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Triassic evolution of the K³odawa salt structure: basement-controlled
salt tectonics within the Mid-Polish Trough (Central Poland)
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The Mid-Polish Trough formed the axial part of the Polish Basin belonging to a system of the Permian-Mesozoic epicontinental basins of
Western and Central Europe. It was filled by several kilometres of siliciclastics and carbonates, including thick Zechstein (approximately
Upper Permian) evaporites. The Mid-Polish Trough was inverted in the Late Cretaceous–Paleocene times, when it was strongly uplifted
and eroded. The presence of thick salt significantly influenced Triassic evolution of the central (Kuiavian) part of the Mid-Polish Trough
where the K³odawa salt structure is located. Analysis of seismic data calibrated by several deep wells point to three main stages of the Triassic evolution of this structure. During Early and Middle Triassic K³odawa salt pillow grew above the basement extensional fault zone,
during early Late Triassic (approx. time of deposition of the Lower Gypsum Beds) K³odawa salt structure reached diapiric stage and salt
eventually extruded onto the basin floor. Last stage was characterised by rather uniform sedimentation and lack of major salt movements.
Wojszyce salt pillow located north-east of the K³odawa salt structure grew until the Late Triassic (approx. time of deposition of the Upper Gypsum Beds) when basement fault zone located below it was probably inverted. This inversion triggered formation of the salt-cored
Wojszyce Anticline and was followed by localised erosion and rather uniform Norian–Rhaetian (Lower K³odawa Beds) sedimentation
above the anticline. Local tectonic activity below the anticline might have additionally enhanced growth of the K³odawa salt diapir. The
presented tectono-sedimentary model of the relationship between basement and salt tectonics and their influence on the Triassic
depositional systems is compatible with results of analogue modelling of linked basement-salt tectonics, and with a model based on
mesostructural studies completed for the K³odawa salt mine.
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INTRODUCTION

Rock salt, due to its specific bulk properties, is one of the
most important components of the sedimentary infill influencing the structure and stratigraphic architecture of sedimentary
basins. Consequently, formation of salt structures has long
been a subject of detailed studies. Salt structures often form and
evolve in extensional settings, during subsidence of sedimentary basins. In such settings, salt tectonics could be triggered by
a thin-skinned extension of the post-salt sedimentary cover
(Vendeville and Jackson, 1992a, b) and/or by extension within
the sub-salt basement (e.g. Koyi et al., 1993; Jackson and
Vendeville, 1994). Extensionally induced salt flow within sedimentary basins results in a formation of various structures like
salt pillows, diapirs, walls, etc.
Depending on various parameters, e.g., the amount and rate
of basement faulting, the thickness of the ductile salt layer, the

thickness of overburden, etc., two basic groups of structures
could form during basement extension. The first group comprises various systems of structures developed within the
post-salt sedimentary succession, including extensionally forced
folds, i.e., forced folds that form above normal faults (Withjack
et al., 1990). Due to the presence of a ductile salt layer, the development of a master normal fault within the basement could also
lead to a development of systems of planar or listric normal
faults detached within the salt layer (e.g. Stewart, 1999;
Withjack and Callaway, 2000; cf. Krzywiec, 2002b).
The second group consists of salt structures formed directly
above or in relatively close vicinity of the basement extensional
fault zones (Koyi et al., 1993). Such salt structures are particularly
numerous in intracontinental settings as in such basins localised
extension and subsidence is associated with significant faulting
within the pre-salt basement (e.g. Koyi and Petersen, 1993;
Christensen and Korstgard, 1994; Stewart and Coward, 1995;
Amor, 1999; Al-Zoubi and ten Brink, 2001; Larsen et al., 2002).
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Fig. 1. Schematic diagram (based on results of analogue modelling)
showing different stages of salt structure evolution above faulted basement (from Koyi et al., 1993, slightly modified)
A — pillow stage: basement faulting, pillow growth, flexure of the overburden, differential sedimentation; B — diapiric stage: further basement
faulting, faulting of the overburden, vertical salt flow into the salt diapir,
C — late/post diapiric stage: further regional subsidence, faulting of
overburden units and piercement of diapir

For both groups of structures mentioned above, basement
tectonics and related cover tectonics result in significant modifications of syn-extensional depositional systems. Faults detached
within the salt layer often focus sedimentation and are associated
with locally thicker syn-kinematic deposits of the post-salt sedimentary sequence (Withjack and Callaway, 2000). Growing salt
pillows and diapirs are associated with lateral and vertical salt
flow, and influence formation of local sub-basins and barriers for
sedimentation — processes studied for many years.
Classical halokinetic theory is based on an assumption that
the primary mechanism necessary for initiation of salt movements is change in density equilibrium, whereas sub-salt faulting
plays only secondary role or is not necessary at all (Trusheim,
1960). Trusheim (1960) described two major stages of salt structure development, pillow stage and diapiric stage, each related to
a different thickness distribution of syn-kinematic sedimentary
cover. Similar stages could be also distinguished for salt structures evolving above the basement normal fault, although scenario of their formation could be much more complex then in

