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Abstract: Based on the interpretation of 2D seismic profiles integrated with surface geological
investigations, a mechanism responsible for the formation of a large scale normal fault zone has
been proposed. The fault, here referred to as the Rycerka Fault, has a predominantly normal dip-
slip component with the detachment surface located at the base of Carpathian units. The fault
developed due to the formation of an anticlinal stack within the Dukla Unit overlain by the Magura
Units. Stacking of a relatively narrow duplex led to the growth of a dome-like culmination in the
lower unit, i.e., the Dukla Unit, and, as a consequence of differential uplift of the unit above and
outside the duplex, the upper unit (the Magura Unit) was subjected to stretching. This process
invoked normal faulting along the lateral culmination wall and was facilitated by the regional,
syn-thrusting arc—parallel extension. Horizontal movement along the fault plane is a result of tear
faulting accommodating a varied rate of advancement of Carpathian units. The time of the fault
formation is not well constrained; however, based on superposition criterion, the syn -thrusting
origin is anticipated.

Keywords: seismic interpretation; western outer carpathians; hanging-wall drop fault; orogen
parallel extension; syn-thrusting normal faulting

1. Introduction

The Outer Carpathians (OC) are a well-known example of a thrust and fold belt
formed during the Alpine orogeny as a result of the Alpine—Carpathian (Alcapa) and the
Tisa blocks collision with the North European Platform (e.g., [1-3]). This young, Miocene in
age, thrust and fold belt encircles inner units and forms an arcuate geometry, (e.g., [1,4,5]).
The structural fabric of the Outer Carpathian, i.e., main thrusts and folds, follows the
arcuate geometry. The geometry of the Outer Carpathians Thrust and Fold Belt (OCTFB)
implies the occurrence of a radial (i.e., arc-parallel) extension at least in the outer part
of this mountain arc. It is assumed that the effects of such forces should be recorded
as extension-related structures like roughly thrust-perpendicular normal faults. Such
structures were comprehensively studied for example in the area of Alps (e.g., Simplon
and Brenner faults) [6-9].

Apart from the compression-related structures, numerous normal and strike-slip faults
were described in the OC. Based on his research, Unrug [10] provided a general description
of regional-scale, thrust-perpendicular, strike-slip faults identified along the arc of the
Polish Outer Carpathians and claimed their syn-thrusting origin. Aleksandrowski [11]
suggested that thrust-orthogonal faulting, mainly of tear-fault character, occurred during
the compressional phase. The author stressed the different development of folds on both
sides of such faults, which exclude their post-compressional origin. Using the palinspastic
restoration method, Morley [12] proved that the arc-parallel extension related to the arcuate
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nature of the OCTFB is a must, and should be compensated by the transtensional faults.
Based on field studies from the eastern part of the Polish OC, Rubinkiewicz [13] linked the
normal faulting events with the post-orogenic uplift of the Carpathians. The first event
was characterized by a minimum stress axis (03) being approximately orthogonal to the
thrusting direction, which resulted in normal faulting perpendicular to the thrusts. During
the second stage, because of the reorientation of the stress axis, normal faults’ strikes
aligned with the thrusts. Jankowski and Margielewski [14] emphasized the significance of
the gravitational collapse of the Carpathian orogen, as well as its syn-compressional radial
extension in the formation of normal faults. According to the authors, the latter process
was responsible for the formation of a set of normal faults that are roughly perpendicular
to the strike of main compressional tectonic features. Such faults are drawn on recent
geological maps co-authored by Jankowski [15]. In the paper by Jankowski [16], the
author presents numerous examples of normal faults observed in outcrops, implying
gravitational collapse and radial extension as the main processes responsible for their
formation. However, no clear criteria were presented on how these kinds of faults might
be identified. Jankowski’s view corresponds to the results of other researches. For example,
based on thermochronology supported by cross-section restoration it was proved that
the extensional regime is related to the late Miocene exhumation of the orogen and its
gravitational readjustment [17-20]. In numerous articles authored by Zuchiewicz [21-23],
it is suggested that the neotectonic activity of the Outer Carpathians is related to the
post-thrusting relaxation of the horizontal compressional stress, as well as to the isostasy.
In subsequent paper, Zuchiewicz and co-authors [24] gave an extensive overview of the
recent (from the late Miocene to the present day) stress regime evolution of the Carpathian
Fold and Thrust Belt. In this paper, the authors suggest that during the late Neogene
times, the Polish part of the OC was shaped mainly by normal faulting episodes. However,
they also underline that during that time some compression related structures were also
formed, therefore it can be assumed that non-uniform stress arrangement within the Polish
Outer Carpathians is possible. For the Pliocene to Quaternary period, a weak, thin-skinned
tectonics is postulated by the authors. During this period, some normal faulting occurred at
the margins of intramontane basins as well as in the western part of the fold-and-thrust belt.

