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Integrated tectonic interpretation of seismic data and core samples from boreholes in the vicinity of the Kock Fault Zone
(KFZ) allowed us to identify several tectonic deformation events that were responsible for creating its complex structure. The
KFZ is an example of a mechanically weak regional-scale tectonic structure that accumulated deformation over hundreds of
millions of years and therefore is a good indicator of stress regime changes in a broader area. The KFZ is here regarded as a
combination and superposition of two genetically and temporally different faults: the older Kock Fault, which is an inverted
normal fault, and the younger, low-angle Kock Thrust. The first, Silurian stage of KFZ evolution occurred in a tensional stress
regime that gave rise to the activation of a deeply rooted normal-slip precursor to the Kock Fault. Subsequently, this fault un-
derwent inversion during the Late Famennian compressive/transpressive event. In the Early Carboniferous, the tectonic
stress regime changed into tension/transtension, leading to extrusion of basalt magma and abundant mineralisation in the vi-
cinity of the inverted Kock Fault, followed by tectonically relaxed sedimentation of Carboniferous strata. The deposition was
terminated by a compressional event at the end of the Westphalian. Contraction resulted in the formation of the low-angle
Kock Thrust decoupled in Silurian shale that cut across the upper part of the Kock Fault and displaced it towards the NE, over

=

the East European Craton foreland.
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INTRODUCTION

The Kock Fault Zone (KFZ) is an important tectonic bound-
ary within the Lublin Basin, located at the edge of the East Euro-
pean Craton (EEC). During Early Paleozoic times, the study area
was a marginal portion of the Baltica plate occupied by the proxi-
mal part of the foreland basin involved in the Caledonian collision
with Avalonia (Poprawa, 2006). During the Variscan Orogeny,
the subsidence of the Lublin Basin developed in response to the
multiphase collision occurring in the inner part of the Variscan
belt. In our opinion, the present state of knowledge allows pre-
senting a regional plate-tectonic background to the tectonic set-
ting of the KFZ, as the original position of the Variscan collision
zone with respect to the Lublin Basin is still unknown and proba-
bly far from the present-day arrangement. Separation of collision
and foreland regions by the Teisseyre-Tornquist Zone (TTZ),
which is a major lithospheric shear zone prone to strike-slip mo-
tions both in Caledonian (Brochwicz-Lewinski et al., 1981) and
Variscan times (Lewandowski, 1992), would make this recon-
struction difficult and still unreliable. The mechanism of Variscan
subsidence at the edge of Baltica and within the Lublin Basin and
the role of main faults bounding and transecting the Lublin Basin
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are still a matter of discussion (Narkiewicz et al., 1998). We are
still at the stage of gathering structural data and kinematic inter-
pretations to bring the elements of the recent structural patch-
work to their original position in the Caledonian and Variscan
plate accretion scenario. The KFZ, which controlled the subsi-
dence pattern in the sedimentary basin and the shape of the finite
tectonic structure of the area, seems to be an important part of
such a reconstruction.

The NW-SE trending, 160 km long KFZ extends along the
marginal part of the EEC in central-eastern Poland (Fig. 1)
within the Late Paleozoic Lublin Basin (Fig. 2). According to the
most recent interpretations regarding the position of the front of
the Variscan Orogen in Poland (Aleksandrowski and Buta,
2017; Krzywiec et al., 2017) the KFZ represents a local bound-
ary between the folded and thrusted and undeformed parts of
the Variscan foreland (Fig. 1). The KFZ defines also the bound-
ary between the two structural elements of the Lublin Basin:
Lublin Synclinorium and Hrubieszéow High (Figs. 1 and 2),
(Zelichowski, 1972; Narkiewicz and Dadlez, 2008). We regard
this zone to be a combination and superposition of two geneti-
cally and temporally different faults: the older Kock Fault, which
is an inverted normal fault, and the overprinted, younger,
low-angle Kock Thrust. The KFZ has a character of sustained
crustal-scale weakness zone, highly sensitive to stress regime
changes. Active until the Cenozoic, this zone bears a record of
numerous tectonic events. We assumed that focusing our re-
search on a single, multiphase tectonic structure might give
even a better resolution of tectonic evolution than a more re-
gionally extensive, basin-scale study. The main disadvantage
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Fig. 1. Location of the Kock Fault Zone on the Variscan structure map of Poland
(after Aleksandrowski and Buta, 2017, simplified)

arising from such an approach is the cumulating of deforma-
tions and the overprint of a great number of tectonic deforma-
tions in a narrow tectonic zone, which obliterate the record of
the earlier phases.

Although the KFZ has attracted attention of geologists for a
couple of decades, there is still lack of consensus regarding a
genetically and kinematically consistent model of its evolution.
Over the last 50 years, several tectonic models have been de-
veloped concerning the evolution of the whole Lublin Basin. In
our opinion, previously published concepts of the KFZ do not
address the long and complex structural evolution of its tectonic
structure sufficiently. This article aims to fill this gap by geneti-
cally coherent tectonic interpretation of a large number of seis-
mic profiles and core samples. Due to significant improvement
in the quality of seismic imaging and processing, which has
taken place in the past several years, and the concentration of
geological surveys in the vicinity of KFZ, the reconstruction of
multi-phase tectonic evolution of this zone became possible.
This also sheds the light on tectonic history of the Lublin Basin.
Since the Lublin Basin is an area of conventional and uncon-
ventional hydrocarbons exploration, such a synthesis is also im-
portant from the oil industry point of view. The geometry of tec-
tonic deformation controlling the fracture network pattern, to-
gether with the concept of structural evolution, is an important
element of both reservoir quality assessment and design of di-
rectional and horizontal boreholes for stimulation of production.

GEOLOGICAL SETTING

For the first time, the KFZ was described by Zelichowski
(1972) as the North-east Fault (Czersk—Zelechow—Kock-Wa-
syléw), separating the Lublin Synclinorium from the elevated
part of the East European Craton, the so-called Hrubieszéw
High. The KFZ terminates in the NW direction as far as the
transversal Grojec Fault (Zelichowski, 1972; Zelichowski and

Koztowski, 1983; Pozaryski and Dembowski, 1983; Fig. 2). In
its SE segment, the KFZ gradually expires and terminates on
approaching the Swiecica Fault. On the sub-Carboniferous
geological maps, this zone represents a sharp boundary be-
tween the late Devonian complex of the Lublin Synclinorium
and the Silurian and Devonian of the Hrubieszéw High (Fig. 3).
In turn, on the sub-Permo-Mesozoic geological maps, the KFZ
is marked as a narrow strip of Devonian and Silurian rocks ex-
posed at the Carboniferous subcrop (Zelichowski, 1972;
Zelichowski and Koztowski, 1983; Pozaryski and Dembowski,
1983; Fig. 2). The maximum width of this Devonian and Silurian
strip is 6 km in the central segment of the KFZ, and it decreases
gradually in both directions.

