram of the
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Several techniques with different algorithms have been
developed for determining paleostress states from fault slip
datasets. All of them rely on the Bott’s (1959) assumption
that slip on a plane occurs in the direction of the maximum
resolved shear stress, and objectively estimate the principal
stress axes (0,, 0,, 0,) besides the stress ratio, but do not
yield information about the absolute values of stress. In or-
der to choice of the best fitting techniques, many paleostress
inversion methods are compared through analyses of artifi-
cial homogeneous and heterogeneous fault-slip data with
known stress solutions. In this context, we used different
commercial computer programs including Win-Tensor v.4
(Delvaux, 2012), Tectonics FP 1.7.5 (Reiter and Acs, 1996—
2003), T-Tecto v3 (Zalohar, 2009), Mark 2011 (Melichar
and Kernstockova, 2011), as well as MIM Package (Yamaji
and Sato, 2005), the last three programs have functions for
numerically faults separation into homogeneous subsets
with their precise stress tensors. Consequently, we obtained
many of result solutions of different inversion techniques
such as Right Dihedra, Numerical Dynamic Analysis,
Gauss inversion, and P-T inversion methods. The results
were then checked for accuracy and consistency (Fig. 1),

Homogeneous Data

i Phase 1

and we found considerable consistency between the results
of different methods but generally, the best fit of principal
axes orientations with respect to fault orientations were rep-
resented by the multiple inversions in 9D-space method,
Mark program.
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The Polish Outer Carpathians is a northern part of a
foreland-verging thrust-and-fold belt which formed in
Oligocene—Miocene times (Ksiazkiewicz, 1977; Pescatore
& Slaczka, 1984). This part of belt is composed of Upper
Jurassic—-Lower Miocene flysch-dominated rocks (Ksiaz-
kiewicz, 1977; Oszczypko, 2006). The Carpathian Foredeep
is a foreland basin that formed during the Miocene due to
lithospheric flexure of the European Plate in front of an ad-
vancing Outer Carpathian orogenic belt (Krzywiec, 2001).
Its Miocene sedimentary fill is overridden from the south by

(A) Modl 1

(B) Model 2

R thrust fault
—p

“new, syntectonic material

the Outer Carpathian thrust sheets (Sieniawska et al., 2010).
The Miocene strata of the foredeep were partly deformed at
the Carpathian orogenic front and incorporated in the Outer
Carpathian belt (especially east of Cracow) as the thrust
slices being the external part of this belt which are called
Zgtobice Unit (Kotlarczyk, 1985). Sedimentation in the
Carpathian Foredeep lasted to the Middle Miocene, the
Sarmatian (Oszczypko, 2006) or even later to the Pannonian
(Olszewska, 1999).

Fig. 1. Cross-sections of the two models, which cut the experimental stack of slices, are showing the frontal slices of these models: (A)
Model 1 is showing the deformation of the original horizontal layers and (B) Model 2 is showing the deformation of the original layers to-
gether with the new, syntectonical deposited layers. For explanation of the markers a, b and ¢ see text.
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The study area is located in the zone of the Carpathian
orogenic front between Tarndéw and Rzeszéw. The aim of
the present investigation is to determine the character of the
tectonic deformation of the Miocene strata which were ge-
netically connected with the Carpathian Foredeep basin.
The transgressive Miocene marine sediments, which cov-
ered the rocks of the Carpathian nappes, preserved locally in
the form of isolated patches (Zytko et al., 1989).

Basing on the results of the field investigation, the Mio-
cene strata in the vicinity of the Rzeszow, within so-called
Rzeszé6w Embayment (Gonera, 1980) are lying nearly hori-
zontally on the rocks of the Skole nappe. These Miocene
strata are only slightly deformed, they are cut by few thrusts
and strike-slip faults. In the vicinity of the Tarnow, the Mio-
cene rocks of the southern part of the Carpathian Foredeep
are strongly folded and cut by numerous faults. The Mio-
cene strata are vertical or horizontal, and these horizontal
ones are in an overturned position (Zglobice near Tarnow).

The present paper shows the results of the two experi-
ments (Fig. 1) which were performed in the Laboratory of
Analogue Modelling, in the Institute of Geological Sciences
Polish Academy of Sciences. The experimental material
was quartz sand. During the experiments, the original hori-
zontal layers were deformed in the compressional regime
(Fig. 1A). Additionally, during second experiment (Fig. 1B)
the influence of the synorogenic sedimentation were tested.
This investigation was extended the results of Sieniawska et
al. (2010). These author’s modelled a fragment of the Polish
Carpathian orogenic front and tested the influence of the
synorogenic sedimentation in front of an active fold-and-
thrust wedge that rested on top of a weak ductile detachment
horizon, thereby examining the dynamics of growth struc-
tures.

Both, the original and new, syntectonic layers of the ex-
perimental material are involved in the active thrusting and
folding. However, the new layers deposited on the top of the
hanging wall of the active thrust are not deformed or only
slightly deformed (Fig. 1B, see “a” marker). I observed the
same slightly deformation or even absence of any deforma-
tions within the Miocene rocks in the vicinity of the Rze-
szow, within the Rzeszow Embayment. The Miocene sedi-
ments were lying on the top of the Skole nappe there and
they were thrusted together over the Miocene strata of the
Carpathian Foredeep.

The layers within the zone of the thrust fault and close
to it are deformed, they are tilted from the normal position
(Fig. 1, see “b” and “c” markers). The layer located there are
steely deeping (see “b” marker) or slightly deeping but
overturned (“c” marker). At Zglobice in the vicinity of Tar-
néw, there are the overturned, nearly horizontal Miocene
strata and the vertical strata also. The results of the experi-
ments suggest that the syntectonic deposited layers, located
in front of the active thrust were strongly deformed into the

stack of slices, the same like westward of the Tarnéw (see
Kirchner and Pottowicz, 1974).

Acknowledgements: The investigation of the Rzeszow
area was undertaken as a part of the project of the Ministry
of Science and Higher Education (Grant No. NN
525363637) and Tarnow area as a part of project of the In-
stitute of Geological Sciences P.A.S (ALLOCHTON,
INGPAN).
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The Orlica—Snieznik Dome (OSD) is one of the crystal-
line units in the West Sudetes, correlated with the Saxothu-
ringian or Moldanubian zone of the European Variscides
(e.g. Franke & Zelazniewicz 2000; Aleksandrowski & Ma-
zur, 2002). The dome is composed of various types of am-
phibolite phacies gneisses, by tradition named the Snieznik
and Gieraltow gneisses, enclosing high grade rocks, and
metasedimentary series. Details of both pre- and Varsican
evolution of the OSD are debatable, mainly because of com-
plex structural relationships between rocks, and strong
overprint of latest stage of shear deformation. The geoche-
mical signature obtained from the metasedimentary series
(= Mtynowiec—Stronie Formation) suggests that its protolith
developed as subsiding rift basin succession on the gneissic
basement between 530-470 Ma ago, and acid metavolcanic
rocks (= leptites) from the same formation originated ca.
500 Ma (e.g. Murtezi, 2006; Jastrzgbski et al., 2010, Skrzy-
pek et al., 2011). Geochemically, both types of gneisses
seem to be almost identical (peraluminous normal granites)
and coeval in origin (ca. 500 Ma) and metamorphism (ca.
340 Ma) — e.g. Turniak et al., 2000; Lange et al., 2005;
Brocker et al., 2009. Nevertheless, there are obvious differ-
ences in structural record of gneisses, and if taken as the
main criterion, the gneisses can be undoubtedly subdivided
into simple deformed L-S tectonites, with single mylonitic
foliation and elongation lineation (= Snieznik Gneiss For-
mation), and multiple deformed group of rocks with at least
2 foliations, intrafolial folds, porphyroblasts and/or leuco-
some segregations (Gieratltow Gneiss Formation) — see Re-
dlinska-Marczynska & Zelazniewicz (2011).

Hereby, a set of 24 own geochemical samples from var-
ious gneisses', together with 25 archived gneiss samples
(Lange et al., 2005) and 15 samples of ‘massive leptites’
(Murtezi, 2006) has been subjected to univariate statistical
analysis (i.a. min., max., mean & standard deviation, Spear-
man’s rank correlation, variation). The main goal was to ex-
amine if there are geologically important relationships be-
tween the OSD rocks, if sample’s selection follow our ear-
lier, structural classification (Redlinska-Marczynska & Ze-
lazniewicz, 2011). The most distinctive results can be sum-
marized as follows:

1. Correlation matrixes revealed that the Snieznik For-
mation is homogeneous magmatic suit of rocks — there are
165 very strong’ and 265 strong correlations between pairs
of constituents (430 in totals). The Snieznik Formation and
the leptites are stronger related to each other (238 pairs)
than the Snieznik and Gierattéw formations with each other
(only 180 pairs). To compare: the Gierattow Formation

alone gives 176 statistically meaningful correlations pairs,
which stands less than a half of total sum of correlated pairs
form the Snieznik Formation alone. The matrix designed for
massive leptites alone revealed in total 260 pairs of statisti-
cally meaningful dependencies.