The evolution and strain patterns of arcuate mountain belts had been widely investi-
gated based on theoretical considerations, analogue and digital modelling, paleomagnetic
and magnetic susceptibility investigations as well as field examples (e.g., [6-8,12,25-40]).
Hindle and Burkhard [34] summarized most of the proposed models and distinguished
three end-members of arcuate mountain belts, i.e., oroclines, “piedmont glaciers” and
primary arcs. According to their definition, oroclines are formed as a result of the pure
bending of initially straight belts. This model requires a large amount of extension along
the outer side of an arc and compression in the inner part. The “piedmont glacier” model
also exhibits significant arc—parallel extension related to radially divergent transport di-
rections [29]. In this model, the amount of extension increases towards the foreland. In
contrast to the previous models, primary arcs are characterized by uniform transport
directions and exhibit arcuate geometry from the beginning of formation. They can be
discriminated from previous models by significantly lower rates of the radial extension.
Not without importance is a thin- or thick-skinned character of an arc. Johnston and
co-authors [37] differentiate between progressive and secondary arcs which are a product
of thin- or thick-skinned tectonics, respectively. According to the authors, progressive arcs
(thin-skinned) are characterized by a much lower degree of radial extension with respect to
secondary arcs (thick-skinned), which formation involves the upper mantle.
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Despite the ambiguous origin of the OCTFB in terms of formation of the arc [12,32,41-47],
a considerable amount of extension is expected within nappes units. According to Zweigel
and co-authors [45,46] the magnitude of radial extension in the Romanian sector of the
Outer Carpathians does not exceed 20%. Slightly higher values, up to 26%, are suggested
from map-based restorations performed by Morley [12]. Despite no direct estimations
of the magnitude of the radial extension for the Polish sector of the OCTFB, geologi-
cal maps depict numerous normal and strike-slip faults perpendicular or oblique to the
thrusts (e.g., [15,48,49]) suggesting the radial extension as a process responsible for their
formation [14,50]. This view is also supported by meso- and microscale structural obser-
vations [13,46,49]. The syn-compressional normal fault pattern is overprinted by normal
faults formed during the post-thrusting extension event mainly of orogen-normal charac-
ter [14,24]. This concept is supported by the apatite fission track analysis [17-20] indicating
extension-related exhumation and gravitational collapse of the accretionary wedge. Ex-
tensive field investigations with a detailed analysis of kinematic indicators performed
by Beidinger and Decker [51] in the area of the NE Slovakia and SW Czech Republic
demonstrate that the western OC were deformed in four deformation phases, which can
be directly correlated with the tectonic history of the Eastern Alps.

In this article, based on seismic data interpretation, geological mapping and high-
resolution digital elevation model (DEM) analysis supported by field observations, we
describe a seismic-scale, thrust-perpendicular fault, here referred to as the Rycerka Fault
(RF). We identify and investigate the link between the formation of an anticlinal stack in
the Dukla Unit and the nucleation of the Rycerka Fault. Finally, we attempted to explain
the formation of the RF in the context of the evolution of the OCTFB and demonstrate
that arc-parallel extension might be an important factor responsible for the formation of
large-scale (i.e., hundreds to thousands meters displacement), normal faults.

2. Geological Settings

The research area is located in the westernmost part of the Polish Outer Carpathians
which are composed of large thrust sheets encircling the inner part of the Carpathian orogen,
(e.g., [1,52]) (Figure 1). The formation of these thrust sheets, also referred to as nappes, was
related to the Miocene closing of several sedimentary basins, which previously had been
developed on the thinned crust of the European Platform [1—4,53]. During the thrusting
phase, the sedimentary fill of the basins was detached and thrusted northward onto the
North European Platform, therefore each nappe is expected to represent a sedimentary
fill of a different basin or its part. Within the Polish segment of the Outer Carpathians,
the following units have been recognized (from south to north) (Figure 1): the Magura
Unit, the Dukla Unit and the Fore-Magura Group of Units, the Silesian and sub-Silesian
Units and the Skole Unit, which is known to occur only in the eastern and central parts
of the Polish OC. The Dukla Unit was originally defined in the eastern part of the Polish
OC [54], whereas deposits cropping out in the central and western OC in the form of several
elongated tectonic windows or semi-windows within the Magura Unit were recognized as
the Fore-Magura units [55]. Nevertheless, the same structural position and similarity in
sedimentary succession imply that the Fore-Magura units form the western extension of
the Dukla Unit [56,57] (Figure 1).
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Figure 1. Schematic map of the Polish Outer Carpathians. Research area marked with a black rectangle (see Figure 3).
PKB—Pieniny Klippen Belt (tectonic suture zone between the Outer and Central Western Carpathians of thrust and
strike-slip origin, represented by the Jurassic-Lower Cretaceous shallow to deep-water limestones), MU—Magura Unit
(the innermost and largest tectonic unit of the Western Outer Carpathians, built of the Upper Cretaceous and Paleogene
flysch-type sediments), DU—Dukla Unit (structurally lower unit, composed of the Upper Cretaceous and Paleogene pre-
and synorogenic flysch-type sediments), SU—Silesian Unit (composed of continuous succession of the Upper Jurassic to
Lower Miocene deposits, with predominance of pre-orogenic flysch deposits in the western part and syn-orogenic in the
east), SSU—Sub-Silesian Unit (tectonically underlying the Silesian Nappe, composed mostly of the Upper Cretaceous to
Eocene pelagic variegated marls, deposited on the intrabasinal Sub-Silesian ridge forming the northern slope of the Silesian
Basin), SkU—Skole Unit (most external unit of the Polish Outer Carpathians, built of the Lower Cretaceous to Miocene rock
succession with predominance of syn-orogenic Oligocene to Miocene deposits), CF—Carpathian Foredeep (molasses-type
sediments), FM—Folded Miocene sediments of Carpathian Foredeep (para-autochthonous). See text for more explanations.