Initially, the KFZ was considered to represent a horst limited
by steep normal faults (Zelichowski, 1972; Zelichowski and
Koztowski, 1983; Dembowski and Porzycki, 1988; Pozaryski and
Tomczyk, 1993; Fig. 4A). Pelc (1999) interpreted this zone as a
result of the diapiric deformation of incompetent Silurian shale
above deep-rooted reverse faults (Fig. 4B). A different concept
by Antonowicz et al. (2003) explained the KFZ structure as a
stack of thrust units creating a duplex within a triangle zone
(Fig. 4C). Subsequently, Antonowicz and Ilwanowska (2004) re-
duced this duplex to a single NE-verging thrust that displaced the
Upper Paleozoic deposits of the Lublin Synclinorium onto the
Hrubieszéw High block. Krzywiec (2007, 2009, 2011) linked the
geometry of KFZ with the presence of contractional deformation
(thrusts) developed above the reverse fault with simultaneous
quasi-diapiric ductile deformation of Silurian shale (Fig. 4D). A
new tectonic model presented by Kufrasa and Krzywiec (2015)
and Krzywiec et al. (2017) adopted the idea of ductile duplexes
(Thomas, 2001) developed for the Appalachians, for the Silurian
complex over the Kock Fault.

According to our interpretation, the KFZ structure changes
in the vertical profile due to superposition of several faults. The
NE boundary of the KFZ is marked by the Kock Thrust that
emplaced older rocks on top of the Carboniferous complex. The
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Fig. 3. Sub-Carboniferous geological map of the Kock Fault Zone area
(after Zelichowski and Koztowski, 1983, simplified and modified)

p€ — Precambrian, Cm — Cambrian, O — Ordovician, S — Silurian, D — Devonian
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CB - crystaline basement, Cm — Cambrian, O — Ordovician, E —
Ediacaran , S — Silurian, D1 — Lower Devonian, D2 — Middle Devo-
nian, D — Upper Devonian, C — Carboniferous, J — Jurassic, Cr —
Cretaceous, M+K — Mesozoic + Cenozoic; location of cross-sec-
tions is shown in Figure 2

SW boundary is formed by a homocline dipping to the SSW to-
wards the Lublin Synclinorium, and by a set of SSW-verging
thrusts. As the horizontal range of the KFZ at the upper level is
defined by a wide belt of thin-skinned tectonic features, at the
deeper structural levels this zone narrows to single leading fault
zone. The depth to the crystalline basement varies across the
KFZ due to both regional SW dipping of the basement and a

crustal discontinuity associated with this zone. At the
Hrubieszéw High near the KFZ the depth to the crystalline
basement is <5.5 km, whereas on the other side of this zone,
below the Lublin Synclinorium, the top of the basement occurs
0.5 to 2 km deeper. A step-like depth change is visible in both
seismic profiles and the Bouguer gravity map (Krolikowski and
Petecki, 1995). In the Lublin Synclinorium, filled with a thick
sedimentary cover, the most reliable data on the top of the
basement are provided by seimic surveys due to the lack of
boreholes reaching the crystalline basement.

The oldest sedimentary rocks in the vicinity of KFZ are
coarse-grained clastics deposited in the Ediacaran rift. They
are overlain with the Upper and Middle Cambrian clastic suc-
cession (Paczesna, 2006). While on the Hrubieszéow High
those Ediacaran—Cambrian deposits have been reached by
boreholes (Paczesna, 2006, 2010), their presence in the Lublin
Synclinorium is interpreted only from seismic profiles. Between
the Cambrian and Ordovician, an erosional gap is observed,
which spans the Late Cambrian and locally the earliest Ordovi-
cian (Tremadocian). Late Ordovician to Late Devonian deposi-
tion was continuous (Narkiewicz et al., 2007). The thickness of
the Ordovician, represented mostly by carbonates, does not ex-
ceed 100 m. The thicknesses of Silurian siltstones/mudstones
are different on both sides of the KFZ (Fig. 5). In some parts of
the Hrubieszéw High, the thickness of the Silurian is more than
twice that in the Lublin Synclinorium. The Lower Devonian com-
prises ~1000 m of shales and clastic deposits (Fig. 5). The Mid-
dle Devonian with a thickness of <200 m is represented by car-
bonates and clastics (Fig. 5). The Upper Devonian is repre-
sented by marine carbonates and marls (Fig. 5). In the most up-
per part of profile, they pass into shallow marine and terrestrial
clastics (Narkiewicz, 2011). This change in sedimentation can
be linked with syndepositional activity of the Kock Fault.
South-east of the KFZ, the thickness of the Upper Devonian
complex is <2000 m and decreases towards the NW. Due to the
Late Devonian/Early Carboniferous uplift of the Hrubieszéw
High the Devonian is completely removed by erosion, except in
the downdropped Wiodawa Depression (part of the Hrubieszéw
High) where the Upper Devonian succession has been pre-
served (Fig. 4). In the case of the most intense uplift, part of the
Silurian complex has also been eroded.

The Carboniferous sedimentation was preceded by basaltic
volcanism accompanied by deposition of pyroclastic rocks
which were found in boreholes drilled within and north-east of
the KFZ. In the vicinity of this zone, the youngest Carboniferous
deposits are of Middle Visean (Fig. 5; Zelichowski, 1972, 1984;
Narkiewicz et al., 2007) or Westphalian (Bashkirian) age
(Zelichowski, 1972; Zelichowski and Koztowski, 1983). The
Carboniferous sedimentary complex consists of claystones,
mudstones, siltstones and coal seams, with the combined origi-
nal thickness estimated at 1500-2000 m close to the KFZ
(Fig. 5). The erosional top of this complex is covered by Perm-
ian or Permo-Mesozoic rocks in the NW segment, or directly by
the Mesozoic in the rest of KFZ. The Mesozoic cover starts ei-
ther with the Middle Jurassic in the SE segment of the KFZ or
with the Triassic in the central and NW segments, and termi-
nates with the Upper Cretaceous. Cenozoic deposits are com-
pletely eroded in the eastern segment and partly in the central
segment of KFZ. The combined thickness of the Permian, Me-
sozoic and Cenozoic deposits varies between 800 and 1000 m
in the eastern and central segments and reaches 3000 m in the
western segment of KFZ.
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GEOLOGICAL AND GEOPHYSICAL DATA

Our analysis covered more than 150 seismic profiles from
the KFZ area. About 80 profiles are of best quality, but only 7 of
them are presented in this paper (Figs. 6-8). Interpretation of
these 7 profiles in terms of geometry and kinematics of tectonic
deformation is consistent with the rest of analysed profiles.
While adjacent to the KFZ, geometry of the sedimentary com-
plex is well visible in the seismic image, the internal structure of
this zone is typically characterized by a homogeneous record
which does not allow for more detailed interpretation. Most of
the seismic sections were available in a depth domain, which
helps in controlling the tectonic structure geometry. In addition,

we used some detailed gravity maps (Ostrowski and
Musiatewicz, 1996; Wajcicki et al., 1998) for fault correlation be-
tween seismic profiles, especially in areas where seismic data
coverage is poor.