classical halokinetic scenario. They are shown on a schematic diagram (Fig. 1) based on the results of analogue modelling (from
Koyi et al., 1993). On this diagram, internal depositional architecture of syn-kinematic deposits related to the pillow and
diapiric stages is also shown. Syn-kinematic deposits formed
during basement faulting and associated growth of a salt pillow
are characterised by a significantly reduced thickness of overlying sediments towards the pillow (Fig. 1A). Increased basement
faulting results in faulting of the overburden and increased vertical salt flow into the diapir. During such an early diapiric stage,
syn-kinematic deposits formed above the hangingwall show
prominent internal divergent geometries related both to a basement faulting as well as to a salt withdrawal (Fig. 1B). Further
subsidence and faulting of the overburden result in piercement of
the diapir and deposition of younger sedimentary successions of
less variable thickness (Fig. 1C).
Three evolutionary stages have been described for a development of salt diapirs formed during thin-skinned extension (i.e.
extension affecting post-salt overburden): reactive, active and
passive (Vendeville and Jackson, 1992a). During the first stage,
diapir moves upward through thick post-salt sedimentary cover
in response to its faulting. When diapir becomes tall enough and
its overburden thin enough, it could actively pierce due to fluid
pressure, forming true intrusive body. This process is regarded as
being rather rapid in geological terms. During the third stage —
passive growth — emergent diapir continues to grow by sediment downbuilding due to a continued sedimentation, and its
crest is located close to or at the depositional surface (basin
floor). A model of a salt diapir development during purely
thin-skinned extension can be directly applied to e.g. passive
margins, as in such post-rift settings regional basement
(thick-skinned) faulting is negligible. For intracratonic settings
however, during syn-rift extension, a complex interaction of
sub-salt (basement) faulting and supra-salt (cover) faulting/folding is observed, that trigger lateral and vertical salt movements
(Nalpas and Brunn, 1993; Jackson and Vendeville, 1994).
If the sedimentation rate is small and/or diapir’s growth rate
is high, salt could form extrusion, related to its lateral spreading
onto the depositional surface. This process could be active both
in sub-marine (Fletcher et al., 1995) and sub-aerial (Talbot,
1998) environments. During passive growth of a diapir, such
extrusion could be covered by sediments. Repeated pulses of
sedimentation, diapiric passive growth and erosion could result
in a very complex structural and stratigraphic relationship
within the near-salt sedimentary complexes, highlighted by local unconformities and thickness variations (Giles and Lawton,
2002; Rowan et al., 2003; Schulz-Ela, 2003).
Salt very effectively attenuates seismic energy, and often
seismic information regarding the structure of the sub-salt basement is sparse, if available at all. Hence, direct analysis of the location of the basement fault zones and their interaction with the
overlying salt layer and post-salt sedimentary cover may not be
possible. Therefore, often the only available way to construct a
model of basement tectonic activity is by analysis of shape and
distribution of salt structures, and by analysis of thickness variations and internal depositional architecture of the post-salt cover.
In this paper, a problem of mutual interaction between
supposed sub-Zechstein basement activity and salt tectonics
and their influence on the Triassic sedimentary systems of the
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Fig. 2. Distribution of salt structures within the central (Kuiavian) part of the Mid-Polish Trough (from
Dadlez and Marek, 1998, simplified)
Black — salt diapirs; dark grey — partly pierced salt diapirs; light grey — salt pillows; patterned area —
sub-Cenozoic subcrops of Jurassic and older deposits along the inverted axis of the Mid-Polish Trough;
A–B — regional seismic profile shown on Figure 4; names are given for the salt structures crossed by this
regional profile

Mid-Polish Trough (MPT) is discussed. The main focus is on
structural and seismostratigraphic interpretation of such
linked Triassic tectono-stratigraphic phenomena described
for the central part of the MPT, from the vicinity of the
K³odawa salt structure (Fig. 2). In order to visualise various
aspects of the complex interaction between basement and salt
tectonics, and between the salt and the surrounding
depositional system, interpreted seismic data and
palaeotectonic reconstructions are presented. These are simplified geometrical reconstructions derived from the seismic
profiles flattened along selected stratigraphic tops. In particular, these reconstructions are neither balanced, nor do they include decompaction of thick Mesozoic successions. Restoration of a salt thickness and its distribution during early stages
of the Mid-Polish Trough subsidence should be regarded as a
first approximation only. Additional possible effects that
could have modified depositional architecture such as salt dissolution (e. g., Cartwright et al., 2001) also have not been
taken into account. However, despite these limitations, the results obtained clearly portray the main aspects of the decoupled Triassic MPT evolution in its central (Kuiavian) segment,
especially showing how basement and salt tectonics have interacted in this region, and how such complex tectonic activity has shaped Triassic depositional systems. The constructed
model of such complex tectono-sedimentary evolution of the
central MPT follows the idea of a regional tectonic decoupling between the sub-Zechstein basement and the post-