The research area is occupied by the sedimentary sequence belonging to the Magura
Unit (Figure 1), which is divided into four second-order sub-units (from south to north):
the Krynica, Bystrica, Raca and Siary Subunit [58]. However, only the last two subunits
are present in the research area. Within the research area, the Magura Unit is built of
the Upper Cretaceous to Oligocene rocks formed as a result of deep water, flysch-like
sedimentation [59,60] (Figures 2 and 3). The oldest shaly Malinowa Formation of the
Turonian—Lower Senonian age forms part of the Siary Subunit [61,62]. Above, a thick
turbidite sequence of the Jaworzynka Formation, Szczawina Formation and Ropianka
Formation [62-66], formerly known collectively as the Inoceramian Beds [67] is present.
These formations represent the Upper Cretaceous to Palaeocene period. At the end of
the Palaeocene, the deposition of the deep-water variegated shales of the Labowa Shale
Formation occurred throughout the whole Magura Basin [68]. This kind of sedimenta-
tion continued into Eocene; however, in the south parts (the Bystrica Sub-unit and the
Rac¢a Sub-unit) it was replaced by the Beloveza Formation dominated by thin-bedded
turbidites [62,69]. The youngest deposits are represented by the Magura Formation in
the Bystrica and Raca Sub-units and by the Zembrzyce Formation known from the Siary
Sub-unit.
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Figure 2. Simplified lithostratigraphic scheme of the Magura and Fore-Magura Units. 1—mainly
thick-bedded sandstones and conglomerates, 2—thick-bedded sandstones, subordinately conglom-
erates, interbedded by thin shales, 3—thick to medium bedded sandstones and shales, 4—shales
and thin to medium bedded sandstones, 5—shales, subordinately thin-bedded sandstones, 6—marls
(modified after [70]).

The Dukla Unit forms a narrow strip in front of the Magura Unit (Figure 3). Within the
research area, mainly the youngest formation crop out, i.e., the Krosno Formation and the
Menilite Beds (Figure 2). The Krosno Formation is traditionally divided into three members,
i.e., the Lower, Middle and the Upper Krosno Beds, differing in sandstone to mudstones
proportions. However, in the investigated area only two distinctly different members
are present, i.e., thick-bedded sandstones with scarce thin mudstone intercalations which
correspond to the Lower Krosno member, and the Upper Krosno member dominated by
thin-bedded mudstones with subordinate amount of sandstone layers. The area north of
the Dukla Unit is built from a continuous sequence of the uppermost Jurassic to Oligocene
rocks reaching c.a 5.4 km in thickness [71], which structurally belongs to the Silesian
Unit. In general map view, the sedimentary sequence of the Silesian Unit forms a south-
dipping homocline.

According to geological maps, the Magura Unit displays a relatively complex geometry.
It is deformed internally by numerous second-order thrusts and thrust related folds, both
of which are characterized by WSW—ENE strikes and segmented by NNW—SSE trending
faults (Figure 3). Thrust-related folds are asymmetric and tend to have steep and in most
cases overturned layers in the forelimb (the northern side of the folds). In the axial zone of
the folds and their forelimbs the Upper Cretaceous and Palaeocene rocks display a map
pattern characterized by relatively narrow belts. Layers forming the backlimbs dip more
gently and comprise a more complete stratigraphic sequence up to the Oligocene Magura
Formation, which is the most prominent component of these limbs (Figures 2—4).
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Figure 3. Detailed geological map of the research area (after [71], modified). 12-2-14K and 8-2-14K—seismic profiles
presented in Figures 13 and 14. Zones marked with gray-dasked polygons are shown in subsequent figure. Green

stars—outcrops with measurements used for stress inversion.



Minerals 2021, 11, 1252

7 of 26

Figure 4. (a) Location of the S6l-8 borehole with the approximate direction of the Shmax after
Jarosiniski marked by arrows, (b) bending of the anticline axis indicating sinistral displacement on
the Rycerka Fault.

3. Data and Methods
3.1. Surface Data

The surface data were collected during detailed mapping campaigns encompassing the
westernmost part of the Polish Outer Carpathians. A classic surface geological mapping,
including a standard macroscopic description of outcrops as well as stratigraphic and
structural observations, with the use of modern techniques (GPS receiver by Garmin,
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Olathe, Kansas, US; ArcGIS software by ESRI, Redlands, CA, US), was conducted. The
archival, open-access, 1:50,000 scale geological maps were used in the map updating
process [72-74]. As aresult, a 1:25,000 scale map was prepared (Figure 3) [71]. The fieldwork
was extended and complemented by using remote sensing data as orthophotomaps and
LiDAR-derived digital elevation model (DEM). These data were acquired from the Polish
national geodetic and cartographic resource. Especially, the last data were significantly
helpful and allowed for accurate mapping of structural features in the densely forested
study area.