A structural study of well-preserved drill cores was per-
formed for 5 boreholes drilled within and adjacent to the KFZ.
These historical boreholes from the 1960s and 1990s lack mod-
ern geophysical well logs, therefore geophysics would not sup-
port core orientation or other aspects of tectonic interpretation.
Because of this, we have used the method of indirect core ori-
entation relative to dip of bedding, which we assume to match
the dip revealed by seismic profiles. Although such an approach
may help in general recognition of structural trends, one should
bear in mind that the orientation is hypothetical and prone to sig-
nificant error. Therefore, in the description of a strike or trend of
tectonic structures we prefer to use general terms like “longitu-
dinal”, “transversal” or “oblique” to the strike of the hosting
strata, instead of trying to guess the exact azimuth angle.
Scanty coring is another important limitation in our analysis and
the reason why the results of structural interpretations are
hardly comparable among boreholes, at least in their quantita-
tive aspects. In historical boreholes, core intervals taken in a
single run of the 9 m long drill string are often separated from
each other by several tens of metres. In the case of investigated
boreholes, the cored sections cover from several to 90% of the
analysed interval.

STRUCTURAL INTERPRETATION
OF SEISMIC DATA

For the entire study area, we have attempted to interpret six
horizons in the Paleozoic complex. Two of them representing
Late Paleozoic unconformities are well visible in each seismic
profile: (1) base-Permian unconformity, (2) base-Visean uncon-
formity, (3) Middle Devonian marker, (4) near top-Silurian
marker, (5) top-Ordovician—Cambrian, and (6) top of the crys-
talline basement.

Based on seismic interpretation, two main structural fea-
tures have been distinguished in the KFZ: the Kock Fault,
deep-rooted in the crystalline basement, and the Kock Thrust
being a primary low-angle, north-verging fault among a set of
secondary contractional thin-skinned deformations. These
thin-skinned structures cut across and displaced the older Kock
Fault and associated structures.

THE STRUCTURE OF THE KOCK FAULT

In seismic sections, the Kock Fault is recognized in the east-
ern and central parts of the KFZ, while in the western segment it
is not recorded due to low quality of seismic data. The Kock
Fault is interpreted as a single structural discontinuity dipping
50-60° towards the NE (Figs. 6-8A). Due to a complex reacti-
vation there are some secondary faults branching off the Kock
Fault (Figs. 7 and 8). Looking at the present-day geometry of
the fault, one should consider that the sense of its offset
changed during the fault’'s evolution. At the deepest level, this
fault is visible as a dislocation throws down the top of the crys-
talline basement several hundred metres towards the SW
(Figs. 6 and 7).

The first stage of the Kock Fault displacement, which is visi-
ble on seismic profiles, is represented by significant differences
in the Silurian thickness on both sides of the Kock Fault in the
central part of KFZ (Figs. 6A, B and 7). Although the Silurian
complex of the Hrubieszéw High (NE of the Kock Fault) under-
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Fig. 6. Interpretation of seismic profiles across the Kock Fault Zone, KFZ (for location see Fig. 9)

A —seismic profile T0010479 from the central segment of KFZ; arrow points to the Frasnian thickness decrease towards the KFZ;
B — seismic profile T020405 from the central segment of KFZ; arrow points to the fault drag of Devonian strata in the footwall of the
Kock Fault; C — seismic profile T010205 from the central segment of KFZ; arrow shows interpreted 1 km displacement of the Kock
Fault by the younger Kock Thrust; HH — Hrubieszéw High, KF — Kock Fault, KFZ — Kock Fault Zone, KT — Kock Thrust, LS — Lublin
Synclinorium, RBH — Radzyn—-Bogdanka—Chetm; p€ — Precambrian, O+E€+E — Ordovician + Cambrian + Ediacaran, S — Silurian,
D1 — Lower Devonian, D2 — Middle Devonian, Dfr — Upper Devonian (Frasnian), Dfa — Upper Devonian (Famennian), C — Carbonif-
erous, M — mostly Mesozoic (younger than Carboniferous)
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Fig. 7. Interpretation of seismic profiles across the Kock Fault Zone, KFZ (for location see Fig. 9)

A — seismic profile T0060494 from the central segment of KFZ, arrows point to syndepositional unconformities in the Silurian complex; B
— composite seismic profile T0110485, T020491, T0210494 and K050198 from the central segment of KFZ; arrow points to unconformity
between folded, steeply-dipping (up to 40°) Devonian and overlaying gently-tilted Carboniferous strata; explanations as in Figure 6

went partial erosion in Late Famennian—Middle Visean times
(Zelichowski, 1972; Zelichowski and Koztowski, 1983), its thick-
ness here is more than twice of that in the Lublin Synclinorium.
This thickness increases towards the Kock Fault and reaches
its maximum immediately next to the fault, indicating its
syndepositional activity in the Silurian. Both the relation be-
tween the fault dip direction and the trend of thickness growth
and the pinch-out of seismic reflectors prove normal fault kine-
matics of the Kock Fault in the Silurian. Growth strata visible in
the intra-Silurian seismic reflection pattern (marked with red ar-
rows in Fig. 7A) confirm an extensional roll-over kinematics of
the Kock Fault’s hanging wall. An original displacement in the
Late Silurian (observed in the central segment of this fault)
reached as much as 2000 m. In the marginal segment, SE of
the Hanna Fault (striking perpendicular to the Kock Fault
(Fig. 2), the thickness of the Silurian section changes signifi-
cantly across the Kock Fault (Fig. 6C), indicating dying out of
this fault during the Silurian.

In the Late Famennian, the Kock Fault underwent inversion
that resulted in the uplift and erosion of its NE hanging wall — the
Hrubieszéw High. Close to the Kock Fault, the maximum ero-
sion interpreted from the missing Devonian—Tournaisian sec-
tion is up to 2500 m (Fig. 7A). Other authors estimate the range
of erosion at 1500 m (Narkiewicz, 2007) or 2000 m
(Zelichowski, 1972). The Devonian and partially Silurian depos-
its were eroded over the Hrubieszéw High, except in the
Wiodawa Depression, located between the Hanna and
Swiecica faults (Zelichowski and Koztowski, 1983; Figs. 2 and
6C), where only the Upper Devonian complex is reduced close

to the Kock Fault. At some isolated places of the Hrubieszow
High, e.g. the Tarkawica-1 borehole, or probably west of the
Pasmug-2 borehole, the Lower Devonian section has been
partly preserved, although significantly reduced as well.

The inversion of the Kock Fault and the related erosion of
the Hrubieszéw High triggered a change in the Late Famennian
sedimentation pattern in the NE flank of the Lublin
Synclinorium, also reported by other authors (Mitaczewski and
Zelichowski, 1968; Zelichowski, 1972), where shelf carbonates
were replaced by shallow-marine siliciclastic deposits. In the
latemost Famennian, terrestrial sedimentation also took place
in the direct vicinity of the Kock Fault (Narkiewicz, 2011). At the
Hrubieszéw High, a minor angular unconformity between the
Silurian and the overlying Carboniferous complex is visible in
the central segment of the KFZ (Figs. 6 and 7), indicating a rigid
behaviour of this block during the Late Famennian—Middle
Visean tectonic phase. The increased thickness of Famennian
deposits in the Pasmug-1 borehole is related to a high dip of
strata (up to 40°), which is also observed in the seismic profile
where tilted reflectors related to the Famennian complex trun-
cate at the angular unconformity (marked with arrows in
Fig. 7B). In our opinion, this local homoclinal inclination of Late
Devonian strata is a result of the Kock Fault propagation up-
wards during Late Famennian inversion. Structural interpreta-
tion of the core data from the Kock IG 1 borehole located within
the Kock Fault (described in the next section) suggests that the
Silurian and Lower Devonian strata had already been inclined
before they were cut by the low-angle thrust. The tilting of the
strata might have resulted from the Late Famennian inversion
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Fig. 8. Interpretation of seismic profiles across the Kock Fault Zone, KFZ (for location see Fig. 9)

A — part of regional seismic profile 7 from the eastern segment of KFZ, here, the Kock Fault is not overprinted by
Kock Thrust deformations, thus no thickness changes of the Carboniferous complex across the Kock Fault are visi-
ble; B — seismic profile T0670197 from the Hrubieszéw High, showing interpretation of the Siedliska Fault as a pos-
itive flower structure, note: seismic section 8B is in time domain; explanations as in Figure 6

of the Kock Fault, while the low-angle thrusting was related to a
younger—Late Carboniferous tectonic compression.