2. Correlation applied to variation analysis revealed that
2 separate mineral phases (Fe-Mg and Mg-Mn) must have
fractionating compatible elements within the Snieznik For-
mation, while only one phase (Ti-Mg) within the Gieral-
tow Formation. Moreover, dissimilar substituents in feld-
spars can be recognized in the Snieznik Formation (Cs, Ba,
Sr, and REE in the alkali feldspar, while Ba, Sr, and Eu in
plagioclase), and the Gierattow Formation (Sr and Ga in
plagioclase, and Rb and Tl in alkali feldspars).

3. Plotting points coming from in situ chemical analyses
of porphyroclasts from the Snieznik Formation complement
the trend on Harker’s variation diagrams constructed for K,
Ca, Na, and Ba, indicating that the chemistry of gneisses
have been controlled by crystal fractionation (see Rollinson,
1993). The chemical composition of leptites is compatible
with the curvature negative trends, identifying the latest de-
gree of fractionation. On a contrary, the plotting points from
the Gieraltow Formation do not fit the pattern.

Geochemistry of gneisses (and leptites) selected care-
fully in accordance with structural classification, show that
the Snieznik Formation and leptites from the Mtynowiec—
Stronie Formation are comagmatic, while the Gieraltow
Formation stands out clearly as the heterogeneous suite of
rocks. Nearly all previous geochemical data from the OSD
obtained from the variety of gneisses are interpreted to indi-
cate no differences between gneissic suites. Results presen-
ted here confirm our earlier research (Redlinska-Marczyn-
ska & Zelazniewicz, 2011) and point out the importance of
structural record in the geological interpretations and classi-
fications.

" ICP and ICPMS methods applied in the Activation
Laboratories Ltd. Canada (own samples and cited papers).

* Spearman’s rank correlation is considered very strong
if correlation coefficient r, > (x) 0.7, and strong if r, > (£)
0.7 (vide Rollinson, 1993).
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The strike—slip fault pattern has been investigated within
the Permian—Miocene cover to the south of the Upper Pala-
eozoic Holy Cross Mountains fold belt. During field studies,
the dextral strike—slip component was observed along faults
that cut rocks buried at shallow depths up to 2 km. The study
was focused on the fault zone analysis with particular empha-
sis on the microstructure of small scale structures within the
damage zones associated with the slip surfaces. The analysis
has displayed two of the main mechanisms of fault develop-
ment with regard to rock fabric (I and II).

I. Deformation of cemented, low-porosity, medium-
and thick-bedded carbonate Jurassic rocks occurs primarily
by fracturing, veining and pressure solution that preceded
the fault initiation and propagation (Crider &Peacock,
2004). The faults propagate by segmented slip surfaces,
usually connected by calcite-filled dilational jogs (Segall &
Polard, 1980; Sibson, 1989). The faults and the surrounding
shear fractures are usually associated with calcite mineral-
ization, with bulk within the main fault. The slip surfaces
show mineral lineation, striation or/and different types of
steps resulting from the development of shear fractures.

II. Deformation of high porosity carbonate rocks and
sandstones is primarily dominated by shear band formation.
The structures has been classified kinematically as compac-
tional shear bands (after Aydin et al., 2006). The shear
bands have been divided into two types (Ila and IIb), based
on their composition, grain size, porosity and cementation
of the rocks:

— disaggregation zones (Ila), localised within highly po-
rous, poorly consolidated, coarse grained, thick-bedded
calcirudites of Miocene age,

— cataclastic bands (IIb), occurring in porous, thick-
bedded sandstones of Triassic and Cretaceous age.

The disaggregation zones exhibit a discrete shear-re-
lated reorganization of the grains that causes porosity reduc-
tion relative to the host rock. The cataclastic bands occur as
thin, up to few mm wide isolated structures or in clusters.
They exhibit grain fracturing, comminution and matrix de-
velopment that resulted in porosity reduction in relation to
the host rock. The presence of these structures facilitated the
initiation of faults that propagated by the failure of the indi-
vidual bands or clusters and formation of slip surfaces along
or within them (e.g. Aydin & Johnson, 1983, Hesthammer
& Fossen, 2001, Nicol ef al., 2013). The faults developed

within the calcirudites are segmented with rough slip sur-
faces that exhibit only discrete grooves and are intersected
with R-shears. The faults developed within sandstones are
segmented or continuous (more mature faults), usually as-
sociated with a thin layer of fault rock represented by cata-
clasites. The slip surfaces are highly polished, striated and
grooved, intersected with R-shears.

Microstructural evidence indicates that the develop-
ment of the strike-slip fault zones at shallow depths is
strongly controlled by the rock fabric of sedimentary rocks
that facilitated the failure pattern. Evidence of pressure so-
lution coupled with interpreted presence of significant
amounts of calcium carbonate-rich fluids penetrating only
the faults zones developed within low-porosity carbonate
rocks suggest that pressure solution was a common defor-
mation mechanism in the host rock during faulting, which
probably influenced the fluid source that precipitated cal-
cite.
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During orogenic processes continental crust experience
significant partial melting. Repeated thermal pulses or fluc-
tuation in water content can even cause multiple anatectic
events that result in complex intrusion suits. There are nu-
merous studies regarding chronology of such intrusions or
origin of the magmas. However, there is lack of micro-
structural characteristic of such remelting/infiltration pro-
cesses. How do we distinguish the newly derived melt from
the inherited magmatic crystals? What is the resulting mi-
crostructural appearance of such “mixed” granite? And im-
portantly how does new melt presence impact on fabric re-
corded in these granites?

We investigate extensive granitoids complex in the
Vosges Mountains in Eastern France. This complex reveal
two main generations of magmatic rocks. The first event oc-
curred at ca. 340 Ma, is associated with extensive Mg-K
magmatism and is related to building of thick orogenic root
and subsequent exhumation of deep crust to shallower crus-
tal levels. These granitoids intruded all crustal levels. The
second magmatic event occurred at ca. 325 Ma and affected
exclusively the mid-crustal level. This magmatic event pro-
duced large quantity of felsic anatectic melts which further
pervasively intruded and compositionally and texturally re-
worked previously formed magmas.

The detailed field and microstructural observations re-
vealed a transition from granites that has been completely re-
worked by the infiltrated melt to granites that preserve former
magmatic assemblage and have only incipient amount of the
new melt (Fig. 1). The new from melt crystallized material
form narrow, fine-grained pathways along grain boundaries
or cuts across pre-existing magmatic grains. With increasing
amount of the newly crystallized material the original mag-
matic xenocrysts are resorbed and show highly corroded
shapes. The early formed feldspar and quartz grains have
strong compositional zoning, with cores reflecting original
magmatic composition and rims showing later multiple melt
overgrowths. Original magmatic feldspars, biotite and Fe-ox-
ides have different composition then the new phases crystal-
lizing in the partially molten granite. The anisotropy of mag-
netic susceptibility (AMS) study shows that the original Vos-
ges granitoids fabric was either preserved or completely re-
worked by the growth of new magnetic phases. The degree of
fabric reworking corresponds to the proportion of the newly
crystallized material.

We suggest, that the new melt pervasively migrated
through the older granitoids resulting in mixture of inherited
“xenocrysts” and of new from melt derived crystals. The in-
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Fig. 1. Textural changes in the Vosges granitoid with increasing
degree of pervasive melt intrusion at microscale. (A) Original por-
phyritic granite; (B) Intermediate granite with original phenocrysts
being strongly corroded by newly crystallized material; (C) Fine-
grained, completely reworked granite dominated by newly crystal-
lized melt wit occasional relics of original phenocrysts.

teraction between new magma and previously crystallized
magmatic rock results in variety of granite textures and fab-
rics. These reflect different degree of equilibration between
the bulk rock and the passing melt.
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The density and geometry (strike and dip) of fractures
are important factors, which need to be considered when a
new part of mine is going to be established. The stability of
a mining heading is reduced when it is cut by dense fracture
zones or fractures that are oriented parallel to the heading.
Last papers on the problem of joints in copper and silver
mines in Fore-Sudetic Monocline has been published more
than 3 decades ago (Salski, 1975; 1977; Salski & Kijewski,
1976; Dumicz & Don, 1977). Since that time new mining
areas have been excavated, which allowed continuing the
research.

The field study comprised of measurements of strike
and dip orientation of fractures, density and geometrical re-
lationship between fractures in the Zechstein limestone
(Cal). During the field work more than 3900 measurements
in 11 sites of the “Polkowice-Sieroszowice” mine have been
collected.