Additionally, for the sake of this investigation, 28 measurements of slickenlines and
faults” planes were collected in outcrops located along the RF (Figure 3). Twenty-three
measurements were used for a stress inversion procedure. The remaining 5five measure-
ments were rejected due to their incongruent character. It is assumed that they might be
erroneously measured or represent different tectonic phases. The stress inversion was
performed using the Stress Analysis Tool available in Move software. As a result, the
orientation of principal stresses and shape ratio were calculated (Figure 5). The obtained
stress field points to the normal faulting regime with negligible strike-slip component
as suggested by the shape ratio equals 0.49. The S1 is almost vertical, while the plunge
azimuth of the S2 (Shmax) is 34.3° (NNE). The results of the stress inversion are in agreement
with breakout analysis in the S61-8 borehole (see below).

280_|
270

260

2007 Plunge/Plunge Azimuth
—— Q
190 .
180 S1  79.7/131.0
\ Fault surface s2 1.2/34.3
S3 10.2/124.1
+ Pole to the fault surface
Shape ratio = 0.49
\ Sense of Slip (normal)
03 Sense of Slip (dextral)

Figure 5. Results of the stress inversion. S1, 52, S3—principal stresses (S1 > S2 > S3).

3.2. Well Data

Although, several exploratory wells have been drilled within the study area, only data
coming from Sol-8 were available. The S61-8 well was drilled in 1994 and reached 2000 m
MD (Measured Deapth) (Figure 6). It is located in the northern limb of the Sél anticline
which forms the frontal zone of the Rac¢a Subunit. The well drilled through deposits of
the Magura Unit and terminated in the sedimentary sequence of the Dukla Unit. The
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stratigraphy of the Dukla Unit is not well recognized. Within this sequence, at least three
minor thrusts were identified. In the bottommost part of the well, fine-grained glauconitic
sandstones were reached. They were originally interpreted as the Godula Formation of the
Silesian Unit, although their assignment to this formation is highly ambiguous. Recently,
based on cuttings descriptions, results of wells located more to the east of the studied
area (i.e., Obidowa IG1 and Chabéwka 1 [75]) and recently acquired seismic data, these
sandstones have been reinterpreted by the authors as the Inoceramian Beds representing
the lower part of the Dukla Unit succession [71,76].

Breakouts analysis for S61-8 well was performed by Jarosiniski [77,78]. The author
noticed breakouts only in the 400-700 MD interval and indicated the NNE-SSW direction
of the Shpay, precisely 29° &+ 18° or 34° &+ 19° according to Jarosiniski [77] or Jarosiniski [78],
respectively (Figure 6).

Sol - 8
0 MD
2 tabowa Shales
Q - (lower Eocene)
=
- Ropianka Formation
o - (upper Cretaceous - Paleocene)
400 MD g
- - Szczwina Sandstones
g (2 (campanian - maastrichtian)
500 | ¢ Yt
L3
=]
-3
1]
- o
700 MD
1000 lw] Undifferentiated sedimentary
[ I:I sequence of the Dukla Unit
= (Upper Cretaceous - Oligocene?)
_B- o
c : Shaly intervals
2
-+
_/ Thrust
1500 _|
2000 _L o~ -4
Inoceramian Beds
(upper Cretaceous - Paleocene)

Y

Figure 6. Stratigraphic profile of the S61-8 borehole with simplified stratigraphic profile and thrust
faults identified. *—approximate direction of the Shimax based on [77,78].
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3.3. Seismic Data

The presented 8-2-14K and 12-2-14K seismic profiles were acquired during the seismic
survey campaign in 2014 (Figure 2). The acquisition array assumed shot points and re-
ceivers spacing equal to be 40 m and 20 m, respectively. The maximum recorded offset was
5000 m. The explosive source (2 kg dynamite) was used to induce the acoustic wave. Due
to the difficult terrain conditions, numerous shot points and receiver points were omitted
which strongly affect seismic data quality. High amplitude surface waves and shallow
refractions are the most prominent features visible on raw shot gathers. These features
mask the useful signal and make processing difficult and ambiguous. For best results, the
seismic data were processed in three versions, i.e., Post Stack Time Migration (PostSTM),
Pre Stack Time Migration (PreSTM) and Pre Stack Depth Migration (PreSDM). Due to the
ambiguities encountered during the processing phase, a preliminary interpretation was
carried out at each stage to guide and verify the results of the processing. The PreSDM
version of the processed seismic data gave the best structural imaging results, therefore it
was selected for final interpretation.

4. Results
4.1. Surface Expression of the Rycerka Fault (RF)

The RF divides the Ra¢a Subunit into two parts and it continues northward into
the Siary Subunit. It intersects the subunits in direction almost perpendicular to main
thrusts. The differences between the west and east sides of the RFE in terms of their tectonic
structure and lithostratigraphic units, are especially noticeable within the first subunit
(Figures 3 and 7).