Reconstruction of pre-Carboniferous geometry of the Kock
Fault is locally problematic because of high deformation level in
the upper part of the Kock Fault, caused by the overprint by the
Late Carboniferous thrusting and earlier erosion (described in
the next section). Only in the SE flank of the KFZ, which is not
affected by the Late Carboniferous thrusting, the reconstruction
of the original pre-Carboniferous geometry of the Kock Fault is
possible (Fig. 8A). Here, the Kock Fault is interpreted as a sin-
gle steeply dipping inverted fault, in the lower part down to the
crystalline basement, which, in the upper part, branches into a
set of secondary faults, resembling positive flower-structure ge-
ometry (Mitra, 1993; Miller and Mitra, 2011). This complex Kock
Fault structure records normal fault offset at the end of the Pre-
cambrian and Early Paleozoic, rather than its inversion with a
contribution of a transpressive component. In the Pasmug bore-
holes area (Fig. 7B) the inverted fault preserves its original ge-
ometry. The range of reverse displacement at the Kock Fault
exceeded the previous normal fault offset, which has led to its
present-day reverse fault geometry with preserved steep dips of
60-70° characteristic for normal faults.

THE STRUCTURE OF THE KOCK THRUST

Along almost the whole span of the KFZ, excluding its SE
end, contractional structures are observed (Figs. 6 and 7). The

most conspicuous of these structures is a major low-angle
north-verging thrust fault called the Kock Thrust (Fig. 9). In the
Lublin Synclinorium, the thrust becomes flat and is most proba-
bly detached within Silurian shales (Figs. 6 and 7). In the central
segment of the KFZ, additional thrusts branch off the Kock
Thrust’s main sole thrust at its frontal part (Figs. 6A and 7). The
thrust deformation zone in the Pasmug boreholes area reaches
7 km in width as measured at the bottom of the Zechstein
(Fig. 7B). Along the whole KFZ, in the hanging wall of the Kock
Thrust, at its frontal part, an asymmetric fault-propagation
anticline was formed. The details of the internal geometry of this
anticline are not well visible in the seismic sections due to high in-
tensity of tectonic deformation in its core part. During the Late
Carboniferous, the top part of the thrust-related anticline was
eroded, thus in consequence, Devonian strata of various ages or
Silurian ones became exposed in the core of the anticline
(Figs. 6, 7 and 9). In our interpretation (Fig. 9), the narrow Silurian
belt is the upper part of the Kock Fault being cut by the Kock
Thrust and displaced northeastwards. The intense tectonic de-
formation within the anticline is caused primarily by a superposi-
tion of two tectonic compressional events, resulting in the Late
Famennian inversion of the Kock Fault and the Late Carbonifer-
ous thin-skinned thrusting on the Kock Thrust. This can be no-
ticed in the central part of the KFZ, in the Pasmug boreholes
area, where Upper Devonian strata, dipping steeply due to the
Late Famennian inversion of the Kock Fault, were subsequently
involved in the Late Carboniferous thrusting (Fig. 7B). Here, the
maximum displacement along the Kock Thrust is achieved and
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can be estimated at 3500 m (Fig. 7A). From there, the displace-
ment magnitude gradually decreases along the strike towards
the peripheral parts of the thrust. As confirmed by core observa-
tions (following section), contractional structures occasionally oc-
cur over a distance of a few kilometres from the main Kock
Thrust fault, within its up to 6 km thick hanging wall, mostly in the
shallower depth intervals, which are possibly related to lower-or-
der, sub-seismic thrusts. Seismic sections from the NE limb of
the Lublin Synclinorium show no evidence for deformational
structures along the flat part of the Kock Thrust. This suggests
that, provided our interpretation is correct, the thrust's flat seg-
ment is parallel to the layering and a low-friction décollement in
shales produces a narrow shear zone. The footwall of the Kock
Thrust, below and in front of the thrust, also acts as a SW limb of
the Radzyn-Bogdanka—Chetm Syncline (Dembowski and
Porzycki, 1988), which, as follows from the seismic sections
(Figs. 6 and 7), was formed by gentle buckling in the course of
the same thin-skinned deformation event. The contractional
structures do not completely die out at the front of the Kock
Thrust, but they continue towards the NE, predominantly in the
Carboniferous complex, although also in the Lower Paleozoic
section (Figs. 6B and 7B). This is also confirmed by structural
analysis of core data from the Tarkawica-3 borehole (Fig. 10).

STRUCTURAL ANALYSIS OF DRILL CORES

Structural investigations of drill cores were performed in the
Garwolin-1, Kock IG 2 and Tarkawica-3 boreholes drilled close
to the KFZ, and in the Tarkawica-2 and Kock IG 1 boreholes
within the KFZ (Fig. 9). The aim of this study was to check if the
model constructed based on seismic data conforms to the
meso-structural record in the rock samples. In particular, we
have investigated the kinematics of fault offset, the succession
of tectonic deformations, and the stress regime changes near
the KFZ. A brief overview of tectonic observations in boreholes
is presented below, starting from boreholes located south of the
KFZ, through those drilled within this zone, and finishing with
that drilled north of the KFZ.

The Garwolin-1 borehole is located SW of the KFZ in its
WNW segment (Fig. 9). The cored intervals cover <20% of the
1000 m thick Lower Devonian through Carboniferous section
(Fig. 10). In spite of the limited coring, a relatively large number
of slickensides and minor faults were observed in this borehole.
At a depth interval of 2831-2877 m, the Lower Devonian sec-
tion is probably reduced by a normal fault. Between the Devo-
nian and Carboniferous sections, a minor angular unconformity
dipping at 5-10° was noticed. Contractional structures of the
thrust fault stress regime reach the borehole bottom at a depth
of 2915 m, which may indicate occurrence of a larger-scale
thrust below the borehole’s terminal depth. Sparse steep calcite
veins point to an extension of the Frasnian complex, approxi-
mately in the W-E direction, assuming the regional NW-SE di-
rection strike of bedding planes. A single transtensional, left-lat-
eral slickenside of unknown orientation was observed in the
Carboniferous section.