Zechstein Mesozoic sedimentary infill proposed earlier
(Krzywiec, 2002a–c; cf. Dadlez and Marek, 1974).
GEOLOGICAL SETTING
The Mid-Polish Trough formed the axial part of the Polish
Basin belonging to a system of Permian-Mesozoic epicontinental basins of Western and Central Europe (Ziegler, 1990).
The MPT evolved during Permian to Cretaceous times along
the NW–SE trending Tornquist-Teisseyre Zone (Po¿aryski and
Brochwicz-Lewiñski, 1978; Ziegler, 1990; Dadlez, 1997;
Kutek, 2001). During the Permian stage of its evolution, the
MPT belonged to the Southern Permian Basin (Kiersnowski et
al., 1995; van Wees et al., 2000). The MPT was filled with several kilometres of Permian–Mesozoic sediments (Marek and
Pajchlowa, 1997; Dadlez et al., 1998).
A complex system of salt structures formed during the Mesozoic within the central and north-west segments of the
Mid-Polish Trough characterised by the presence of the thick
Zechstein evaporites (Wagner, 1998). Various aspects of salt
tectonics within the MPT have been analysed by numerous authors, including e.g. Soko³owski (1966), Dadlez and Marek
(1969, 1974), Burliga (1996; see e.g. Po¿aryski, 1977; Tarka,
1992 for summary and further references). Distribution of various salt structures from the central (Kuiavian) part of the MPT
is shown on Figure 2. System of salt structures of the MPT is a
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direct counterpart of an analogous system of salt structures
from the North German Basin (e.g. Trusheim, 1960; Kockel,
1996, 2003; Kossow et al., 2000; Scheck et al., 2003), from the
Danish North Sea (e.g. Geil, 1993; Koyi and Petersen, 1993)
and the Southern North Sea (e.g. Stewart and Coward, 1995;
Krzywiec and Trudgill, 2003), i.e. systems of salt structures genetically linked to the evaporites deposited within the Southern
Permian Basin.
One of the major problems concerning the evolution of the
MPT, especially its part characterised by thick Zechstein deposits, is the relationship between regional depositional and
tectonic pattern of the Mesozoic succession, and tectonic activity within the pre-Zechstein basement. Analysis of tectonic
subsidence curves reveals that three major pulses of increased
subsidence can be distinguished (Zechstein–Scythian,
Oxfordian–Kimmeridgian, and early Cenomanian), each superimposed on a more gradual thermal subsidence pattern
(Dadlez et al., 1995). However, the north-west and central parts
of the MPT containing thick evaporites are characterised by a
lack of major, basin-scale extensional deformations within the
Mesozoic sedimentary cover related to the above tectonic
phases and are characterised by gradual thickness changes and
by a rather gentle (i.e. not disturbed by major normal fault
zones) regional depositional pattern (Dadlez, 2001, 2003;
Dziewiñska et al., 2001; Wagner et al., 2002). Stephenson et
al. (2003) explicitly stressed the deficit of observable
extensional features responsible for the Permian-Mesozoic
subsidence. This apparent contradiction can be explained by a
regional decoupling between the sub-Zechstein basement and
the Mesozoic sedimentary infill (Krzywiec, 2002a–c).
The MPT was inverted during the Late Cretaceous–Paleocene, and this inversion was associated with significant uplift and erosion of its axial part (e.g. Dadlez and
Marek, 1969; Po¿aryski and Brochwicz-Lewiñski, 1978;
Dadlez, 1997; Krzywiec, 2002a).
An important problem related to the evolution of the central
and NW part of the MPT is the origin of salt tectonics and the relationship between basement tectonic processes and the development of salt structures. Some authors followed classical idea of
halokinesis (Trusheim, 1960), according to which salt movements are triggered by differential loading caused by overburden
(e.g. Soko³owski, 1966). Others addressed the issue of potential
role of basement tectonic activity as a trigger for salt tectonics.
Numerous published cross-sections contain inferred sub-Zechstein basement faults and fault zones, some of them located directly below or in a close vicinity of salt structures. In most cases,
however, these are rather wide and vertical fault zones for which
only a general link between the inferred basement tectonic activity (often of an unspecified nature) and salt movements was suggested (e.g. Dadlez and Marek, 1969; Marek and Znosko,
1972a, b; Marek, 1977). In his analysis of the Triassic and Jurassic sedimentary cover in the area of the K³odawa salt structure
Znosko (1957) suggested that tectonic activity was responsible
for initiation of salt movements. Selected publications presented
more detailed tectonic interpretations, for the Kuiavian part of
the MPT reverse faults located below the K³odawa salt structures
have been proposed by, for example, Po¿aryski (1957, 1977)
and Dadlez and Marek (1974). Dadlez and Marek (1974) proposed also a Mesozoic faults activity restricted to the sub-

Zechstein basement (see their fig. 14), i.e. suggesting mechanical
decoupling between the sub-Zechstein basement and the
post-Zechstein sedimentary cover. Some papers presented genetic models inferring modes of activity within the
sub-Zechstein basement: for example extension/inversion during the Mesozoic subsidence and subsequent uplift of the MPT
(Po¿aryski, 1977) or extension during its Triassic evolution
(Burliga, 1996). Recently published regional cross-sections
across the MPT show a rather gentle top of the sub-Zechstein
basement, with a very minor faulting restricted to its uppermost
interval (Dadlez, 2001, 2003; Wagner et al., 2002). In particular,
no major basement tectonic zones were proposed in order to explain the basin-scale subsidence pattern of the Mesozoic in
palaeotectonic reconstructions based on these regional crosssections (Wagner et al., 2002).
Salt movements within the MPT started in the Triassic and
led to a formation of numerous intraformational unconformities and thickness variations (e.g. Soko³owski, 1966; Marek
and Znosko, 1972a, b; Po¿aryski, 1977). In his recent publication Dadlez (2001) stressed that in the vicinity of the K³odawa
salt structure salt movements might have started already in the
Early Triassic; he also stressed that lithostatic pressure of the
Buntsandstein cover was high enough to initiate salt movements, suggesting halokinetic (i.e. mostly unrelated to the basement tectonic activity) origin of salt tectonics.
The K³odawa structure, located in the Kuiavian segment of
the MPT (Dadlez and Marek, 1998; Fig. 2), is one of the largest
salt structures developed within the Mid-Polish Trough, being
almost 30 km long and 6 km tall. Within the central part of the
MPT the Triassic succession attains its maximum thickness directly north-east of the K³odawa salt structure. A rather complete stratigraphic profile comprises the Lower Triassic
(lower–middle Buntsandstein), Middle Triassic (upper
Buntsandstein, Muschelkalk and lower Keuper) and Upper Triassic (upper Keuper, Norian and Rhaetian). A summary of the
Triassic stratigraphy for the MPT with detailed information on
relationship between chronostratigraphic and lithostratigraphic
subdivisions has been recently given by Gajewska (in: Marek
and Pajchlowa, 1997). Relationship between standard, regional
and local lithostratigraphic Triassic subdivisions together with
the thickness distribution in the deep borehole Kroœniewice IG 1
is shown on Figure 3.
INTERPRETATION OF SEISMIC DATA
During tens of years of exploration for hydrocarbons, vast
amounts of seismic reflection data have been acquired, and
hundreds of deep research and exploration wells have been
drilled within the area of the MPT. Recently, many seismic
datasets and well logs data from old, deep research wells have
been reprocessed. Together with newly acquired data, such an
extensive regional geophysical-geological database offers a
unique opportunity to study various regional aspects of the Mesozoic evolution of the MPT, including salt tectonics and its influence on depositional systems.
Several seismic profiles acquired within the MPT’s
Kuiavian segment in late ’70 have been recently reprocessed
by the Polish Oil and Gas Company and Apache Poland pe-
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Liszkowski and Topulos (1996, 1997), using results of well
log correlation, suggested that the Triassic cover has very different thickness and internal structure than shown on Figure 4.
Both regional analysis of seismic and well data (Dadlez et al.,
1997; Krzywiec et al., 2001), and detailed biostratigraphic
studies of the Muschelkalk drilled by the Kroœniewice IG 1
borehole (Narkiewicz, 1999) proved, however, that such interpretation is incorrect.
STRATAL PATTERNS OF THE TRIASSIC SUCCESSION