19°0'0"E 19°5'0"E

49°30'0"N

49°25'0"N
49°25'0"N

19°0'0"E 19°50'E
———— Seismic lines s Rycerka Fault A A_ Main thrusts
® g::elzg:zil cross:sections Faults —t—t— Anticline
—L L second-order thrusts t i Syncline

======== National border

Figure 7. Structural maps of the investigated area displayed on top of the DEM.
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The structure of the western side of the RF involves several north-vergent thrust related
folds (thrust sheets) (Figures 3 and 7), in which the forelimbs are composed of the oldest
lithostratigraphic units known from the Ra¢a Subunit, i.e., the Upper Cretaceous Szczawina
and Ropianka formations (see Figure 2). They are exposed along a relatively broad strip
forming an axial part of the thrust sheets. Thrust faults within these structures change
laterally in some segments being developed directly within the Cretaceous formations,
whereas in other segments, the sole thrust is located within the Palaeocene to Eocene
Labowa and Beloveza formations. These formations usually display complex deformations
at the scale of outcrop with small-scale folds and internal thrusts. In folds” hinge zones the
Cretaceous formations are brecciated, which resulted in their block-in-matrix fabric, where
sandstone blocks of different sizes are randomly distributed in a muddy-sandy matrix
(Figure 8a) [79-83]. However, in such rock complexes, the primary strata sequence can be
still recognized and thicker layers dip to the south reflecting the general inclination of the
thrust structure (Figure 8b). Within the backlimbs of the thrust related folds, the complete
sequence of the Raca Unit is usually preserved. Field sections observed along the river beds
expose regularly bedded rocks that are younger in the south, i.e., the Cretaceous deposits
outcropping in the hinge zone passes through the Palaeocene—Eocene red shales of Labowa
Fm and the Eocene thin-bedded sandstones and shales of the Beloveza Formation to a
complex consisting mainly thick-bedded sandstones representing the youngest Magura
Formation. In the outcrops, backlimb sequence is characterized by almost homoclinal
geometry with only slight internal deformations limited to the incompetent thin-bedded
deposits of Paleocene and Eocene age, whereas layers of the Magura Fm. sandstone
complex maintain similar strike and dip, with little variations in dip angle (Figure 9).

Figure 8. Deformed rocks at the hinge zone of the thrust related fold in the Raca Unit: (a) disrupted fragments of thin

sandstone layers (indicated by arrows) randomly included in the greenish-red shaly matrix, (b) grey shaly matrix (blue

arrow) enclosing a fractured sandstone block (yellow arrow) preserving dip direction and dip angle similar to the dip of the

fold limb.

The structural style of the eastern side of the RF differs significantly. First of all, most
of the Raca Unit thrust structures, which are visible on the western side, do not continue
to the east of the RE. Only the thrust sheet that forms the southernmost part of the Unit
extends to the east side of the fault (Figure 3). However, the plan-view reveals the sigmoidal
pattern of this sheet. The strike of this structure changes from NE-SW direction in the
western area to NNE-SSW at the fault zone, and revert to the previous orientation on the
eastern side of the RF, which is reflected also in the topography of the area (Figure 7). Based
on the shape bending of the fold axis the sinistral movement along the fault plane can be
inferred (Figures 3, 4b and 7). The contrast between both sides of the RF is manifested in
formations that are exposed on the surface. In the western wall of the RF the Cretaceous
rocks crop out in the fold cores, while in the eastern wall the rocks of the Paleocene/Eocene
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age (the Labowa Formation) are the oldest ones and the youngest deposits of the Magura
Fm distinctly dominate at the surface (Figure 3). Folds observed in the eastern side of the
RF are usually overturned and north-verging (Figure 9).

Cross-section |

Cross-section Il NW
8-2-14K

Dukla Unit formations

- Zembrzyce Formation

0 1,5
I S <
A . Szczawina Formation " it
- Magura Formation - tabowa Shale Formation (Inoceramian Beds - sandstosns) Stratigraphic contact
——— Thrust faults
Beloveza Formation Beloveza Formation Ropianka Formatian
(shales & sandstones) (sandstones) (Inoceramian Beds - sandstoens & shales) A4 Magura Unit sole thrust

Figure 9. Cross-sections showing a different structural style of the Ra¢a Subunit on the western (Cross-section I) and
eastern (Cross-section II) sides of the RF based on surface data. Internal deformations of particular thrust sheets are more
complex in the case of Cross-section II, where even the youngest and most competent complex of the Ra¢a Subunit is
distinctively folded.

The Rycerka Fault was mapped both in the field and on the shaded relief map (hill-
shade) derived from the LiDAR Digital Elevation Model (DEM). The RF is one of the
most distinctive morphotectonic features recognizable on the hillshade. It manifests as a
rectilinear topolineament of considerable length. In the south, it strikes almost in the N-S
direction for a distance of about 2.5 km, then it bends to the NE and after 1 km turns to
the NNW (Figures 3 and 7). The Rycerka Stream formes its valley along the fault damage
zone of the RE. The bottom of the valley is rather flat, although with several terraces, it has
abrupt edges with the base slopes and its width ranges from 100 to 200 m.

The hillshade map reveals also numerous morpho-tectonic lineaments arranged in a
horse tail- and splay geometry (Figures 10 and 11). The drainage pattern of the left-hand
tributaries at the southern termination of the RF and its NE bending segment are developed
along well-visible lineaments interpreted as a second generation of faults displaing the
horsetail geometry (Figure 10). A well-developed triangular faceted scarps indicates
the presence of another set of fault system superimposed of the above described one
(Figure 10b).
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505000 505000

505751 504751

Figure 10. (a) Trace of the Rycerka Fault (thick dashed line—1) with subsidiary faults (thin dashed
lines—2) visible on the LiDAR-based DEM. Dotted lines (3) mark the trace of younger generation
normal faults, (b) LIDAR-DEM showing morpho-structural lineaments interpreted as faults system
on the eastern flank of the Rycerka Fault (thick dashed line). Triangular facet scarps that represent
eroded fault planes are marked with pale yellow arrows, solid lines mark the strike of normal faults.
Facet scarps can be noticed along the eastern side of the RF, indicating normal faulting also along
this fault.
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Figure 11. First-order sheared morpho-structural lineaments interpreted as first-order joints (red dashed lines) with
asymmetrically developed second-order splay joints (white dashed lines). Yellow, green and dark blue dotted lines show
the most distinctive scarp developed on thick sandstone layers more resistant to weathering, which are displaced along the
main sheared joint showing a sinistral sense of slip.