The Kock IG 2 borehole is located close to the KFZ, in the
south of its central segment (Fig. 9). Structural profiling was per-
formed in the stratigraphic interval from Givetian to
Westphalian, >2400 m long. In the upper part of this interval,
down to a depth of 2150 m, coring covered 25% of the borehole
section, while below this depth ~50% (Fig. 11). An almost hori-
zontal bedding position suggests little or no tectonic deforma-
tion. Indeed, the upper part of the borehole section reveals only
a few small-scale thrust fault slickensides that allow hypothesiz-
ing the existence of a thrust fault somewhere at a depth of
1723-1740 m, in the Famennian complex. In the footwall of this

thrust, only normal faulting slickensides were found, pointing to
an extensional episode and lack of compressive stress regime.
The abnormal geometry of the gently dipping normal fault slick-
ensides can imply that the extension have taken place in a
slightly compacted sediment, e.g. soon after the Famennian
sedimentation. Of the same age can be a set of vertical veins in
the bottom borehole interval, pointing to an extension in a direc-
tion transversal to the bedding strike. In spite of the better core
coverage in this borehole in comparison to the Garwolin-1, the
core inspection revealed much less thrust fault slickensides,
which may result from a longer distance of this borehole from
the KFZ.

The Tarkawica-2 borehole is located in the central segment
of the KFZ (Fig. 9) and according to the seismic interpretation
pierces the Kock Thrust (Fig. 6B). Structural investigations em-
braced all the cored intervals that covered altogether <10% of
the 3000 m long section of the Paleozoic complex, ranging from
the Cambrian to the Famennian (Fig. 11). In the Devonian com-
plex, at a depth <1870 m, there are only thrust fault stress re-
gime structures, represented mainly by small-scale slicken-
sides. The most intense thrust fault deformation with tilted bed-
ding was observed at a depth >1500 m. Below a depth of
1880—2000 m, compressive deformations vanish almost com-
pletely, thus a thrust is expected below Lower Devonian marls.
Due to long distances between the cored intervals, reaching
150 m, the exact position of intense thrust deformations is not
documented. Beneath a depth of 2650 m, there are only
extensional tectonic features, with normal fault slickensides in
Silurian shales. In each case, a narrow zone of fault-related
drag of strata suggests insignificant normal fault displacement.
At the borehole bottom, below a depth of 3295 m, tectonic de-
formations are lacking, except for soft sediment disturbances
that may point to seismic or tectonic instability during Cambrian
deposition. Based on seismic interpretation, the Kock Thrust is
located at the top of the complex with extensional slickensides
(Figs. 6B and 11).

The Kock IG 1 borehole is located in the central segment of
the KFZ (Fig. 9). The structural profiling was performed on a
continuous 200 m long core interval of Silurian and Lower De-
vonian marls and shales (Fig. 10). The entire analysed profile is
intensely tectonically deformed. The bedding is steep, dipping
at 60-90°, including overturned position of strata, with the com-
mon thrust fault type of striation on polished bed surfaces (fold-
ing-related slip). Steep fault/shear zones cut the strata repre-
sented by a dense network of slickensides or cataclastic zones,
tens of centimetres thick, which appear every several metres in
the core profile. The faults show a strike-slip component with in-
consistent sense of slip, and they are frequently accompanied
by steep fracture cleavage. These faults frequently define an
anastomosing pattern striking generally parallel to the steeply
inclined bedding. Faults striking transversal to the bedding
planes are subordinate. Integration of structural data from this
well allows inferring the following sequence of tectonic events:

— Early stage of extension, indicated by calcite veins older

than the fracture cleavage, may point to elongation in
the direction transverse to the strike of bedding, which
took place when the strata were in a horizontal or slightly
tilted position.

— A stage of contraction, which led to steepening of beds,

with top and base surfaces bearing dip-parallel striations
(or slightly oblique). Gently dipping calcite veins, post-
dating the cleavage, might have been created at that
time.

— A younger stage of selective strike-slip reactivation of

the previous thrust fault slickensides mainly on steeply
dipping bedding planes, with striations and fibrous min-
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Analysed core intervals marked by black stripes at the left-hand side of structural profile; other explanations as in Figure 6
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erals indicating the right-lateral sense of shearing along
the KFZ. This event might have taken place after the
main compressive phase.

— Probably the youngest stage of deformation, repre-
sented by W-E-trending steep slickensides oblique to
the strike of beds. The striation and mineralisation indi-
cate the left-lateral sense of motion. The diagonal and
transversal steep veins filled with pink calcite are associ-
ated with slickensides.

The Tarkawica-3 borehole is located N of the central seg-
ment of the KFZ (Fig. 9). The structural profiling was performed
on core samples that cover 10% of the 2300 m long borehole
section, spanning the Eocambrian through Carboniferous
(Fig. 10). In this borehole, bedding planes dip at 5-20° with the
highest values controlled by early deformations of soft sediment
or by fault drag in the hanging wall of the thrust fault, e.g. at a
depth of 1790 m. In general, two structural intervals can be distin-
guished in this borehole. In the upper one, down to a depth of
2088 m, thrust fault slickensides prevail; however, steep calcite
veins, transversal to the strike of beds, are also present. In the
lower structural interval, below a depth of 2102 m, contractional
slickensides have not been found. Instead, a few nor-
mal-to-strata calcite veins indicate extension in a direction
transversal to the strike of bedding planes. In this case, the bot-
tom of the interval of contractional features at a depth close to
2150 m might not point to the thrust plain. However, it indicates a
zone of thin-skinned contraction on the northern side of the KFZ.

SUCCESSION OF DEFORMATIONS FROM BOREHOLE DATA

Synsedimentary tectonic activity. The landslides and
ductile folds that apparently developed in poorly consolidated
sediments of the Upper Devonian sequence of the Tarkawica-2
borehole point to significant morphological gradients at the floor
of the sedimentary basin. In case of marly facies, representa-
tive of a low-energy sedimentary environment, a tectonic factor
triggering these perturbations is likely, and, therefore, reactiva-
tion of the nearby KFZ in the Late Devonian can be hypothe-
sized.

Transverse and longitudinal extension. Extensional de-
formation took place in brittle, well-lithified rocks. Two sets of
veins and small-scale faults can be identified to indicate two,
mutually roughly perpendicular extension directions with re-
spect to the strike of strata: transversal and longitudinal. Based
on seismic interpretation, it is assumed that transversal struc-
tures strike ~NNE-SSW, while the longitudinal ones in the
WNW-ESE direction. The transverse extension is expressed
by small-scale normal or normal oblique-slip faults trending par-
allel to the strike of bedding, which were observed in the Devo-
nian and Silurian complexes of the Kock IG 2 and Tarkawica-2
boreholes. Transverse extension is also documented by the
steep veins filled with calcite or with a quartz admixture, that
were observed in the Kock IG 3, Tarkawica-2 and Tarkawica-3
boreholes. Longitudinal extension-produced steeply dipping or
vertical veins, trending transverse to the strike of bedding, are
common in the Kock IG 2, and subordinate in the Garwolin-1
borehole. Some calcite veins observed in the Upper Devonian
complex are open with authigenic crystals at their walls that in-
dicate low normal stress and probably shallow burial during
mineralisation. Such conditions prevailed, e.g., during the Early
Carboniferous erosional event. Normal faults have not been
identified in the Carboniferous complex, except for a few ones
in the Garwolin-1 borehole, not accompanied by mineralisation.