The southern part of the mine is characterized by rela-
tively dense network of faults with range of displacement
and length. Single faults are grouped in faults zones tren-
ding NW-SE, and W—E. Towards the north faults gradually
disappear, but fracture density generally remains similar in
both northern and southern part of the mine.

In “Polkowice” area two main directions of fractures
with strikes orientation of NNE-SSW and SE-NW can be
observed. Besides small maximum of NE-SW and ESE—
WNW directions can be also measured. In “Sieroszowice”
area main directions of strikes are NE-SW and SE-N'W but
the range of strikes orientations are much wider probably
due to overlapping of different fracture generations.

Towards the north the 5-10° clockwise rotation of the
fracture system is observed. In the most northern part of the
mine, where the Jakubéw monocline occurs, new sets of
fractures have been observed. The orientation of these frac-
tures is more complex probably due to local bending.

In the vicinity of faults with the throw larger than 10 m,
the fracture zones with high density of fractures (few frac-
tures in 2-3 m interval) are present. These fracture zones are
generally parallel or oblique to faults.

Zones of very high density of fractures (few dozens in
5-10 m interval) have been also documented. Such zones
are parallel to the main fault zones and may represent initial
stage of fault formation.

The research confirmed previous results (Salski, 1975b)
from the southern part of the mine that fractures with steep
dip angles dominates in the limestones (Cal). More than
60% of fractures have dip steeper than 85° and around 95%
of fractures are within the interval of 65-90° dip angle.

Besides of steep fractures, the fractures with more gen-
tle dip angle of 10-30° have been also observed. They are
much less common, but occur in the whole area. The length
of those fractures usually does not extend more than several
meters. They are generally filled by gypsum-calcite mineral
veins. On the fracture surfaces, slickensides have been ob-
served, which indicates the movement between the fracture
sides. The strike of the fractures are generally oriented NW—
SE. However, curved planes of strike can sometimes be
seen.

Field study in “Polkowice-Sieroszowice” mine pro-
vided new data on the orientation of fractures measures in
the area previously not available for research. The data is
mostly correlated with previous results obtained by other
authors in the southern part of the mine.
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The Vistula River source area is situated on the western
slopes of the Barania Goéra — Malinowska Skata ridge (Ba-
rania Goéra Range, Silesian Beskid). The basement of this
ridge is building by rocks of the Silesian Unit of the Flysch
Carpathians. In this area Silesian Unit is composed by thick-
bedded coarse grained sandstone of the Lower Istebna Beds.
The Lower Istebna Beds are overlying by medium to thick-
bedded sandstones of the Upper Godula Beds, interbedded
by shales and thin-bedded sandstones. The Malinow Conglo-
merate are in their upper part (Burtan 1972, 1973; Nescieruk
& Wojcik 2000). These rocks are monoclinally lying to the
SW or SE at an angle 10-30°. About 170 landslides was rec-
ognized in this area as the results of cartographic works of the
Landslide Counteracting System (SOPO). Many of these
landslides are recognized as the complex, translational — rota-
tional types of mass movements and are characterized by large
range areas, high altitudes of the main scarps and different alti-
tudes of the minor scarps (Sikora & Piotrowski 2013a, b).
Most of displacements occurred consequently or obliquely to
the beds dip. Structural research included an analysis of lin-
eaments on the basis of the Digital Elevation Model (DEM),
aerial radar photography, topographic maps and the measure-
ments joints, faults and bedding planes in outcrops. They
were made especially in the Biata Wisetka Valley. Prelimi-
nary results of these analyzes show the relationships between
development of the landslides scarps, the directions of trans-
port of rock masses and existing discontinuities in the massif.
Morphology of the Vistula River source area shows numer-
ous lineaments. The most pronounced of these extend to
ENE-WSW direction. Lineaments in the Biata Wisetka Val-
ley corresponds to position of the highest scarps (up to 30
meters) of the landslide, which is situated on northern slope
of the valley. Strike of landslide scarps reflects one of the
joint sets — parallel to regional scale folds axis (Mastella &
Konon 2002). Large displacements on the surfaces of scarps
suggest the existence of listric fault. The main scarp was a
main fault surface at the same time. The minor scarps are re-
sult of faulting, slumping and sliding blocks of the hanging
wall. Tectonically transport of rock masses was generally to
S along the failure surfaces (shear planes) on different dis-
continuities (faults, joints, bedding planes) mainly in thin-
bedded intervals of the Upper Godula Beds. This direction
links to extensional stress axis (03). Tension cracks were cre-
ated at the foot of highest scarps (perpendicular to the 63 di-
rection). Gravitational movements were also connected with
erosive activity of Biata Wisetka river and regional seismic
activity. The Vistula region is one of the most active areas in
Polish part of the Outer Carpathians. On this area were earth-
quakes of M>4.3+0.4 in the 15" and 19" centuries (Paga-
czewski 1972, Raczkowski 2007). The differences in the de-
velopment of each of precipitates rocks were also significant.

Highly anisotropic Upper Godula Beds were weighted down
by the overlying thick-bedded and more homogeneous
Lower Istebna Beds which resulted in toppling and falling of
large size blocks in the upper part of the landslide (Sikora &
Piotrowski 2013c, d). Some of landslides in adjacent area
contains caves in colluviums. Among these pseudokarst
caves are the longest ones in the Polish part of the Outer Car-
pathians (e.g. Wislanska Cave and Miecharska Cave). Their
origin is related to fracture of Silesian Unit rocks and the
mass movements (Tomaszczyk 2005, Margielewski & Urban
2000, Margielewski et al. 2008). The scale of these phenom-
ena shows the catastrophic processes of the landslide move-
ments and their significant relationship to the structural con-
ditions of the region.
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In several places, because of the intense deformation,
shear zone rocks behave as an excellent fractured fluid res-
ervoir. Therefore the petrographic and structural character-
ization of the shear zone formations is very important. Now-
adays the investigation of the shear zone rocks usually car-
ries out using only a few surface outcrop and drill core spec-
imens, which provide only diffuse informations and draw
down with high costs. Our samples were obtained from a
newly bored geothermal well located inside the Mecsekalja
Shear Zone, in the South Transdanubian region of Hungary.
The Szentlorinc-1 well with the drilling chips brought to the
surface from around 2 km depth providing an exclusive
chance to investigate the shear zone beneath.

The drilling chip collection includes only a few small
rock grains unsuitable for traditional petrographic evaluation;
more than 80% of the material consists of tiny (< 1 mm) sin-
gle quartz grains. Quartz is one of the most common minerals
in the Earth’s crust, and is stable across a wide range of tem-
perature and pressure conditions. As its microstructure is sen-
sitive to diverse deformation mechanisms, quartz may pro-
vide valuable information regarding the structural evolution
of many different rock types.

Using Raman microspectroscopy, single quartz grains
and monomineralic domains characterized by different de-
formation conditions can be identified and separated. Three
microstructurally extreme quartz grain types were discrimi-

Fig. 1. Characteristic quartz grain types in the analyzed samples. (a) Quartz grain with undulose extinction (type 0: T0), (b) quartz grain
with subgrains (type 1: T1), (c) quartz grain with small, undeformed recrystallized grains (type 2: T2), and (d) transitional quartz grain with

heterogeneous microstructure.
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nated from a subsurface shear zone: grains with undulose
extinction (T0), grains with subgrains (T1), and grains with
recrystallized grains (T2) (Fig. 1). Moreover, several micro-
structurally transitional grains were measured which repre-
sent combinations of the above extremes. Statistical analy-
sis revealed that the microscopically identified extreme
grains possess significantly different spectral attributes, and
as such can be divided on the basis of certain variables of
their respective Raman spectra. The three extreme quartz
grain types were formed by different deformation mecha-
nisms and thus represent distinct deformation conditions.
The TO-T1-T2 spectral space can therefore also be consid-
ered a virtual deformational space. Although each complex
quartz grain measured also appears elsewhere in the defor-
mation process defined by TO-T1-T2 extreme conditions,
they together represent a successive deformation path. This
combined pathway is assumed to be characteristic for the
whole rock volume under study. The computed Raman
spectroscopy-based virtual deformational space enabled the
determination of the structural evolution of the analyzed
shear zone.

Characterization of single quartz grain microstructures
using the above technique along the whole well enables lo-
calization of the ductile shear zones inside the crystalline
complex. This datum was completed with well-log data,
which provide information about the brittle deformation.
Using these logs brittle shear zones (presumably cataclasite,
breccia zones) can be localized along the well. When com-
paring depths and extensions of the deformed horizons, a
coincidence of the brittle and ductile zones becomes clear
(Fig. 2). This behaviour may suggest two different evolu-
tion schemes. (1) If the firstly evolved ductile shear zones
caused softened regions inside the crystalline mass, it could
reactivate later in a brittle way due to a tectonic event inde-
pendent of the early one. (2) Provided, these structures
formed due to the same tectonic event, these zones may rep-
resent a detachment fault. These structures develop as the
result of continental extension, when the middle and lower
continental crust deformed in a ductile way is uplifted to the
brittle upper crust. As a consequence, ductile and brittle de-
formation overlaps along the same shear zones (Lister and

Brittle deformation Ductile deformation

(Thorbergsattir et al., 2010)
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Fig. 2. Ductile and brittle shear zone localizations along the
Szentlorinc-1 well.