Fig. 3. Triassic lithostratigraphy (after Gajewska in: Marek and Pajchlowa,
1997, simplified) and the Triassic thickness distribution along and below
the Kroœniewice IG 1 borehole
The well reached Muschelkalk, but natural gamma log was measured only
down to the lower Keuper; thickness of the undrilled Triassic complexes is
based on depth seismic line (see Fig. 4); symbols along the right margin of
the stratigraphic table are the same as on interpreted seismic line (Fig. 5)

troleum company. Some of these profiles have been merged
into the single regional profile crossing the entire central
Mid-Polish Trough (cf. Dadlez, 2001; Fig. 4). Along this profile several deep wells are located, often with velocity data
available which is necessary for a correlation of depth well
data with time seismic data. All seismic and well (stratigraphy, time-depth tables, well logs) data was available in a digital form and was loaded into the Landmark Graphics interpretation software and database.
The regional seismic profile (Fig. 4) clearly shows that the
total Triassic thickness north-east of the K³odawa structure is
2–3 times larger than the average thickness of this successions
in this part of the MPT. Triassic succession is also characterised by significant thickness variations of particular stratigraphic complexes. South-west of the K³odawa structure,
Mesozoic cover was drilled by four deep boreholes: Ko³o IG
4, Wartkowice 1, Poddêbice IG 1 and Poddêbice IG 2 (cf.
Dadlez, 2001). All these boreholes ended no deeper than
within the Upper Triassic, hence location of lower stratigraphic boundaries in this part of the regional profile (Fig. 4)
was based on a long-distance seismic correlation and thus
should be regarded as approximate although fairly reliable.
North-east of the K³odawa structure, Mesozoic cover was
drilled, among others, by Siedlec 1 and Kroœniewice IG 1
boreholes located in immediate proximity of the structure,
within the area characterised by a significantly thicker Triassic cover (cf. Marek, 1973; Dadlez, 2001). Both boreholes
provided crucial information on the stratigraphy of the Triassic in this area. Kroœniewice IG 1 borehole ended in the
Muschelkalk and Siedlec 1 borehole ended in Buntsandstein;
lower horizons were interpreted using available seismic and
well data from this part of the basin.

The Triassic succession north-east of the K³odawa structure
is characterised by three main types of stratal geometry (Fig. 5):
— thinning towards the diapir,
— thickening towards the diapir,
— onlapping the diapir.
The Buntsandstein, Muschelkalk and lower Keuper
(Sulechów Beds; cf. Gajewska in: Marek and Pajchlowa, 1997;
Fig. 3) complexes show thinning towards the K³odawa structure
(Fig. 5). Such stratal pattern could be interpreted as related to the
early (pillow) stage of the K³odawa structure, i.e. lateral and limited vertical movement of the salt towards a footwall without
major faulting of the overburden (cf. Fig. 1). Close to the
K³odawa structure a local unconformity can be observed between the middle (Tp2) and upper (Tp3–Röt) part of the Buntsandstein (Fig. 5). This suggests that lower–middle Buntsandstein
was passively uplifted and forms local sheath-like structure adjacent to the diapir (cf. Schulz-Ela, 2003).
The lower part of the upper Keuper (approx. Lower Gypsum Beds — cf. Gajewska in: Marek and Pajchlowa, 1997; cf.
Fig. 3) is characterised by a prominent divergent seismic pattern with a maximum thickness along the northeastern flank of
the structure (Fig. 5). Such internal architecture can be related
to the diapiric stage (cf. Marek, 1973). At the end of this stage,
salt formed a characteristic overhang, (i.e. extrusion onto the
basin floor), during deposition of the uppermost part of the
Lower Gypsum Beds.
Extruded salt body was later covered by the uppermost
Lower Gypsum Beds, Schilfsandstein, Upper Gypsum Beds,
Norian and Rhaetian. These units are characterised by the third
type of a stratal configuration with a rather uniform thickness,
reduced only above the salt overhang (Fig. 5). This reduction is
related to an onlapping pattern of the uppermost Triassic
against extruded salt, indicating relatively passive infill and
burial of the mostly inactive salt body. Some small-scale local
thickness variations in proximity to the K³odawa diapir could
be related to the passive growth of the structure, its localised
uplift and erosion. Observed uplift and folding of the Triassic
and Jurassic complexes above the salt overhang are most probably related also to the Late Cretaceous inversion of the MPT
(cf. Krzywiec et al., 2003).
BASEMENT VERSUS SALT TECTONICS