Although no hands-on observation of the Rycerka Fault’s surface is possible, indirect
indicators of fault-related deformations can be identified along riverbed and banks of the
Rycerka Stream. The fault trace is marked with outcrops of deformed and disrupted rocks,
but also units of which original bedding is completely or partly preserved (Figure 12). In
the latter case, the fault manifests by the occurrence of two different rock complexes at
the opposite banks of the Rycerka Stream (Figure 12a). Even though their direct contact
is covered by the river-bed debris it can be assumed that they do not form a continuous
rock body because such a short distance and sedimentological character exclude facies
changes. Therefore, the occurrence of such two complexes in close vicinity must be a result
of movement along a discontinuous surface.

Because on a long distance the RF cuts the Magura Formation, outcrops of thick-
bedded sandstones densely cut by faults or even completely brecciated are the most
frequently observed feature along the fault trace (Figure 12b). In most fractured zones
alteration of sandstone colours (bleaching) can be observed indicating that they were
privileged circulation pathways for enriched waters from deeper parts of the Carpathian
belt. On the other hand, within shale intervals pervasiv scaly fabric is developed, i.e., shales
are deformed by anastomosing cleavage planes, which split the matrix in a millimetre
to centimetre lens-shaped scales inferring their tectonic origin (Figure 12c) [84]. Some
fractured surfaces of sandstones sometimes disclose slickenlines. In most instances, they
indicate a normal dip-slip motion, although in one case also two different generations
of slickenslines along the same fault plane were documented indicating strike-slip and
dip-slip motion (Figure 12d).
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Figure 12. Outcrop fault indicators: (a) discontinuity in lithology on the opposite river banks (black dashed line)—shale-
sandstone packet of layers on the right (sh-ss) and thick sandstone layer on the left (ss), (b) thick-bedded sandstones of the
Magura Fm. densely fractured sandstones (white dashed line) with clay mineral veins and bleaching colours resulted due
to the cement alteration during fluid migration indicated by an arrow, (c) scaly fabric in shales, pervasive in fault zone,
almost no visible sedimentary bedding of shales due to many intersecting, sharply defined shear surfaces (yellow lines),
(d) two generations of the slickensides, coated by mineral fibres, indicating strike-slip (red arrow) and dip-slip (yellow
arrow) sense of movement, (e) upper surface of sandstone layer showing several generations of splay joints—initial sheared
joints marked with thicker dashed lines, first generation of splay joints with dotted yellow lines, and secondary splay joints
with white dotted lines, (f) fracture network (yellow lines) in the competent rock (sandstone) causing its fragmentation into

rhomboidal pieces.
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4.2. Seismic Data Interpretation

For the need of this study, two seismic profiles were interpreted (Figures 3, 13 and 14).
The poor quality of the seismic data allowed for interpreting only the first-order structures.
Due to the uncertainty of the seismic data and lack of deep wells with checkshot and well
logs available, the seismic-to-well tie process was impossible to perform, and therefore the
seismic horizons were tentatively tied to the lithostratigraphic formations based on the
available geological map.

] 5 10 15 km
1 1 1 1
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1000 _ s Raéa Subunit N Siary Subunit (I;‘I':::;:I:) 7srlrl>esian Unit N
Om. as.l |
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(Cretaceous to Oligocene?)

Dukla Unit

Basement with sedimentary cover (Krosno Formation)

Silesian Unit
(undifferentiated)

Figure 13. Depth migrated seismic profile 12-2-14K (upper panel) and its interpretation (lower
panel). The black vertical line indicates an intersection with the 8-2-14K seismic profile. Black
lines—thrust faults, dashed black lines—inferred normal faults. Red dashed line—intersection with
seismic profile 8-2-14K. Above the interpreted seismic profile a fragment of the geological map is
presented. Abbreviation: m. a.s.l—meters above sea level.
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Figure 14. Depth Migrated seismic profile 8-2-14K (upper panel) and its interpretation (lower panel).
The black vertical line indicates an intersection with the 12-2-14K seismic profile. Black lines—normal
and thrust faults, dashed black lines—anticipated second-order thrust within the anticlinal stack. Red
line—intersection with the 12-2-14K seismic profile. Above the interpreted seismic profile a fragment
of the geological map is presented. Colour coding as in Figure 13. Abbreviation: m. a.s.l—meters
above sea level.