Davis, 1989). These large scale faults usually divide crystal-
line blocks of significantly different metamorphic evolu-
tions in the footwall and the hanging wall (metamorphic
core complexes), what is a well-known phenomenon in the
metamorphic basement of SW Transdanubia, close to the
studied well.
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The Trangoska syncline (Kettner 1927) is a structure of
the Triassic sedimentary rocks which belongs to autochto-
nous or parautochtonous cover of Tatricum unit of the Cen-
tral Western Carpathians. These rocks are preserved in a tec-
tonic zone of E-W direction cutting granitoids and metamor-
phic rocks of Tatricum crystalline unit. The sedimentary re-
cord started in the Lower Triassic with basal clastic rocks
such as quartzite, arkose and “Werfenian” shale. These rocks
are covered by limestone and dolomite. Southern contacts
with crystalline rocks are usually transgressive but northern
contacts are formed by significant fault structures (Fig. 1).

Strike of the Mesozoic sediments bedding has mostly
E—W direction with deviations near fault zones. Dip of these
sediments is variable and they dip mostly to N. In the central
part of Trangoska structure occurs zone of overturned bed-
ding with dip to SSE (Fig.1 — cross-sections e—f).

Although the Trangoska structure was considered to be a
syncline (Kettner, 1927; Zoubek, 1937), we presume that it is
simple stratigraphic sequence overthrusted by granitoids dur-
ing alpine orogeny. Evidence for this thrust was found in the
eastern part of the structure, where observed crystalline rocks
are thrusted over Werfenian shales along mylonite zone.
Some small shear zones were found in foliated limestone
from central and western part of Trangoska structure. Dip of
mylonite foliation is 17° to NW and dip of foliated limestone
is around 25° to S with sense of movement top-to- NW. Sam-
ples from these outcrops showed us very strong deformation
under the green-schist facies conditions.

The Trangoska tectonic zone was later reactivated in
younger deformation phases (Neméok & Stéc 1989) which
created the recent form of structure. Very significant is
mostly south dipping normal fault which forms most of the
northern border of central and eastern part of structure and
creates brittle cataclasite zones and carbonate breccia. This
normal fault runs through the Mesozoic sequence in western
part of Trangoska structure and splits it in to two parallel
limbs separated by gneiss of tatric crystalline basement
(Fig.1 — cross-sections a—b, c—d).

Another set of transverse faults separates the western
part of structure into blocks. These faults have NW-SE di-
rection with a dip around 60° to SW with components of
dextral strike slip and normal fault. The separation into indi-
vidual blocks makes this part more complex, but allows us
to see the structure in different erosional levels.
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Fig. 1. The simplified geological map (Biely ef al. 1992, modified) and cross-sections (not in scale) of central and western part of
Trangoska structure. 1 — Quarternary sediments; 2 — Triassic limestone, dolomite and carbonate breccia; 3 — Triassic quartzite, arkose and
“Werfenian” shale; 4 — Granitoids and metamorphic rocks of tatric crystalline basement; 5 — Nape boundary characterized by
mylonitization and deformation under the greenshist facies conditions; 6 — Normal fault characterized by brittle cataclasite zones and car-

bonate breccia; 7 — Transverse normal faults.
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Increasing demands on safety of nuclear power plants
and other critical facilities as well as growing efforts for
hazard mitigation in general call for deeper understanding
of Quaternary slip history of faults in densely populated
parts of the world. Numerous observations suggest that the
research related to these issues should include the slowly
slipping faults which are characteristic for extra-Alpine Eu-
rope, since also these are capable of producing strong earth-
quakes in relatively long seismic cycles.

In the northeastern part of the Bohemian Massif and its
contact with the Outer Western Carpathians a tectonically
active crustal domain exists, located approximately between
the towns of Trutnov, Svitavy, Zlin, Ostrava and Klodsko
and largely coinciding with the central and eastern Sudetes
Mts.This region is characteristic by present-day microseis-
micity as well as historical seismicity concentrated between
Sudetic Marginal Fault — Béla Fault system and southern
margin of the Hana Fault zone (line Konice—Krométiz). The
calculated focal mechanisms (very scarce in this weakly ac-
tive region) indicate combination of strike-slips and steep
normal slips on NW-SE to N-E oriented faults. Together
with anomalous release of CO,, likely associated with
deeply permeable faults, this indicates a specific state of
stress with local permutation of main stress direction from
subhorizontal to subvertical orientation.

The reoccuring volcanic activity in Oligo-Miocene,
Mio-Pliocene and Plio-Pleistocene (northern part of the ac-
tive region) and mainly the Pliocene to Pleistocene subsi-
dence in the Upper Morava Basin (UMB; southern part of
the region) document the long-term character of tectonic in-
stability with similar deformational style. Up to 60+ m thick
succession of fluvial or fluvio-lacustrine clastics of Early-
Middle Pleistocene age lies beneath the fluvial terraces, fill-
ing narrow intra-basin grabens in UMB. Based on the offset
between these anomalous accumulations and the Early-
Middle Pleistocene fluvial terraces, minimum cumulative
vertical throw of around 100 m is estimated for some faults
(or fault sets) in Quaternary.

Recently, we started a detailed study at one of the major
faults of the UMB with length of 30+ km and pronounced
morphology, the NW-SE trending Kosif fault. In a 30 m
long and 4-6 m deep trench across the fault segment termi-
nating the Tertiary basin against the Late Carboniferous
shales (locality Stafechovice near Prostéjov) we exposed a
unique profile in the upper part of the >17 m thick succes-
sion of sediments accumulated at the foot of the fault scarp.
The sequence of several generations of Quaternary loess
and colluvia on top of the bedrock is disrupted by a numer-
ous steep (60—80°), SW dipping faults and minor antithetic
faults (Figure), both exhibiting prevailing normal slip rang-
ing from <I cmto 1.6 m. These faults form a splay-like sys-
tem resulting in the stepwise shape of the basin margin re-
vealed by electric resistivity tomographic profiles. Both
syn- and post-sedimentary faults are present and the clear
basinward increase of their age is indicated. Fault slip-re-
lated colluvial wedges were not observed in the exposed
profile.

Tectonic origin of the faults is suggested by evident
long-term activity localized in a relatively narrow zone with
only meter-scale migration towards the slope. However,
rather than representing the marginal fault proper, these
structures were likely formed by near-surface, creep-like re-
laxation of the topographic instability controlled by tectonic
slip on the main fault. In such setting, the observed absence
of structures typical for surface breaking paleoseismic
events is not conclusive. The OSL and AMS dating of the
loess horizons is currently being carried out and will allow a
detailed reconstruction of sedimentary and deformational
processes, including the slip rate which is presently esti-
mated to the order of 0.01 to 0.1 mm/year (assuming the
Late Pleistocene age of the top loess horizon).

This research is funded by projects GACR P210/12/
0573 and CzechGeo/EPOS LM2010008.
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Magnetic fabric investigations have been conducted
during the master’s degree research of the first author. Ani-
sotropy of magnetic susceptibility (AMS) in sandstones
from different outcrops of the Krosno Beds (Fig. 1) has re-
vealed the existence of typical “sedimentary” fabrics with
palaeocurrent directions, as well as magnetic fabrics, re-
cording various degrees of tectonic involvement.

AMS analysis allows for a three-dimensional study of
magnetic fabric in a rock sample. Comparison of values of

magnetic susceptibility (MS) in three orthogonal directions
(axes k1, k2, k3) enables describing magnetic fabric as an el-
lipsoid. The ellipsoid shape may be spherical (k1 = k2 = k3),
oblate (k1 > k2 but k2 > k3), triaxial (k1 > k2 and k2 > k3), or
prolate (k1 >k2 and k2 > k3) (e.g. Tarling & Hrouda, 1993).
Axis orientation of the AMS tensor of sedimentary
rocks can be interpreted either as an indicator of palacoflow
directions or as a result of tectonic overprint, which pro-
gressively modifies the original sedimentary fabric related
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Fig. 1. Sketch-map of structural units of the eastern part of the Polish Outer Carpathians with location of outcrops (modified from Slaczka

& Zytko 1978).