Thickness variations and stratal patterns of the Triassic succession in the vicinity of the K³odawa salt structure strongly
suggest that a Triassic tectonic activity played important role in
this part of the basin. Two tectonic mechanisms, operating si-
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Fig. 4. Interpreted regional seismic profile from the central part of the Mid-Polish Trough, crossing the K³odawa salt structure
Note significant thickness variations of the Triassic and Jurassic deposits in vicinity of the K³odawa salt structure; for a location see Figure 2

multaneously, could have been responsible for the internal architecture of the Triassic successions:
— extension and normal faulting within the sub-Zechstein
basement;
— salt withdrawal and formation of the rim syncline.
A general qualitative model of such linked basement and salt
tectonic activity in the central MPT is shown on Figure 6. Because
of the presence of the Zechstein evaporitic complex, the quality of
seismic data for the sub-Zechstein basement is very poor and the
interpreted basement fault zones should be regarded as tentative.
In the surroundings of the K³odawa structure, the subsidence was
presumably controlled by two major normal faults, or fault zones.
One of them is located at the northeastern boundary of the MPT,
approximately below the Gostynin salt pillow. It extends along
large part of the Trough and coincides with the southwestern
boundary of the East European Craton; its Mesozoic activity and
relationship to gravity and magnetic data was demonstrated by
palaeotectonic reconstructions based on regional seismic data (cf.
Krzywiec and Wybraniec, 2003). It directly continues towards the
south-east as the Radom–Kraœnik fault zone (Krzywiec, 2002a;
Krzywiec and Wybraniec, 2003). The second fault zone is located
below the K³odawa structure. Between them, an intra-basinal fault
zone is assumed below the Wojszyce salt pillow. Its exact geometry is difficult to define. Both major tectonic zones might have
acted as normal fault zones during the Zechstein to Jurassic times
(cf. also Dadlez, 2001). The intra-basinal Wojszyce basement fault
zone was most probably active as a normal fault zone partly during the Triassic, and in the latest Triassic it might have been inverted (see below).
Basement faulting was associated with a lateral and vertical
salt flow and formation of the K³odawa, Wojszyce, and
Gostynin salt structures. The largest amount of extension along
the K³odawa basement fault zone, together with a significant
salt withdrawal into the growing K³odawa structure (first into
the salt pillow, then into the salt diapir), and into the Wojszyce
salt pillow resulted in a strongly asymmetric thickness pattern
of the Triassic succession (Fig. 6B). Additionally, in the
north-easternmost part of this profile, the peripheral salt-related
Bodzanów structure detached within the Zechstein ductile
complex was formed.
A qualitative model of the Triassic evolution of the major
basement fault zones, salt structures, and the depositional systems in the vicinity of the K³odawa structure is shown in Figure 7. During the Early to Middle Triassic (Fig. 7A) basement
faulting triggered salt flow towards both the hangingwall and
the footwall, resulting in the formation of the K³odawa and
Wojszyce salt pillows. Interaction between salt flow and basement faulting resulted in the displacement of the local depo-