Compressive stress regime related to the main episode
of thin-skinned thrusting. The gradual change from exten-

sion to compression is reflected by widespread occurrence of a
conjugate system of shear-origin joints perpendicular to bed-
ding planes, which points to the pure shear mode of strain in a
strike-slip stress regime that preceded the main thrusting
phase. In the initial phase of thrusting, faults and slickensides
developed in horizontal layers at low angles to bedding planes.
A progress of contraction led locally to tilting of beds and forma-
tion of slickensides on the bedding surfaces. These first-order
tectonic features are accompanied by small-scale folds and tec-
tonic stylolites with rod lineation horizontal or gently dipping. In
most cases, the striation is parallel or slightly oblique to the dip
direction of slickensides, suggesting the primary failure in
thrusting mode and a relatively stable stress direction while con-
traction. Thrust-related structures are present in the upper parts
of borehole sections, which suggest the thin-skinned mode of
thrusting.

Post-thrusting strike-slip regime. The thrust fault stress
regime probably evolved gradually into the strike-slip one. This
is evidenced by (steeply) dipping faults and slickensides with
oblique or near-horizontal striation on their surfaces. Younger
diagonal and conjugate slickensides with abundant
mineralisation were observed in the Tarkawica-2, Kock IG 1,
Tarkawica-1 and Tarkawica-3 boreholes. In turn, the right-lat-
eral sense of shear, parallel to the strike of beds, was encoun-
tered in the Kock IG 1 and Tarkawica-1 boreholes. In
Tarkawica-2, together with these younger stages of deforma-
tion the recrystallisation of dolomite, creation of voids and veins
with oil shows was associated.

Among the investigated boreholes, the Kock IG 1 borehole
located within the KFZ is specific. A steep, 200 m long zone of in-
tense deformation shows several stages of thrusting to
multi-stage strike-slip deformations. In the boreholes located
south of the KFZ (Tarkawica-2 and Kock IG 2), below the com-
plex with contraction-related structures, the only extensional
structures are present within the Silurian and Famennian strata.
This suggests that, before the thin-skinned contraction, the vicin-
ity of the Kock Fault was dominated by normal faulting. Because
these normal fault stress regime structures have not been no-
ticed in the Carboniferous complex (except for a few in the
Garwolin-1 borehole) the normal fault deformation might have
taken place before deposition of the Carboniferous deposits.

In the Tarkawica-2 borehole, it was possible to compare the
depth of seismically derived placement of the Kock Thrust with
the structural profile, which coincides with the top of extensional
domain, suggesting a very weak thrust plane. For the rest of the
boreholes located on the southern side of KFZ, the seismically
defined Kock Thrust passes below the borehole range.
Thin-skinned contraction is not completely compensated within
the KFZ, but extends further NE as far as the Tarkawica-1 and
Tarkawica-3 boreholes, where the upper level of contractional
features is also observed.

STRUCTURAL EVOLUTION OF THE KOCK FAULT
ZONE BASED ON SEISMIC AND CORE DATA

The interpreted data constrain three major stages of the Pa-
leozoic evolution of the KFZ (Fig. 13): (1) the oldest stage, re-
lated to the evolution of the Baltica margin in the Silurian (late
Caledonian event); (2) the early Variscan stage at the turn of the
Devonian and Carboniferous, related to the development of the
Lublin Basin, and (3) the late Variscan stage in the Late Car-
boniferous, related to the final basin inversion. This tectonic de-
formation sequence was most probably preceded by the initia-
tion of the Kock Fault at the turn of the Proterozoic and Paleo-
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zoic, which might be inferred from literature (Poprawa and
Paczesna, 2002) reporting major tectonic activation of this re-
gion due to rifting and opening of the Tornquist Ocean. How-
ever, this oldest stage, which is not documented by the avail-
able seismic or borehole data, is rather hypothetical. The KFZ
was also tectonically reactivated to a minor extent in both Meso-
zoic and most probably Cenozoic times. We mention it only
briefly here, as these deformations have not exerted consider-
able impact on the Paleozoic complex structure.

LATE CALEDONIAN STAGE

Based on the increase of the thickness of Silurian strata in
the NE hanging wall of the Kock Fault, it can be inferred that
syndepositional activity of this fault began in the Ludlow
(Fig. 7B). The extensional, normal fault kinematics of the Kock
Fault might be related to the formation of the Caledonian
foredeep on the subsiding margin of the East European Plat-
form (Poprawa and Paczesna, 2002; Poprawa, 2006), which is
typically governed by a slab pull mechanism of flexural plate
bending. The highest thickness growth of the Silurian deposits,
and therefore the maximum displacement at this fault, esti-
mated at 2000 m, can be noticed along the central part of the
KFZ (Figs. 6, 7 and 12A).

EARLY VARISCAN STAGE

We have found no evidence of the Kock Fault activity in the
Early and Middle Devonian. However, it cannot be definitely
ruled out, as deposits of this age are almost completely eroded
over the Hrubieszéw High area in contrary to the Lublin
Synclinorium where the Lower—Middle Devonian rocks are pre-
served (Fig. 9B, C). In some seismic sections from the NE limb
of the Lublin Synclinorium, minor thickness changes are visible
in the Frasnian in the close vicinity of the KFZ (Fig. 6A). This ob-
servation, reported also by other authors (Pelc, 1999; Krzywiec,
2009), is interpreted by us as the onset of syndepositional inver-
sion of the KFZ. In the Late Famennian, the Kock Fault under-
went inversion, initially in a compressive stress regime that sub-
sequently turned into transpression. This idea is supported by
the presence of a positive flower structure in the most SE seg-
ment of KFZ, where the original geometry of the Kock Fault, re-
vealing an array of lower-order en echelon reverse faults in the
Hrubieszéw High, survived the overprint by younger deforma-
tions. Transpression along the Kock Fault can be inferred from
space relation of the oblique fault array to the trend of the KFZ
(Fig. 9). The most prominent secondary fault in the study area,
the latitudinal Siedliska fault zone, located approximately 4 km
N of the Pasmug-1 borehole (Figs. 7B and 8B), is also of posi-
tive flower structure geometry.

The onset of the Carboniferous sedimentation was associ-
ated with basaltic volcanism (Zelichowski, 1972, 1984;
Depciuch, 1974; Zelichowski and Koztowski, 1983; Grocholski
and Ryka, 1995; Panczyk and Nawrocki, 2015). Basalt caps
and sills appear selectively in the vicinity of deep-rooted fault
zones, of the Kock Fault in particular (Zelichowski and
Koztowski, 1983; Zelichowski, 1984). The age of the basaltic
volcanism indicates that relaxation of the compressional
(transpressional?) stress regime was replaced by tension
(transtension?) after the Famennian. Abundant mineralisation
described from cores from the Middle Devonian interval may be
correlated with a massive migration of fluids, associated with
this stage of intrusion (Fig. 12D).
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Explanations as in Figure 6

LATE VARISCAN STAGE

In post-Visean times during Carboniferous sedimentation,
the Kock Fault was most probably not active. Our analysis con-
firms this opinion, as we have not found any changes in sedi-
ment thickness and seismic reflectors discontinuity, or any
other manifestation of Late Carboniferous deformations above
the Kock Fault (e.g., Fig. 8A), pointing to relaxed tectonic
stresses. The cessation of Carboniferous deposition and initial
late Variscan inversion of the Lublin Basin are dated to the
Westphalian C or D (Narkiewicz et al., 2007; Narkiewicz, 2007).