CETeG 2014 ABSTRACTS 91

@

Klm
K24
K3®

Hoczew

78

Kin
K2 A
K3@®

Fig. 2. AMS plots for the studied outcrops, showing three different types of magnetic fabric. Stereographic projection in a tectonic coordi-
nates system. A. oblate shape of the AMS ellipsoid from Nasiczne, B. prolate shape of the AMS ellipsoid from Hoczew, C. triaxial shape of

the AMS ellipsoid from Dwernik.

to sedimentation and compaction processes. (Graham, 1966
fide Hrouda, 1981). Increasing deformation of the sedimen-
tary rock causes changes in the shape of its magnetic fabric.
When analyzing the ellipsoid shape, the magnetic suscepti-
bility axes can be attributed to axes of tectonic stress (ibi-
dem). Pares et al. (1999) showed that rocks located at a con-
siderable distance from the front of tectonic deformations
are characterized mainly by oblate ellipsoids. At a shorter
distance, the AMS ellipsoid attains prolate shapes, to be-
come triaxial closest to the deformation front.

During the study, a total number of 190 oriented pala-
eomagnetic samples (25 x 22 mm) have been collected from
three outcrops (Nasiczne, Hoczew, Dwernik). Magnetic
susceptibility and its anisotropy were measured using an
AGICO’s KLY-3 rotating magnetic bridge. The results
were analyzed using the ANISOFT42 (Chadima & Jelinek,
2009 AGICO) software.

The measured samples from Nasiczne show magnetic
fabric typical of sedimentary rocks. The AMS ellipsoids
have oblate shapes and are clearly tilted towards the palaeo-
flow direction indicated by directional sedimentary struc-
tures. No significant directions of stress are recorded in
these magnetic fabrics (Fig. 2A). In the remaining outcrops,
the primary sedimentary magnetic fabrics have been modi-
fied by postsedimentary tectonic stress. Moreover, the rocks
from Hoczew show magnetic fabric (prolate shape), whose
orientation is almost in line with the position of regional
tectonic units (NW-SE). In this case, the prolate shape may
indicate the local extension of the NE-SW direction (03 axis
corresponds to the k1 axis) (Fig. 2B). A different AMS plot
was obtained for Dwernik (Fig. 2C). Probably, the rocks oc-

curring in this locality were most susceptible to deformation,
as indicated by the triaxial shape of the magnetic fabric.

The research shows that in the case of a stronger tec-
tonic involvement, anisotropy of magnetic susceptibility
(AMS) of flysch rocks can be used for determining stress
directions. Moreover, detailed lithological-sedimentologi-
cal studies show that the magnitude of deformation is
strongly influenced by bed thickness, grain size, and sedi-
mentary structures within the beds. The results and their in-
terpretation are crucial for the reconstruction of original
stress directions in the Silesian sedimentary basin.
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Biata Ladecka (Biata Ktodzka) river is located in Lower
Silesia (Poland) and its valley separates Gory Ztote Mts.
(Rychlebské hory Mts.) on the northeast from Gory Bialskie
Mts. on the southwest. During last year we dealt with geo-
morphology research in Biala Ladecka river basin, which
has a noticeably asymmetrical river basin, probably due to
Quaternary tectonic activity of the Sudetic Marginal Fault.
According to old research provided in this area by L. Finckh
and G. Gotzinger (1931), W. Walczak (1954) and A. Ivan
(1966), Biala Ladecka river used to flow across the Gory
Ztote Mts. directly to Oderska nizina Lowland during Plio-
cene; currently it flows to Nysa Klodzka Basin. Our re-
search was focused on analysis of all available cartographic
materials (geological and topographic maps), available liter-
ature and own detail geomorphological mapping of selected
landforms. Spatial distribution of these landforms such as
gullies, erosion trenches, dellens, alluvial plains, alluvial
fans, springs, swamps, river terraces, could potentially indi-
cate recent tectonic activity in the studied area. Moreover,
stream network parameters (based on DEM data) such as
changes in erosion intensity indicated in longitudinal pro-
files, slope gradient and Stream Length (SL) index (Hack
1973) for upper river basin were analyzed.

The results will also complete the research focused on
tectonics in the adjacent areas, e.g. paleoseismologic studies
on the SMF (Stépanéikova et al. 2010, 2011), monitoring
using dilatometric gauges TM71 installed on the SMF

(Stemberk et al. 2010), etc. Some of preliminary results will
be presented.
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In the Blansky les granulite body, in the Bohemian
Massif, in a low-strain zone, a contact is observed where in-
termediate granulite has been formed by interaction of felsic
kyanite-K-feldspar granulite with an eclogite body. This lo-
cality is important because such observations are rare; it
throws light on how such intermediate granulite may be
formed. Whereas partial melt of felsic granulite does appear
to intrude the eclogite, the primary mode of generation of
intermediate granulite appears to be by diffusion from the
melt into eclogite, not by mixing. The primary additions
into eclogite in its conversion to intermediate granulite are
K,O and H,O.

The salient features of the eclogite are garnet with large
idiomorphic omphacite inclusions, separated from a
recrystallised matrix by a zoned plagioclase moat. The ma-
trix consists of diopsidic clinopyroxene, orthopyroxene,
plagioclase, quartz, rutile and minor brown amphibole.
There is a continuous transition from this eclogite towards
the felsic granulite, involving dramatic textural and mineral
assemblage changes. The main consequences of the addi-
tions of K,O and H,O are the appearance of ternary pla-

gioclase, now with perthitic exsolution, biotite, and also
kelyphitic replacement of garnet. From a thermobarometric
point of view, ternary feldspar in the same rocks as garnet
with grossular-rich cores does not mean that they can be
combined to give PT estimates, as has been done in the past.
The garnet composition is a relict from the higher P past of
the eclogite, while the ternary feldspar grew at intermediate
pressure when the eclogite matrix recrystallised.

Zirconium-in-rutile thermometry suggests that at least
the metamorphic changes at intermediate pressure, as well
as the presence of the ternary feldspar, occurred at tempera-
tures of about 900-950°C . A PT pseudosection of the eclo-
gite is used to suggest that it equilibrated at a pressure of
about 20 kbar, and that its recrystallisation occurred at about
12 kbar. A PT pseudosection of an intermediate granulite is
used to show that the higher-7 features preserved in them
formed also at about 12 kbar. Then P-p and 7T-p pseudo-
sections are used to show how the diffusive interaction be-
tween the felsic granulite and the eclogite produced the in-
termediate granulite.
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The evidence of the movement taking place after the
cave formation is a shift in the passages profile. These re-
search focuses on such shifts documented in the Tatra’s
caves quaternary in the age. Sixteen shifts in eight caves lo-
cated in all the High-tatric units have been recorded.

Faults sub-parallel to the slopes are spaced from the
surface to several tens of meters. The stress analysis showed
that those faults are results of the horizontal widening,
which usually can be correlated with the slopes orientation.
These two factors indicate that these faults formed in the re-
sult of the relaxation of the massif. This process may be re-
lated to the extension following after the contraction, analo-
gous to the Outer Carpathians (Zuchiewicz, 1998). Can also
be caused by extension related to gravity and surface topog-
raphy. Evidence of this process can be faults where shifts
are combined with a 2-3 cm gap.

The faults located under the valley bottoms and / or op-
posite or obliquely to the slopes are result of rotational uplift
of the Tatra Mts. The rotation may cause in various parts of
the massif different local stress field. Those faults were de-
veloped under transition regime between the extensions of
the transtension related to WSW-ENE oriented tension
which is consistent with Vojtko et al. (2010). Displace-
ments of those faults exhumed pre-existing surfaces: frac-