center during the pillow stage. Its migration towards the
K³odawa salt pillow suggests that within the area of the subsequent K³odawa salt diapir, salt flow was most active suggesting
a continuous process of transition from the pillow to diapiric
stage. During the Late Triassic, during deposition of the Lower
Gypsum Beds (i.e. lower part of the upper Keuper — cf. Fig. 3)
salt extruded onto the basin floor and salt overhang formed
most probably due to increased basement faulting and/or slow
sedimentation (see also below). Late Triassic reconstruction
(Fig. 7B) shows salt overhang passively onlapped by the youngest Triassic deposits including the uppermost Lower Gypsum
Beds, Schilfsandstein, Upper Gypsum Beds and Lower
K³odawa Beds (Fig. 5).
Increased Late Triassic basement tectonic activity might
have resulted in the inversion of the Wojszyce basement fault
zone which in turn led to the uplift of the salt-cored Wojszyce
Anticline. This possible intra-basinal inversion was a rather
unique tectonic event as within the entire MPT subsidence prevailed in the Triassic and no basin-scale compression and related inversion took place. Such inversion could be a strictly local feature of the Kuiavian part of the MPT, triggered by e.g. intense subsidence between its major bordering (i.e. K³odawa
and Goœcino) basement fault zones. Inversion of the Wojszyce
fault zone could have been associated with a formation of the
inversion-related basement shortcut (McClay and Buchanan,
1992). Late Triassic localised tectonic activity within the
Wojszyce area, apart from the enhanced basement and cover
faulting and sediment accumulation, could have additionally
triggered diapirism within the K³odawa region.
Uppermost Triassic deposits unconformably covered the
Wojszyce salt-cored anticline as well as the salt overhang attached to the K³odawa structure (Fig. 7B; cf. Krzywiec et al.,
2003). Crestal part of the Wojszyce Anticline is covered by the
Upper Triassic (approx. Lower K³odawa Beds; cf. Gajewska
in: Marek and Pajchlowa, 1997; Fig. 3) deposits. Lower Gypsum Beds show thinning above the Wojszyce salt pillow
(Fig. 5). This indicates that during diapiric stage of the evolution of the K³odawa structure the Wojszyce salt pillow was still
growing, and the Wojszyce Anticline was formed after deposition of the Upper Gypsum Beds (cf. Figs. 6 and 7).
Presented kinematic interpretation of the Wojszyce basement structure should be regarded only as one of several possibilities, as lack of reliable data regarding sub-Zechstein basement does not allow for unequivocal interpretation of the exact
structural pattern below the Zechstein salt layer and evolution of
the Wojszyce intra-basinal basement fault zone. It must be
stressed, however, that even opposite dip of the Wojszyce basement zone (i.e. south-west instead of north-east) would not
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Fig. 5. Interpreted part of regional seismic profile crossing the K³odawa salt structure
Tp1 — lower Buntsandstein, Tp2 — middle Buntsandstein, Tp3 — upper Buntsandstein (Röt), Tm — Muschelkalk, Tk1 — lower Keuper, Tk3D — Lower
Gypsum Beds, Tk3T — Schilfsandstein, Tk3G — Upper Gypsum Beds, Tn — Norian, Tr — Rhaetian (cf. Fig. 3); dark pink area — part of the Triassic succession (Buntsandstein, Muschelkalk and lower Keuper) deposited during pillow stage, light pink area — part of the Triassic succession (approx. lower
Keuper–Lower Gypsum Beds) deposited during diapiric stage; note that salt overhang is onlapped by the uppermost Lower Gypsum Beds, Schilfsandstein,
Upper Gypsum Beds, Norian and Rhaetian, and this entire succession retains fairly equal thickness further towards the north-east; vertical scale in seconds; see the text for further explanations

change neither presented conclusions on timing of formation of
the Wojszyce Anticline nor large-scale model of the Triassic
evolution of the Kuiavian part of the MPT, as these interpretations are entirely based on analysis of the Triassic sedimentary
cover precisely imaged on seismic data.

DISCUSSION
Scenario of the Triassic development of the K³odawa salt
structure presented in this paper includes complex interplay between faulting within the sub-Zechstein basement and development of salt structures. It is compatible with an earlier published model based on mesostructural studies in the K³odawa
salt mine (Burliga, 1996). According to this author, Zechstein
and Early Triassic subsidence in the central MPT was related to
the normal faulting of the sub-Zechstein basement. Early salt
movements included lateral flow and displacement and/or folding of more competent evaporitic layers, well visible in numerous outcrops in the salt mine (Burliga 1996; cf. Krzywiec et al.,
2003), whereas during the Late Triassic vertical salt flow dominated (Burliga, 1996).
Recently, Wagner et al. (2002) presented palaeotectonic reconstructions of the central MPT, in many respects similar to
the reconstructions described in this paper. They selected different time slices, but overall approach was very similar to the
approach adapted in this paper. The palaeotectonic reconstructions of the K³odawa region by Wagner et al. (2002) are based
on the same regional seismic profile flattened on certain stratigraphic tops, they are neither balanced nor do they account for
decompaction of the Mesozoic sediments. Their reconstruction
also suggests significant localised Triassic subsidence. There
are, however, very important differences between the conclusions presented in this paper and those of Wagner et al. (2002).
They concern: development of the Wojszyce structure, importance of the sub-Zechstein basement faulting and formation of
the salt overhang attached to the K³odawa salt diapir.
Development of the Wojszyce salt-cored anticline is here
attributed to the Late Triassic (cf. Figs. 6 and 7). Such timing is

different from conclusions presented by Wagner et al. (2002)
who correlated formation of the Wojszyce structure with the inversion of the MPT. On their figure 6 the Wojszyce salt pillow
is still not fully developed by the end of Cretaceous (their Phase
III), e.g. it lacks important reverse fault cutting salt overburden.
Only their contemporary cross-section (Phase IV) shows fully
developed Wojszyce structure. This implies that significant
Cenozoic compressional event influenced sedimentary infill of
the MPT. Such interpretation however, implied by the
palaeotectonic reconstruction of Wagner et al. (2002), has not
been substantiated in their text. In particular, no arguments for
regional mechanisms of a Cenozoic compression have been
presented. During both Jurassic and Early Cretaceous subsidence as well as Late Cretaceous inversion of MPT some
re-shaping of the Wojszyce structure most probably have taken
place, but clearly the main episode of its formation occurred in
the Late Triassic, as described in this paper.
Reconstructions by Wagner et al. (2002) show a rather gentle top of the sub-Zechstein basement, with very minor faulting
restricted to its uppermost interval, similarly to interpretations
by Dadlez (2001, 2003). In particular, no major basement tectonic zones were inferred in order to explain the basin-scale
subsidence pattern of the post-Zechstein sedimentary cover.
On the cross-sections of Wagner et al. (2002) there are minor
faults within the topmost part of the sub-Zechstein basement.
Apart of their very small throw incompatible with observed
thickness variations of the Mesozoic sedimentary cover, there
are also problems with their kinematic characteristic that could
be inferred from cross-sections and palaeotectonic reconstructions by Wagner et al. (2002). For example, small faults beneath the northeastern boundary of the K³odawa structure during MPT subsidence are dipping towards north-east (Phases I,
II and III; fig. 6 of Wagner et al., 2002), while on their contemporary cross-section (Phase IV) the same faults are dipping in
opposite direction. Such reorientation, requiring major rotation
of the basement blocks, would be very difficult to explain. Additionally, flexed, non-faulted basement top and its short-wavelength undulations (Wagner et al., 2002), would imply unrealistic rheological properties of a weak sub-Zechstein basement.
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Fig. 6. Late Permian (A) and Late Triassic (B) qualitative (not balanced, without decompaction) reconstructions, and present-day
(C) upper crustal configuration along the central part of the regional seismic profile from Figure 4