On the 12-2-14K seismic line running perpendicular to main geological structures,
three main tectonic units could be identified from top to bottom (Figure 13). The shallowest
part of the profile is occupied by the Magura Unit composed of two second-order subunits,
i.e the Rac¢a Subunit and the Siary Subunit. In front of the Magura Unit, a narrow zone
of the Dukla Unit composed mainly of the Krosno Beds. Below the Magura Unit, an
anticlinal duplex stack was interpreted. As confirmed by the results of the S61-8 borehole,
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the anticlinal stack is built of the sedimentary sequence of the Dukla Unit. Below the
Carpathian units, a zone of strong reflectors is visible. Due to the lack of deep wells, based
on the results of Golonka et al. [85] and recent works of the authors [71,86], these reflections
have been identified as the top of the sedimentary cover of the North European Platform,
most likely represented by Devonian and Carboniferous sediments.

The interpretation of the 8-2-14K seismic profile integrated with the geological map
and dip measurements led to the identification of a large scale detachment fault, i.e., the
Rycerka Fault, accompanied by the second-order synthetic faults (Figure 14). Despite the
low quality of the seismic data, the main fault surface is visible. The fault surface dips to
the east with the detachment located at the base of the Carpathian Units. Due to the lack
of reliable and continuous seismic reflectors, the hanging-wall structure was interpreted
mainly based on the geological map and dip measurements. Above the fault’s surface,
relatively undeformed sheets of the Dukla and Magura Units are interpreted. Because
of limitations in seismic data quality, the thickness of the Dukla Unit was estimated
based on interpretation of the 12-2-14K profile, where it lies undeformed in the front of the
anticlinal stack (Figure 13). In the footwall, below the fault surface, the tectonically repeated
stratigraphy of the Dukla Unit was interpreted. Identically to the 12-2-14K seismic profile,
no seismic reflectors were observed within the duplex stack. The base of the Carpathian
units is marked by strong reflections representing sedimentary cover of the North European
Platform (Figures 13 and 14).

5. Discussion—Deciphering the Faulting Mechanism

The analysis of geological map and field observations reveal that the main difference
between the western and eastern sides of the RF boils down to the structural geometry of
the Raca Unit. To the west of the RF, the Ra¢a Unit consists of numerous stacked thrust
related folds that are relatively narrow and for which sole thrust is within the Cretaceous
deposits. The structure of the western area is characterized by significantly wider thrust
sheets in which mostly younger stratigraphical levels are preserved and with detachment
running within Paleocene and Eocene rock complexes. The internal structural complexity of
these thrust sheets is higher due to the occurrence of hundreds-meters scale folds within the
Magura Formation. Such differences suggest that these two areas evolved independently.
It implicates that, during the folding and thrusting phase, the RF was already an important
structural feature controlling development of the OCTFB in this area. The sigmoidal
bending of the fold axis (Figure 7) unequivocally points to the sinistral movement along
the RE.

The analysis of the DEM allows to identified a few second-order sets of faults and
fractures associated with the RF. The map-view arrangement of these features, i.e., horse-
tail and splay fractures, supports the assumption of a strike-slip character of the RF. In
addition, a linear trough along-fault is a typical geomorphologic feature indicative of
strike-slip faulting [87]. Such linear valleys commonly form along the fault damage zone,
because structural blocks slide along such zones causing fracturing (brecciation) of rocks
which are more easily eroded. On the other hand, the triangular facets, which, to our
interpretation, are a topographic expression of normal faults (e.g., [87-89]) are assumed to
be formed during the last, post-compressional stage of the Carpathian orogen development
(e.g., [18,19]). Similar morphological features are noted by Jankowski and co-authors [90]
in the central part of the Polish Carpathians.

Observed outcrop-scale structural features characteristic for transtension systems
include sheared joints, smaller-scale faults with millimetres to centimetres of slip [91-94].
Such structures were identified on the sandstone layers” surfaces (Figure 12e). They are
developed as a result of shearing of pre-existing joints that produces the first order splay
fracturing in regions of high tensile stress (e.g., [95,96]). Further accumulation of strain
results in formation of second-order splay joints along the first order ones. These joints
are referred to as horsetail fractures [97] or splay fractures [98]. All these structures may
show slightly different angular relationships to the master fault at small and large scale
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but develop in response to similar stress distribution and mechanics around the fault [99].
Shearing of pre-existing joints and formation of secondary ones generates a distinctive
fragmentation style of rocks that are divided into roughly rhomboidal blocks (Figure 12f).

Our interpretation of seismic data shows that the extent of imbrication within the
Dukla Unit is limited to the footwall of the RF suggesting that the imbrication was a factor
controlling the formation of the RFE.

An explanation of the occurrence of extension in the hangingwalls of thrusts leading
to normal faulting was given by Butler [100,101]. To date, such structures have not been
widely studied and have been mentioned only in a few works (e.g., [102-106]). According
to Butler [100,101], when considering stacking in the lower layer of a simple two-layer
horizontal three-dimensional model, it can be noticed that the upper layer will be uplifted
above the duplex formed in the lower layer (Figure 15). Analyzing a cross-section parallel
to the thrust line before and after thrusting, it can be noticed that as a result of the tectonic
imbrication of the lower layer, a relatively narrow, dome-like structure is formed and
the upper layer undergoes extension, which is then accumulated along so-called lateral
culmination walls (Figure 15b). In consequence, lateral culmination walls represent zones
favourable for normal faulting. Based on the terminology proposed by Butler [100,101],
the fault resulting from such a process should be named as a hanging-wall drop fault,
as it is related to differential uplift above the duplex or anticlinal stack, and it does not
accommodate different displacement along the thrust sheet.