ture, inter-bed or fault planes. It may indicate that the orien-
tation of the fault plane dependent on the existing structures
and not formed at ideal angles relative to the compression
principal axes. When the fault plane is rejuvenated, the ex-
tensions to the transtension regime determines development
of normal dip-slip or oblique-slip faults. Those situations
took place especially in the massive limestone but in the
thin-bedded limestone too when they are cut by fault. A spe-
cial case is thin-bedded Middle Triassic limestone of the up-
per limbs of the major folds dipping steeply to the South.
The stress arising from the rotation caused deformation
along inter-bed planes, those are the main weakening sur-
faces in this carbonate complex. The layers steeply inclined
toward S had been tilt toward N, which resulted the move-
ment of the layers to each other which is similar to the flex-
ural slip in character.
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State Geological Institute of Dionyz Stir is providing
geological mapping of the Biela Orava region (Fig. 1) since
July 2011. The regional-geological mapping at scale 1:50
000 is planned to accomplish till 2016. The study area is
built by the tectono-lithofacial units characteristic for the
Magura Nappe. They are the Krynica, the Bystrica and the
Raca Units (Fig. 2). They are represented by deep-water
flysch sedimentary sequences, predominantly in Paleogene
age. The tectonic slices of the Bystrica Unit are dipping to
the south mostly less than 50°. While towards to the south
part of the Bystrica Unit, the tectonic slices are steep dip-
ping. The Krynica Unit is steeply dipping to the north. The
southern part of the Krynica Unit was backthrusted over the
Pieniny Klippen Belt which resulted in origin of the
Oravska Magura ridge. It follows that the Magura Nappe
have been formed into the fan like structure. The Krynica
Unit represents a massive body of tectonic slice. The lover
part of the tectonic slice is reduced and along their thrust
line is strongly tectonically affected. The Bystrica Unit is
formed by several thinner tectonic slices. According to sim-
ilar lithostratigraphic and tectonic features we can divide it
into the four zones: greywacke zone, narrow slices zone,
glauconite sandstones zone and zone with the klippen struc-
ture. The greywacke zone is situated on the south of the
Bystrica Unit. It is characterized by abundance of grey-
wacke sandstones. It is composed of several thicker tectonic
slices (e.g. Bettadovo, Naveterny vrch Hill and Sochov vrch
Hill). The tectonic slice of Benadovo and the base of the
Krynica Unit (thin bedded flysch and red claystones) are
folded together on the several places. Three or four thin
strongly tectonically affected tectonic slices form the nar-
row slices zone of Bystrica Unit. The slices are only 100 up
to 500 m thick, but they contain as well as the Beloveza For-
mation. The glauconite sandstones zone in the northern
part of the Bystrica Unit is composed of three tectonic
slices. They are 700 — 1500 m thick. The zone with the
klippen structure occurs near Mutne and Oravské Veselé
villages. There are accumulated at least 15 thin tectonic
slices with dominance of the Beloveza Formation. The
klippen structure is formed by the lenses or strips 10 to 300
m in length built by the sandstones and Lacko marls. The
tectonic slices are affected by system of faults oriented ge-
nerally in N-S direction. The fault system is observed par-
ticularly in the Novo and Lomna surroundings, in the east
of the Maly Kopec Hill close to the Novo village, in the
north of Namestovo and in the Pilsko and Babia hora Mts.
surroundings. The N-S trending faults are steep dipping
predominantly with the vertical sense of movements.
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Fig. 1. The simplified tectonic sketch of the western part of the
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Mass movements are frequent phenomena in Polish
Outer Carpathian, more than 90% of all landslide in Poland
is located there (Dlugosz, 2011). Latest research during
SOPO* programme shows that number of landslides is far
more than 25 000 (in 75% of all Carpathian area, excluding
e.g. National Parks territory) which accounts for 20% of
Carpathian surface.

The aim of the research is to present relation between
development of structural landslide and the geological con-
text in the Ochotnica valley. By the term ‘structural land-
slide’ author means structural slides running through spe-
cific, natural geological surface, which azimuth of move-
ment is strictly related with geological structure (Klecz-
kowski, 1955). Two groups of factors have influence on
evolution of structural landslide: passive and active (Bober,
1984). Active factors are external and internal elements
connected with climate, physical processes, and human ac-
tivity (river erosion, rainfall, melting of snow, earthquakes,
land development, reduction in the strength of rocks by
changing physical and chemical rocks property) and they
affect directly on landslide occurrence and distribution. The
passive factors include geological and, resulting them, mor-
phological conditions such as slope aspect; lithology; azi-
muth and dip of layer, especially folds appearance; pres-
ence, type and scale of faults and fractures; thickness of
weathering zone (op. cit.). The passive factors determinate
places where appearance of combination of active factors
gives high possibility of landslide occurrence, and they are
the issue of this work.

The area of the research is situated in the southern part
of Polish flysch Carpathian — Krynicka Subunit and, only a
small fragment, Bystrzycka Subunit in Magura Nappe. It
contains almost 130 km® of Ochotnica river drainage areas’.
The region is built of sandstone-shale flysch deposits of
turbidite origin. Mechanical characteristic of flysch rocks
and complex tectonic affects the development of mass mo-
vement. In the examined area more than 500 occurrence of
mass movement was describe. More than 90% of them are
classified as structural landslide.

Many authors (Kleczkowski, 1955; Mastella, 1975; Bo-
ber, 1984; Wojcik, 1997; Zabuski ef al. 1999; Margielew-
ski, 2004) indicated relation between mass movements and
geological structure, but only few (Dlugosz, 2011) under-
took the try to calculate the real effects using mathematical
models. To compare landslide distribution with geological
factors was built a 3D geological model that contains sur-
face area with map of landslides. Model based on all avail-
able data such as geological unit boundary, location of
folds, faults and strike/dip measurements that derived from

author field work, regional geological maps in 1:50 000 scale
and analysis of digital elevation models. A surface area in the
model was create from LIDAR data (ISOK** program)
which resolution is 1 meter. The field research covers geo-
logical and landslides mapping in 1:10 000 scales. Geologi-
cal mapping contains observation and measurements of li-
thology, strike/dip orientation, folds and faults occurrence
and their parameters, fractures. Landslide mapping include
range of landslide body and orientation, height and type of el-
ements of internal morphology (e.g. scarp, trenches, water in-
dications).

The 3D structural model allows using geostatistics
analyses to calculate distribution of different parameters
such as: consequence ratio (Tomaszczyk et al., 2012), geo-
logical formations, density of faults, slope aspect and dip.
These final maps were collated to map of landslide occur-
rence. Proposed methodology allows to define an impact
that each parameters have on landslide occurrence and dis-
tribution, not only in qualitative way but also quantitative.

* Protection system against landslide risk
** IT system of country protection against extreme hazards
(ISOK)
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Upper Silesia Coal Basin is one of the most important
places in geological map of Poland because of energy re-
sources potential, not only coal but also methane (e.g. Coal
Bed Methane) and tight gas (Kwarcinski et al., 2008). It is
also a region liable for peculiar anthropopression, because
of long and intensive using of subsurface space. Therefore,
a detailed study on geological structure of USCB is essential
task for Polish Geological Survey. Nowadays, multidimen-
sional modelling and visualization of geological data permit
fundamental advances in Earth Sciences. Recently 3D geo-
logical modelling is mostly used in hydrocarbon issues but
there is huge potential and possibilities to use it in other
fields of interest (Xue et al., 2004; Kaufmann et al., 2008).

Upper Silesia Coal Basin is a homogenous part of Up-
per Silesia Block built of lithological and facies varied Car-
boniferous rocks (Bula et al., 2008). Lithostratigraphic pro-
file starts from clastic rock with flysch character (kulm).
Later the sedimentation changes to molasses, coal-bearing
facies, and first paralic and then limnic (op.cit.). USCB, as a
part of USB, is divided to few main tectonic Units: Mora-
vian—Silesian Fold and Thrust Belt, Upper Silesia Through,
Upper Silesia Fold Belt, Rzeszotary Horst and Liplas
Graben (Buta et al., 2008). The borders of USCB determine
range of coal-bearing rock of Upper Carbon and regional
Fault Zones. In the east, it borders with Matopolska Block
along Cracow—Lubliniec Fault Zone and probably contin-
ues to north with Odra Fault Zone. West border is compli-
cated and runs along Moravian—Silesian Fault Zone. In the
south, it contacts with Brno Block along Hana Fault Zone
and continuous to Pery-Pieniny Fault Zone (op.cit.).

On USCB area are available two main sources of data:
deep boreholes and mine documentations (e.g. short bore-
holes, maps of coal layer). On USCB drilled more than 5600
deep boreholes, including 1200 boreholes deeper than 1000
m. 57% of USCB area is covered with mine documenta-
tions. Only in the southern part, significant number of seis-
mic profiles was done (Jureczka, 2005). 3D geological
modelling usually based on continuous information, such as
seismic profiles, but some of numeric methods allow creat-
ing a mathematically and geometrically correct 3D geologi-
cal modelling from boreholes, cross section and geological
map (Fernadezo et al., 2004, Galera et al., 2003). This kind
of 3D models is based on information concluded in 1D
boreholes and 2D geological maps and cross section, such
as geological unit boundary, location of faults and strike/dip
measurements (Kaufmann et al., 2008).

Four research areas were proposed for further analysis:
Oswigcim, Pszczyna, Mikotéw and Bedzin. The differences

between them are geological structures, scales of coal produc-

tion, extent of recognition and source of data. After first step of

analysis, that takes into account e.g. coherence, homogeneity,
density of data Mikolow area was chosen for further analysis.

The first and most important thing in a geological mod-
elling process is to gather, sort and select usable data. It is
fundamental work before building an acceptable model. Se-
lected data need to be processed and reinterpreted in order
to create coherent dataset that contains one coordinate sys-
tem and geological and structural information consistent
with current knowledge. One of the main problems in the

USCB area is the heterogeneity of data and their interpreta-

tions. There is huge variety of recent and older data and

only some of them are accurate enough and representative
and can be used in 3D modelling (Stano, 2012). Most of
older data are only paper form and need to be digitised. In
our work, we propose a methodology that provides prepar-
ing coherence dataset that can be used in geological model-
ling and a methodology for creating a structural model.