All these problems and contradictions are avoided in the simpler model based on existence of the major sub-Zechstein fault
zones, as described above.
According to Wagner et al. (2002), the overhang attached
to the K³odawa salt structure formed in Cenozoic as on their
palaeotectonic reconstruction for the end of Upper Cretaceous
sedimentation this overhang is not shown and it is present on
their contemporary cross-section. This implies that the overhang formed in Cenozoic, and consequently, as in the case of
the Wojszyce salt structure described above, that important tectonic activity took place during Cenozoic within the MPT, a
feature not previously indicated for this sedimentary basin. According to Wagner et al. (2002), during this young tectonic
phase salt would intrude Triassic sedimentary succession. Such
hypothesis — apart from the problems with timing of this tectonic phase — can be rejected using two arguments.
Firstly, intrusion into the Triassic succession during late
stages of the MPT development would imply that salt moved
laterally instead of moving upward towards the free surface.
Mechanically, lateral salt intrusion into the surrounding rocks
during compression and inversion of a sedimentary basin is
much less favourable for the following reasons:
— compressional stress field would counteract the lateral
salt movement;
— lithostatic pressure of the overburden at the level of the
future overhang was much higher then lithostatic pressure of
the overburden above the diapir itself.

During compression of the diapirs, vertical and not lateral
salt movements dominate (cf. Koyi, 1998), hence formation of
the intrusive overhang seems to be a rather rare phenomenon.
Secondly, lateral salt intrusion would imply that overlying
layers would be uplifted above the overhang, thus not influencing the primary thickness of the layers both above and
away from the overhang (cf. Kockel, 2003; Fig. 8A). On the
other hand, salt extrusion developed during late diapiric stage
implies onlap of the younger (i.e. post-extrusive) sediments
onto the extruded salt and their local thickness reduction
above the salt overhang (Fig. 8B). The described overhang attached to the K³odawa salt structure is clearly onlapped by the
Upper Triassic (uppermost Keuper, Norian and Rhaetian) deposits with reduced thickness above the overhang (Fig. 5).
Such relationship implies that the K³odawa overhang developed in the Late Triassic, not in Cenozoic, contrary to the suggestion by Wagner et al. (2002).
The Upper Triassic is represented by shallow marine to terrestrial deposits (Marek and Znosko, 1972b; Krzywiec et al.,
2001). Within the Keuper (Lower Gypsum Beds) rock salt is
present with its maximum (up to 260 m) thickness recorded in
Kroœniewice IG 1 borehole in vicinity of the K³odawa structure
(Gajewska, 1978). Therefore, as already suggested by
Gajewska (1978), such thick salt layers could have formed at
least partly due to a dissolution and localised concentration of
recycled Zechstein salt transported to the surface. Such a
depositional scenario would be compatible with a model pre-

Triassic evolution of the K³odawa salt structure: basement-controlled salt tectonics within the Mid-Polish Trough

Fig. 7. A qualitative model of the Triassic development of the K³odawa salt
structure and surrounding depositional systems
A — pillow stage (approx. end of Muschelkalk sedimentation) — decoupled
basement faulting, salt flow towards the footwall and towards rotated part of
hanging wall; secondary basement and cover faulting within the Wojszyce
area; B — post-diapiric stage (end of Triassic); dark grey — deposits of pillow stage, grey — deposits of the (active) diapiric stage, light grey — late
(passive)/post-diapiric deposits; see text for further explanations

sented above which assumes that during deposition of the
Lower Gypsum Beds K³odawa salt structure reached diapiric
stage, Zechstein salt was relatively close to the surface and
eventually was extruded onto the basin floor. Later geochemical studies of the bromine content within the Keuper salts
shoved however that most probably Zechstein salt was not a
source for the Keuper salts (Gajewska et al., 1985). These results, precluding dissolution of the Zechstein salt during Late
Triassic, are not however contradictory to the hypothesis of the
Late Triassic salt extrusion, as the Late Triassic sedimentary
basin in Central Poland was characterised by primarily
hypersaline conditions and therefore large-scale dissolution of
the emergent salt could not occur.
A problem of the Triassic growth of the K³odawa salt structure and its influence on sedimentary systems has been discussed also by other authors (Znosko, 1957; Ró¿ycki, 1958;
Marek and Znosko, 1972b). In his detailed analysis based on
well data Ró¿ycki (1958) suggested that already during latest
Middle Triassic (lower Keuper time) cap rock of the K³odawa
salt structure was located close to the surface. He also described
thick conglomerates at the base of the Lower K³odawa Beds
(Ró¿ycki, 1958), built of redeposited Keuper shales and supplied from the uplifted region of the axial part of the K³odawa
structure. Such redeposition could be clearly correlated with a
stepwise uplift and erosion of the upper part of the Keuper
cover that originally onlapped salt body extruded onto the basin
floor (Fig. 7). During post-extrusive, passive growth of the salt
diapirs, sediments onlapping a salt body could be folded, uplifted and eroded depending on interplay of various parameters
like a rate of the diapir growth, rate of sedimentation, variations
of bathymetry, etc. (Rowan et al., 2003; Schulz-Ela, 2003).
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Fig. 8. Alternative models of a relationship between the salt overhang and
overlying deposits
A — intrusive salt overhang and related wedge-shaped structure of the
pre-intrusive sedimentary layers (light grey); B — extrusive salt overhang
onlapped and covered by the post-extrusive sedimentary layers (light
grey); see the text for further explanations