Initially, inversion related to the SW-NE compression
(Narkiewicz et al., 2007; Krzywiec, 2009) caused minor reactiva-
tion of the Kock Fault. It can be observed in the SE segment of
the KFZ, where a small anticline developed just above the Kock
Fault (Fig. 8A). In the other segments of the KFZ, this subtle Late
Carboniferous inversion of the Kock Fault is not visible in the
seismic sections, probably due to an overprint by younger defor-
mations. However, it can be observed within the Carboniferous
complex above the Siedliska Fault in an area not disturbed by
the younger stage of thrusting (Fig. 7B), which is also mentioned
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by Krzywiec (2009). The initial stage of inversion of the Kock
Fault may have been related to a thick-skinned contraction.

A further evolution of the collision zone caused a switch of
deformation style to a thin-skinned thrusting that resulted in the
development of the Kock Thrust. The location and orientation of
this thrust were controlled by the scarp of the earlier Kock Fault,
across which incompetent Silurian deposits of the Lublin
Synclinorium were in contact with competent Cambrian rocks of
the Hrubieszéow High. Along the KFZ, the front of the Kock
Thrust is located either next to the Kock Fault or cuts it through
and moves its uppermost portion northeastwards. The thrust
fault stress regime, related to the thin-skinned tectonic defor-
mation, most likely turned into transpression at the final stage of
contraction. This can be evidenced by the Kock IG 1 borehole
core data, where low-angle thrusts interfere with younger
high-angle strike-slip faults (Fig. 12E).

DISCUSSION OVER TECTONIC CONCEPTS
OF THE KOCK FAULT ZONE

Our data and interpretation do not address the pre-Silurian
evolution of KFZ due to the lack of borehole data and insuffi-
cient range of seismic record from the study area. The charac-
ter of the deeply rooted fault suggests that it could develop in
the very early stage of Ediacarian rifting, accompanied with vol-
canism in the Orsha-Volyn rift (Poprawa and Paczesna, 2002).
A trend of this zone, which is parallel to the EEC, suggests that
it can represent a set of faults associated with the formation of a
triple junction developed at the edge of Baltica due to rifting of
the Tornquist Ocean (Nawrocki and Poprawa, 2006). The posi-
tive seismic velocity anomaly in the lower and middle crust, in-
terpreted from the Deep Seismic Sounding experiment
(Guterch and Grad, 2006), can be related to the old magmatic
activity in a rift trending close to the KFZ. The later Early Paleo-
zoic evolution can be interpreted in terms of collision of Eastern
Avalonia with the passive margin of Baltica. We postulate that
normal faulting in the KFZ during the Silurian was controlled by
a slab pull mechanism in front of the East Avalonia collision
zone. The same mechanism can be responsible for the subsi-
dence pattern in the area of the former Lublin Basin, which is
typical of foredeep basins (Poprawa, 2006). The slab-pull is typ-
ically accompanied by extension, whose intensity depends on
both the curvature of plate bending and the depth to the neutral
surface within the plate. The Kock Fault appears to be an old
tectonic zone that was extensionally reactivated in the pre-colli-
sion stage. In the proximity of the KFZ, no sign of Caledonian
compression has been reported in this segment of the EEC.
This indicates that either the KFZ was located away from the
Caledonian collision zone or the zone was weak and detached
in the Lublin Basin segment of Baltica.

Our observations do not confirm the deformation mecha-
nism of the Silurian complex proposed by Pelc (1999) and
Krzywiec (2007, 2009), who consider the geometry and com-
plex internal structure of the KFZ to be a product of either a duc-
tile flow of shale, creating a kind of shale diapir, or a ductile de-
formation driven by thin-skinned tectonics, called mushwad
(Thomas, 2001), as proposed by Kufrasa and Krzywiec (2015)
and Krzywiec et al. (2017). The drill core from the Kock I1G 1
borehole provides evidence that the shale complex is cut by a
dense network of slickensides that indicate a friction-controlled
deformation. Therefore, from the mechanical point of view, it is
not an unconsolidated soft rock ductile deformation, but a pene-
trative (even on a core scale) brittle deformation of well-consoli-
dated shale. However, the macroscopic effect of both mecha-
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Fig. 13. Sequence of Paleozoic tectonic events in the Kock
Fault Zone, associated stress regime, and the style
of deformation changes inferred from this study

nisms of deformation could be similar on a seismic scale. The
present-day geometry of the Silurian sequence can be ex-
plained by superposition of several tectonic episodes described
in our paper. Local thickness reduction of the Upper Devonian
sequence in the SW part of the KFZ, described by Krzywiec
(2007) as an indication of an early phase of growth of
quasi-diapric structures, is related in our interpretation to the
development of an anticline above the Kock Fault due to its in-
version. The first indication of thickness difference in the upper
Devonian comes from the Frasnian section. The interpretation
of Silurian shale diapirs on seismic sections published by Pelc
(1999) and Krzywiec (2007, 2009) may arise from lower quality
of seismic data in comparison to these available to us.

Until now, the Late Devonian subsidence of the Lublin Basin
was explained by a transtensional mechanism, in which the
KFZ played a role of an active strike-slip fault (Narkiewicz et al.,
1998, 2007; Narkiewicz, 2007). This stands in contradiction with
our concept, according to which the inversion of the Kock Fault
in the Late Devonian occurred in a compressive stress regime.
It implies that the Lublin Basin subsidence should have had the
same compressional origin at that time. A more precise descrip-
tion of this phenomenon is out of the scope of this paper.

In our interpretation, the Late Devonian/Early Carboniferous
fault pattern in the Hrubieszéw High (Fig. 3) differs significantly
from that on previously published geological maps
(Zelichowski, 1972; Zelichowski and Koztowski, 1983;
Pozaryski and Dembowski, 1983). On these maps the major
faults are oriented SW-NE, whereas our seismic data indicate
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dominant E-W fault trends. In the Hrubieszéw High area corre-
sponding to the central segment of KFZ, the latitudinal faults
can be clearly inferred from seismic data, while in the rest of the
block, our interpretation is not so unequivocal. The orientation
of these faults is important for understanding the remote, conti-
nental-scale tectonic controls on the structural style of Late De-
vonian/Early Carboniferous deformation.

Previous publications regarding the Late Devonian/Early
Carboniferous deformations in the KFZ suggested a
large-scale displacement along vertical faults (Zelichowski,
1972; Zelichowski and Koztowski, 1983), which did not explain
the actual kinematics and stress regime control on the deforma-
tions. In our opinion, the onset of Late Devonian deformations is
related to a compressive stress regime with a dextral
transpression component, which is responsible for inversion of
the Kock Fault and uplift of tectonic blocks on the Hrubieszow
High. The compression started probably in the Late Frasnian
and continued until earliest Carboniferous times. Subsequently,
during the Visean, the compressive stress relaxed and gave
way to eruption of basaltic igneous rocks, indicative of a ten-
sional stress regime. Therefore, we postulate that the stress re-
gime changed from compression to tension in the earliest Car-
boniferous, before the end of the Visean. The extension might
have been enhanced by a hot spot responsible, according to
Narkiewicz (2007), for the magmatic activity in the Lublin Basin
at that time, as well as for the earlier magmatic event in the
Pripyat graben.