Figure 15. Schematic cartoon (not to scale) showing the mechanism responsible for extension in the hanging-wall lateral

culmination wall. (a) A simple two-layer model with a future thrust marked by the red line, (b) Duplex formation causing
doming of the upper lay, based on [100,101].

According to this scheme, hanging-wall drop faults should be restricted only to the
upper layer. Given the spatial relationship between the anticlinal stack formed within the
Dukla Unit and the RE, it is highly probable that the faulting was initiated by the mechanism
described above. However, the presented interpretation (Figures 13 and 14) indicates that
the detachment surface of the RF is located at the base of the Carpathian units—such
a geometry would be impossible to achieve if the faulting mechanism described above
would be considered as an exclusive. It is anticipated that an approximately W-E orientated
extension was the mechanism leading to the formation of a detachment fault in a zone
previously weakened by the hanging-wall drop fault (Figure 16). It is proposed that the W-
E directed extension was induced by the radial extension. The hanging-wall drop faulting
mechanism, as well as radial-extension related normal faulting do not explain the sinistral
displacement visible in the map (Figure 4b). We interpret the horizontal offset as a result of
a tear faulting [93,107]. Considering the described structural differences in the western and
eastern sides of the RF, the primary transverse tear faulting is implied.
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Figure 16. Cartoon showing the anticipated mechanism of the Rycerka Fault formation marked with a black-red dashed line
(not in scale). (a) Pre-faulting situation. (b) Anticlinal stacking within the Dukla Unit and hanging-wall drop fault formation.
(c) re-shaping of the Rycerka Fault in sinistral, transtensional settings related to orogen parallel extension. Colour coding as
in previous figures. White arrows indicate movement along the Rycerka Fault. See the text for more explanation.
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Despite limited slickenlines measurments, the results of stress inversion is with agree-
ment with the break-out analysis in the S61-8 borehole [77,78] and together point to the
present-day normal faulting regime with almost vertical S1 and Shpmayx (the equivalent of
S2) directed to NNE (c.a. 30°). Such an arrangement of the stress field does not explain
the sinistral displacement along the RF, suggesting that the RF was formed before the
formation of the current stress field.

Although, despite the limitations of available datasets, related mainly to limited
structural measurments and low quality of seismic data, the mechanism of the RF formation
is believed to be adequately explained, the timing of subsequent phases of development is
poorly constrained. It can be tentatively determined based on the superposition principle,
i.e., on the fact that the basal thrust of the Magura Unit and the youngest formations of
the Raca and Siary Subunits (i.e., Magura and Zembrzyce Formations, respectively) are
deformed as a result of duplex stacking and normal faulting (Figure 16). On the other
hand, it should be ruled out that the sinistral strike-slip faulting occurred under the recent
(late Miocene (?)-present-day) day stress regime since the breakout analysis from the
S61-8 borehole and results of stress inversion show almost vertical S1 and NNE orientated
Shmax (Figures 4a,b and 5) excluding sinistral displacement. Considering the above, the RF
should be regarded as of syn-thrusting origin (not younger than Early /Middle Miocene?).
This assumption can be supported by the results of Beidinger and Decker [51], who
distinguished an NNW directed shortening phase lasting until the early Middle Miocene,
which may induce the sinistral strike-slip movement along almost N-S striking RF. This
concept corresponds also with the general observations of Unrug [10] and Morley [12], who
links the formation of the regional, strike-slip faults with advancing of the OC accretionary
prism and the arcuate shape of the orogen.

We suggest that the RF was formed as a combination of at least three different faulting
mechanisms, i.e., hanging-wall drop faulting, arc-parallel extension-related normal faulting
and tear faulting. Performed investigations suggest that the RF formation was initiated as a
hanging-wall drop fault and was reshaped by two other faulting mechanisms, which most
probably acted almost simultaneously, or at least within a short time span. While the tear
faulting is a well-known process and the hanging-wall drop faulting should be regarded as
a local phenomenon, the arc-parallel extension seems to be a satisfactory explanation for
dip-slip movement on the RF and should be considered as an important and regional scale
process [12].

6. Summary

Based on the available data, a large scale detachment fault cross-cutting the whole
complex of the Carpathian units has been interpreted. Despite the limitations of the
available data related to the seismic data quality and poor exposure of the fault zone, the
geometry of the Rycerka Fault was described and an attempt was made to explain the
relationships between the fault and the anticlinal stack as well as to decipher the faulting
mechanism. We have concluded that the RF originated as a hanging-wall drop fault formed
above the anticlinal stack and was later reshaped due to the orogen-parallel extension and
tear-faulting. As a result, we suggest the early Miocene as the main stage of the Rycerka
Fault formation.

By our results, we emphasise the importance of the orogen-parallel extension in shap-
ing the structure of the Outer Carpathian Fold and Thrust Belt. The orogen-parallel
extension in the Polish Outer Carpathians and its effect on the orogen evolution, al-
though mentioned in several papers (see Introduction), so far is not sufficiently elaborated.
Nonetheless, such a process should be anticipated based on theoretical assumptions, mod-
elling and well-documented observations in the Carpathians and other thrust and fold
belts [6-9,29-31,33,34,40,108]. We suggest that numerous thrust-perpendicular or oblique
normal faults visible in recent geological maps [15] might have originated, or at least be
reshaped, by this process.
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