USCB is atypical area, because of very good recognition in

Carboniferous strata, and pure in other strata. There is also

huge number of data, but with high heterogeneity. That is

the reason the USCB needs individual applications.
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There are several pseudokarst caves in the High Tatra
granitoid core (S Poland). Two genetic types might be distin-
guished, based on recent, predominant (main) cave-forming
process: gravitational-relaxation-tectonic caves (release/tec-
tonic fractures) and weathering-erosive caves. Twelve of
thirty-one caves of Polish part of granitoid core are described
in this paper and classified into these two types. These, be-
longing to the gravitational-relaxation-tectonic type of caves,
are described in terms of displacement characteristics. Wea-
thering-erosive caves are predominantly formed by surface
physical erosion which is shown by their shape. This paper
also provides information about tectonic parameters of four
new caves (were not named yet), occurred in High Tatra
granitoid core: first formed in vertical joint set, on the north-
ern slope of Rysy mountain (called Mala Szpara pod
Rysami Cave), which also comprise a main fault zone (ac-
cording to Grochocka-Piotrowska, 1970). The rest also
formed in two crossing, vertically or near-vertically joint
sets in Mnich’s massif, which one has a several meters fault-
ing displacement.

One of these primary cave-forming processes is joint-
ing, as a result of magma shrinking during melt solidifica-
tion. Three joint systems occur in High Tatra Mts.: one hori-
zontal set (called L) and two vertical, intersecting sets
(called Q and S) (Cloos, 1921). These joint sets intersect to
form a non-orthorhombic system, and only rarely perpen-
dicular joint system(s). Fractures are divided into two
groups: extension fractures (which apparent in High Tatra
morphology features as ridge trenches) and release joints
(they are reflecting stress directions in the past, called: “re-
sidual stress” (Kieslinger, 1960; Price, 1966). Some of these
joints are secondary filled with hydrothermal products, tec-
tonic breccia, cataclasites and/or mylonites. All of these fill-
ings cause a kind of locally weakness of rock structure and
thus are creating good conditions to form caves. The most
important cracks to forming caves is vertical fracturing of
massif because it gives possibility to water erosion, e.g.:
rockfalls and gelivation (especially for High Tatras: LGM —
Last Glacial Maximum). Gelivation happens also recently,
through the snow erosion, so called nival erosion (f.e. Rut-
kowski, 1974, unpublished). The rate of forming weather-
ing-erosive caves depends on: land morphology, mass wast-
ing, temperature amplitudes, forest presence (it reduces ero-
sion speed) and level of insolation. Gaal & Bella (2010)
have described geological features of the Slovakian part of
High Tatra Mts. They made a discussion about relation be-

tween tectonic and weathering processes and presented
some examples. | use their conclusions to caves, occuring in
the Polish part of High Tatra Mts and gathered information
about morphology of these caves, presented by Twyrdy
(2014; unpublished). 1 have also considered observations by
Wojcik (1961) and assign a predominant cave-forming pro-
cess to each of these caves. Another case of this paper is
showing the correlation between a shape of cave with their
predominant cave-forming process, which is clearly ob-
served in High Tatra Mts.
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The Morocco Variscan belt is considered to be the
south-western continuation of the European Carboniferous
orogen on the NW Gondwana margin. The Rehamna Massif
in the west (belonging to the Coastal Block) is composed of
Cambrian to Devonian sediments covering Proterozoic
basement and shows only weak deformation. The central
and eastern Rehamna parts belong to the Central zone of the
western Meseta, formed by Devono-Carboniferous intra-
continental basins and by underlying Proterozoic basement.
These basins are reworked by late Palacozoic deformation
under Barrovian geothermal gradient and are intruded by
felsic magmas.

Three main deformation events (D1, D2 and D3) of
variable intensity and geometry were identified. The first
forms a flat-lying metamorphic foliation S1, which is de-
formed by WSW-ENE trending F2 folds with associated
sub-vertical S2 cleavage, then heterogeneously reworked by
NNE-SSW trending F3 folds with an S3 cleavage moder-
ately to steeply dipping to ESE. Crystallization—deforma-
tion relationships in the Barrovian sequence show that bio-
tite, garnet, chloritoid and staurolite grew in the S1 subho-
rizontal fabric, and that chloritoid and staurolite continued
their growth during the early stages of the development of
the S3 fabric. Andalusite porpyroblasts around granitoid in-

trusions show either S3 pressure shadows, pointing to the
syntectonic nature of the intrusions or are post-tectonic.
Crystallization—deformation relationships, combined with
mineral chemistry and mineral zoning are combined with
pseudosection modelling into P-T-d paths. Based on these
P-T-d paths, three main tectonic events have been recog-
nized: 1) Southward thrusting of an Ordovician sequence
over the Proterozoic basement, its Cambrian sedimentary
cover and the overlying Devono-Carboniferous basin. This
event caused subhorizontal shearing and prograde Barro-
vian metamorphism of the buried rocks. 2) Continuous
shortening resulting first in continuation of burial, then in
the development of a syn-convergent extrusion of metamor-
phosed units to form a dome elongated E-W. This was re-
sponsible for syn-convergent detachment of the Ordovician
upper crustal sequence. 3) The next episode of convergence
took place in a ESE-WNW direction orthogonal to the pre-
vious one and is characterized by the accretion of the Re-
hamna dome to the continental basement in the east. Exist-
ing Ar/Ar dating shows that the first and the second defor-
mations occurred during the Late Carboniferous to Early
Permian (315-290 Ma) and that the third deformation took
place during the Early Permian (290-275 Ma).
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The Eger crystalline unit (ECU) consists of high-grade
anatectic rocks as gneisses, migmatites, granites and granu-
lites. They are commonly interpreted as felsic orogenic
lower crust that was rapidly exhumed (1.1-2.5 mm/year)
during the Variscan orogeny at around 340 Ma along the
Tepla—Barrandian and Saxothuringian suture zone (Zulauf,
2002). Peak metamorphic conditions for these anatectic
gneisses and granulites were estimated at ca. 740-845°C
and 14-16 kBar (Kubikova, 2009). The gneisses and mig-
matites of the ECU differ by increasing volumes of the crys-
tallized melt and range from banded mylonitic orthogneiss
with recrystallized monomineralic bands, through stromatic
migmatites, inhomogeneous (dirty) diatexites to isotropic
granitic gneisses and granites. Field relationships suggest
that these rocks are all derived from the same protolith and
represent a continuous sequence. In this study, we aim to
understand mechanisms driving the gradual breakdown of
the orthogneiss mylonites. We use high-resolution cathodo-
luminiscence, back-scattered diffraction and micrograph
imagery together with the element maps.

We suggest that the continuous transition from banded
orthogneiss to non-foliated granitic gneisses or granites is
caused by two contrasting mechanisms: (1) Pervasive infil-
tration of melts that migrated through these rocks, where
melt passes pervasively along grain boundaries through the
whole rock volume changing the macro- and microscopic
appearance of the rock, its mineral composition and geo-

0.5 mm

Fig. 1. Cathodoluminiscence image of a K-feldspar band (light
grey) in between two quartz ribbons (black). Extensive fragmenta-
tion of K-feldspar grains (arrows) along their margins is coupled
with melt injection. Crystallized melt is interpreted as the dark grey
coatings of the K-feldspar fragments.

chemical whole-rock signature. The textural variations from
orthogneiss to diatexite have been interpreted by different
degrees of equilibration between the bulk rock and the pass-
ing melt. The melt infiltration is heterogeneous and leaves
behind the relicts of banded orthogneisses locally preserved
as ghost-like structures in newly formed granitic rocks/dia-
texites. (2) Cataclastic failure evidenced by ubiquitous
cracking of K-feldspar and plagioclase grains, rotation of
their fragments, wedge-shaped pools of unlike phases (mi-
micking crystallized melt) in K-feldspar and plagioclase
(Fig.1) and later mechanical mixing of quartz, plagioclase
and K-feldspar. The brittle failure of such rocks in the pres-
ence of melt has not been previously described and we pos-
tulate that it was triggered by high melt pressures coupled
with the volume increase of the melting reaction together
with increased pore pressure due to pervasive melt migra-
tion. Finally, we suggest that the migration of melt through
the anatectic region producing the “ghost structures” may
imply processes in melt sources, where disaggregation and
entrainment of the host in escaping melt provides magmas
with source rock xenoliths.
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The Orlica—Snieznik Dome (OSD), NE Bohemian Mas-
sif, contains in its core several gneiss variants with proto-
liths dated at ~500 Ma. In the western limb of the dome,
rodding augen orthogneisses with prominent stretching
lineation, mainly L>S tectonites, dominate. In spite of ap-
parently simple mesofabric of the L>S tectonites, these
rocks show evidence of multiple deformation on mesoscale
and microscale. Scarcity of published results of quartz
c-axis fabrics in constrictionally deformed metagranites im-
pedes comparisons of these rocks with other natural exam-
ples. Studies of quartz LPOs in rocks deformed in the con-
strictional regime are seldom and most accounts deal with
rocks deformed in the plane or flattening strain regimes that
usually develop in planar shear zones.