There is still an open question concerning the tectonic reac-
tivation of the KFZ during deposition of the Carboniferous basin
fill. A pull-apart transtensional subsidence mechanism was sug-
gested for the Lublin Basin (Narkiewicz et al., 1998; Krzywiec
and Narkiewicz, 2003; Narkiewicz, 2007) that led to a
synsedimentary reactivation of the KFZ (Narkiewicz, 2003,
2007). The role of the KFZ during the Carboniferous sedimenta-
tion is obliterated by the Late Carboniferous thin-skinned tec-
tonic overprint. Nevertheless, based on interpretation of the ex-
haustive set of seismic data, it can be concluded that there is no
evidence for the synsedimentary KFZ displacement at that
time. Even in the areas that underwent minor overprint by the
Kock Thrust, the thickness difference in the Carboniferous
complex across the Kock Fault is unnoticeable (Fig. 8A). Some
authors (Krzywiec and Narkiewicz, 2003) explained the ab-
sence of fault displacement by inversion that might have com-
pensated an initial offset. In our opinion, such a scenario is un-
likely, taking into account both the length of the Kock Fault and
the fact that there is no thickness contrast in the Carboniferous
deposits all across the fault.

The present-day structure of KFZ has been shaped to a ma-
jor extent by the Late Carboniferous thin-skinned overthrusting.
The older structures were inverted or cross-cut and displaced
by thrust faults. From our interpretation, the maximum dip-slip
offset on the Kock Thrust is estimated at 3.5 km in the central
segment of KFZ. It implies a similar or greater offset along the
continuation of this thrust beneath the Lublin Synclinorium.
Looking for the preferential detachment horizon, we point to the
Silurian shale sequence as a mechanically weaker suitable
candidate for a regional detachment.

Thrusting-related structures were observed on core sam-
ples from all the analysed boreholes. The contractional struc-
tures occur systematically in the uppermost parts of the Paleo-
zoic profiles, while in the lower sections, which, according to
seismic interpretation, are still placed within the hanging wall of
the Kock Thrust, only extensional structures are observed.
Hence, it seems that penetrative contractional deformations af-
fected only some of the upper levels of the thrusted complex,
while the remaining part was hidden in the compression

shadow. Due to the scarcity or absence of contractional struc-
tures over long borehole intervals of the thrusted complex, we
expect the Silurian detachment surface to be mechanically very
weak, and the thin-skinned thrusting can be distributed on sev-
eral minor thrusts of the scale below seismic resolution. There
is also possibility that displacement on the Kock Thrust is lower
than suggested by palinspastic reconstruction in this study. The
calculated thrusting distance could originate from integration of
thin-skinned thrusting with deep-rooted, younger, transpressive
deformations, whose influence cannot be taken into account in
our interpretation. The quality of available data and the limited
range of the study area do not allow providing a definite answer
to the problem of the regional detachment level and its dis-
placement. Hereby, we only highlight the problem that should
be addressed in a broader context.

A thin-skinned thrusting in the Lublin Basin in Carboniferous
times was previously proposed by Antonowicz et al. (2003) and
Antonowicz and lwanowska (2004), by analogy to the context of
the Appalachian foredeep basin (Mitra, 1988; Keller and
Hatcher, 1999). These authors suggested that the KFZ repre-
sents an accommodation zone of a thin-skinned thrust sheet,
which decouples the Lublin Basin fill from its basement. In this
concept, the Upper Paleozoic complex forms a passive
syncline over one or two flat decollement levels, one in the
Lower Paleozoic and the second in the Lower Devonian se-
quence. Antonowicz et al. (2003) and Antonowicz and
lwanowska (2004) assumed a significant thrust displacement
within the KFZ. Depending on the publication, they propose ei-
ther >10 km displacement compensated by a duplex structure
within the KFZ (Antonowicz et al., 2003) or ~5 km displacement
on a single thrust (Antonowicz and lwanowska, 2004). Our in-
terpretation conforms to the general concept of thin-skinned
thrusting of the Upper Paleozoic infill of the Lublin Synclinorium;
however, the scale of tectonic transport, proposed by us, is sig-
nificantly lower and the duplex geometry of the KFZ is not con-
firmed. We also emphasize a multiphase, protracted evolution
of the KFZ in varying tectonic stress regimes that led to its com-
plex present-day structure.

In both the seismic profiles and borehole core samples, we
have observed deformations of compressive origin extending
farther northward from the KFZ, shaped as minor buckling folds
on the seismic scale, and small-scale thrust fault slickensides
visible in the drill core. Their minor scale, thin-skinned charac-
ter, and northward-decreasing trend suggest that the KFZ is the
front of significant Variscan contractional deformations. As it is
located several hundred kilometres from the direct collision
zone between tectonic plates, which is proven in the Sudetes,
we can expect that the late Carboniferous collision phase had a
coupled character and the thin-skinned thrust faults penetrate
far to the foreland plate beyond the range of flysch sediments.

SUMMARY

We have described the results of tectonic interpretation of a
number of seismic sections and core samples from the vicinity
of the Kock Fault Zone (KFZ), which is a major discontinuity in
the Lublin Basin. It separated the Late Paleozoic depocentre lo-
cated in the Lublin Synclinorium from the NE marginal part of
the basin called the Hrubieszéw High. Although this fault zone
has drawn attention of several generations of geologists, there
is still lack of a genetically and kinematically consistent concept
of its evolution. Deciphering the tectonic evolution of this zone
brings us closer to understanding the evolution of the whole
Lublin Basin.
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The first structural record in the KFZ comes from the Late
Silurian, when the older precursor of this zone, namely the nor-
mal Kock Fault, differentiated the thickness of Silurian deposits
up to 2000 m in the central part of the KFZ. We link this
extensional phase with the formation of the Caledonian
foredeep at the margin of the East European Craton. In the Late
Famennian, the Kock Fault underwent inversion, probably in a
transpressive stress regime, which resulted in erosion of more
than 2000 m of Devonian and partly Silurian deposits on the
Hrubieszéw High. At the beginning of the Carboniferous, the
major basaltic intrusion stage along the Kock Fault points to ac-
tivation of deeply rooted source of magma in a tensional (or
transtensional) stress regime. We infer from the above that the
stress field evolved from an initial compression to the final ten-
sion during the Late Devonian—Early Carboniferous tectonic
phase. During the Carboniferous stage of the Lublin Basin sub-
sidence, the Kock Fault was probably inactive.

The initial stage of the Late Carboniferous (Westphalian)
contraction on the Kock Fault might have been related to a
deeply rooted compression that led to its minor inversion. Later
on, the compression turned from deep-rooted to thin-skinned,
resulting in the formation of the Kock Thrust. The location and

orientation of this thrust was controlled by the Kock Fault step
across which incompetent Silurian deposits of the Lublin
Synclinorium contact with competent elevated Cambrian rocks
of the Hrubieszéw High that create kind of buttress. The Kock
Thrust breached the steeply dipping Kock Fault and displaced
its upper part northeastwards, causing also minor folding of the
shallow sedimentary cover in the Hrubieszéw High. Palinspas-
tic reconstruction indicates the thin-skinned thrust fault dis-
placement in a range exceeding 3 km. A successive minor
transpressive event, followed by relaxation and extension of
fracture network combined with mineralization, ended the Pa-
leozoic history of the KFZ.
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