Microscopic observations of the Spalona augen rodding
orthogneisses suggest that the texture formation in these
rocks was a protracted, multistage process The quartz c-axis
microfabrics show complex yet reproducible patterns that de-
veloped under the joint control of strain geometry and tem-
perature. The quartz pole figures are mixed features repre-
sented by pseudo-girdle patterns. Quartz grains from quartz
ribbons and tails at K-feldspar augens are suitable for micro-s
tructural analysis whereas quartz grains from quartzofeldspa-
thic aggregates are less informative, which is likely due to the
presence of feldspar grains that recrystallized concurrently in
such aggregates. The K-feldspar and quartz rods display
shape fabric represented by the triaxial prolate ellipsoid
which evolved in the constrictional field with some non-co-
axial rotational strain in the general shear regime.

We found that the overall microfabric patterns in
gneisses of the Gory Bystrzyckie Mts. are more complex
than those obtained by other authors (Cymerman, 1997;
Szczepanski, 2010) who reported rather simple LPO pat-
terns that were interpreted as mainly type I and type II cross
girdles. These were mainly explained by dextral strike-slip
shearing in the plane strain and simple shear regime, which
develops in a typical shear zone.

In our study the quartz LPOs patterns c-axis orientations
in the augen rodding orthogneiss were measured independ-
ently for three domains: (1) quartz ribbons, (2) quartzo-
feldspathic aggregates, (3) pressure shadows at K-feldspar
porphyroclasts. Then synoptic diagrams were constructed. In
selected samples, quartz c-axis orientations were measured
(in the XZ plane) for each of the three distinguished domains
separately to check whether their microfabrics are similar or
different and to what extent they differ. The pole figures re-
vealed for the quartz ribbons resemble type I cross girdle
pattern, which does not agree with the perfect rodding struc-
ture of L>>S type gneisses. In spite of the simple con-
strictional mesofabric, the L>S tectonites show quite com-

plex yet reproducible patterns of quartz c-axis distribution.
The microfabrics of the Gory Bystrzyckie gneisses repre-
sent a composite feature because of multiple deformation of
the rocks and common interplay of strain geometry and tem-
perature during the deformation. They cannot be explained
by the model of a shear zone with strain intensity varying
across it (Zelazniewicz et al., 2013).

Because of multiple deformation, the observed quartz
LPOs patterns in the rodding gneisses, which are mixed fea-
tures represented by pseudo-girdle patterns, cannot be uti-
lized as a characteristic identifier of the constrictional re-
gime. However the patterns are compatible with observa-
tions made by Sullivan & Beane (2010) in metargilites (am-
phibolite facies) from California, in which they found
microfabrics transitions between true double-girdles and
type II cross girdle and small circle girdles around X. Both
their and our data are generally consistent with the models
of Lister & Hobbs (1980) and Schmid & Casey (1986).

Our study suggests that the texture formation in the
studied orthogneisses involved strain partitioning with
changing strain rate and kinematics in the general shear re-
gime under temperatures of the amphibolite facies (450—
600°C). The estimations agree with those inferred by us
from the activity of prism <c> and prism <a> slips and are
furthermore compatible with temperature data calculated by
a number of authors for the country metasediments. Such
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Fig. 1. Tectonic position of rodding augen gneiss bodies in the
western limb of the Orlica—Snieznik Dome. a — block diagram
showing the relationships between the gneisses (dense dots) and
mica schists (sparse dots) in the vicinity of Duszniki; b — simplified
cross-section through the central part of the Gory Bystrzyckie Mts.,
showing location of the gneisses in the hinge zones of large-scale
folds and the N-ward movement (elongation) which gave rise to
opposite strike-slip kinematics at the opposite margins of the
Spalona gneiss body (after Zelazniewicz et al., 2013)
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consistencies may suggest that both the metasediments and
metagranites were deformed in similar crustal levels.

In the rodding augen orthogneisses, the K-feldspar and
quartz rods display shape fabric represented by the triaxial
prolate ellipsoid which evolved in the constrictional field
with some non-coaxial rotational strain in the general shear
regime. Such ellipsoid fits well the observed mesofabric and
composite microfabric. It is possible that the strain path
started under conditions closer to the plane strain and then
changed over to constriction. Such switch can be accom-
plished in the hinge zone of a large scale fold where the
elongation occurs parallel to the fold axis (Fig. 1). Inclined
to recumbent folds (F2) of that dimension were identified at
the northern tip of the Spalona body in mica schists and
gneisses by Zelazniewicz (1978) (Fig. 1a). It is suggested
that the constrictional fabric in the gneisses along with the
observed belts of opposite kinematics can be explained by
the presence of such folds (Fig. 1b). Opposite sense of
shearing found on a small scale within the studied samples
can be explained by dominantly coaxial regime in which the
inclined objects tend to rotate toward the fabric attractor to
reduce an acute angle with it and by different rates of the
partitioned strain. On a larger scale, the co-existence of belts
with opposite kinematics in the Spalona body can be ex-
plained by large-scale folding (Fig. 1).

In the western OSD, more complex strain history was
recorded by sheared migmatitic gneisses. We observed that
in these gneisses, the fine stretching lineation, expressed by
reddish Kfs rods, and parallel with mica lineation was over-
printed first by the feldspar-mica lineation and then by the
white mica lineation, which all evidence multiple deforma-
tion at lowered temperature. The migmatitic gneisses were
deformed first at relatively high temperature probably by
flattening and then by constriction and coaxial plane strain
at general shear regime, when basal and rhomb <a> slip sys-
tems operated. The constrictional strain, characteristic of
the Spalona augen orthogneisses, was in migmatitic gneiss-
es imposed on the originally planar fabric defined by
high-temperature migmatitic layering. The domainal differ-
ences in quartz microfabrics recognized in the selected sam-
ples are common for the Spalona orthogneisses but uncom-
mon for the sheared migmatitic gneisses. For what was re-
ferred to as anatectic orthogneisses, Prikryl et al. (1996)
also reported the presence of two perpendicular quartz and
feldspar fabrics, the succession of the W—E and N-S linea-
tion sets, which agrees with our observations.

We propose that the rodding augen gneisses in the Gory
Bystrzyckie Mts. developed in partly or wholly detached
bodies which were located in the hinge zones of antiformal
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folds and bounded by ductile faults. In the eastern OSD, the
large-scale, easterly and westerly verging folds was recog-
nized and mapped (Don et al., 2003). In kilometer-scale
folds, one can find rodding gneisses (L>S tectonites) in the
hinge areas (Migdzygorze, Mtynsko, etc). In general, it is
proposed that rodding gneisses may serve as a tool for the
identification of the large-scale closures of folds developed
in the regions which are built of schistose metasediments
and metagranites enclosed in them. The constrictional fabric
in metagranites may develop in the hinge zones of large
scale folds, where the elongation occurred parallel to the
fold axes (Fig. 1).
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The Drietoma unit represents a rock sequence recog-
nizes in the western segment of the Pieniny Klippen Belt
(PKB). The lithostratigraphy and tectonic position of the
Drietoma unit were contradictory interpreted by various au-
thors since 1969. The specific sedimentary sequences in the
stratigraphic range of Upper Triassic (Norian) to Lower Tu-
ronian has been originally described as a part of the Manin
unit (Began, 1969). Later Rakus (1977) classified mentio-
ned sediments into the Drietoma unit. The younger strati-
graphic member, the flych sedimentary sequences (Albian—
Turonian), have been interpreted as an integral part of the
Drietoma unit. However, there is no evidence about sedi-
mentary or stratigraphy continuity of Upper Triassic to Lo-
wer Cretaceous (Berriasian) sedimentary sequences with
the Albian—Turonian flysch sediments. Their contact is tec-
tonic.

The position of the Drietoma unit occur between the
sedimentary sequences of the internal units of the Western
Carpathians on the south and between the integral units of
PKB (Kysuca and Czorsztyn unit) on the north. The Drie-

toma unit is allochthonous tectonic unit thrusted over the
tectonic units of the Pieniny Klippen Belt. The Fatricum and
the Hronicum tectonic units are in tectonic superposition
above the Drietoma unit. The tectonic transport of sedi-
ments was generally top to the NW direction. The Drietoma
unit is a particular structural element displaced into the area
of recent course of PKB from internal or southern zones af-
ter the Turonian.
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