Lack of significant drag folds above the salt overhang (Figs. 6
and 7) suggests that no significant passive growth of the salt
diapir took place after extrusion. It might be speculated, however, that the post-extrusive cover built of the uppermost Lower
Gypsum Beds, Schilfsandstein and Upper Gypsum Beds originally extended further above the salt extrusion, and due to a
growth of the diapir was partly eroded and redeposited. It must
be stressed that observed present-day geometry of the K³odawa
salt diapir and its sedimentary cover are also the result of the
Late Cretaceous compression and inversion. Analysis of a relative role of the Triassic (and younger?) growth of the K³odawa
salt diapir versus its Late Cretaceous reactivation would require
detailed studies of the entire Mesozoic evolution of the study
area and is beyond the scope of this paper.
A proposed model for the Triassic evolution of the
Kuiavian MPT segment includes a significant link between
basement tectonics and the development of salt structures ultimately controlling the deposition of the syn-kinematic Triassic
succession. This model conforms very well with published results of analogue modelling in which both the development of
salt structures above the basement faults as well as the evolution of post-salt sedimentary cover were considered (Koyi et
al., 1993). These models did not attempt to simulate the structural inversion of such a tectonosedimentary system. However,
comparison of the qualitative palaeotectonic reconstructions
and models from Figures 6 and 7 with the results of analogue
modelling (Figs. 1 and 9) demonstrates that presented models
for the K³odawa area should be regarded as very probable reconstructions of the Mesozoic evolution of the central
Mid-Polish Trough.
Figure 9 shows the results of centrifuge modelling of basement faulting and salt movements from Koyi et al. (1993). During basement extension, salt moved along the hanging wall towards a secondary salt pillow partly (equivalent of the
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CONCLUSIONS

Fig. 9. Basement faulting, salt movements and deposition — results of centrifuge modelling; note movement of the salt along the hangingwall towards the salt pillow, and towards the footwall, towards the salt diapir
(from Koyi et al., 1993); compare to the model of the Triassic evolution of
the K³odawa salt structure (Fig. 7)

Wojszyce salt pillow), and towards the footwall, as well as towards the salt diapir (equivalent of the K³odawa salt diapir).
Such a configuration closely resembles the reconstructed Late
Triassic upper crustal configuration for the central MPT shown
in Figures 6B and 7B.
One very thoroughly discussed aspect of the modelling by
Koyi et al. (1993) is an overburden internal architecture related to a basement faulting and growth of salt structures. One
of the important conclusions of Koyi et al. (1993) was that
sedimentation associated with diapirs triggered by the basement faulting shows significant asymmetry on both sides of
the diapir and across the sub-diapiric basement fault zone.
This conclusion fully agrees with the observed thickness patterns of the Triassic and Jurassic in the vicinity of the
K³odawa diapir. Such asymmetry also results in asymmetry of
the diapir itself. Diapirs, if extruded due to e.g. low sedimentation rate, would form asymmetric overhangs towards the
subsiding areas (Koyi et al., 1993). Such subsiding areas form
due to combined effects of movement and subsidence along
the basement fault, and salt withdrawal, with the first mechanism being primary and dominant. In the case of the K³odawa
salt diapir, such asymmetry of the diapir itself, apart from the
asymmetry of the overburden, is also observed (Figs. 4–7).
Therefore, the asymmetric shape of the structure together
with the asymmetry of the overburden could be used as a
non-direct, but very strong, argument for the existence and
Mesozoic activity of the basement fault beneath this diapir.

Analysis of seismic data from the central (Kuiavian) segment of the Mid-Polish Trough showed that basement extension and associated normal faulting was the principal mechanism responsible for the tectonic subsidence. Within this area, a
significant link between sub-salt (sub-Zechstein) basement tectonics and salt tectonics existed. Basement faulting triggered
development of salt pillows and diapirs. Strong basement faulting resulted in faulting of the post-salt cover that ultimately led
to the formation of the K³odawa diapir in the Late Triassic.
Linked asymmetric basement faulting and salt flow led to the
formation of a strongly asymmetric depositional pattern of the
syn-kinematic Triassic deposits characterised by significant
thickness variations, and local and regional unconformities.
Tectonic models based on seismic data closely resemble
published results of the analogue modelling of basement faulting and salt tectonics. This is an additional argument that the
proposed model of linked basement and salt tectonics, and their
mutual influence on the development of sedimentary cover
should be regarded as very probable. Future work should include qualitative cross-section balancing, possibly aided by analogue modelling. Ultimately, full 3D analysis of the Mid-Polish Trough development, including basement tectonics, spatial/temporal evolution of salt structures and surrounding
depositional systems, should be undertaken. Available dense
basin-scale coverage of high-quality seismic data calibrated by
numerous deep wells would allow completion of such study,
being rather unique in terms of the area covered and complexity
of the geological processes studied.
Acknowledgements. This study was supported by the Polish State Committee for Scientific Research (KBN) through the
PGI project No 6.20.9422.00.0. Polish Oil and Gas Company
kindly provided access to the seismic data. H. Koyi (Uppsala)
and S. Burliga (Wroc³aw) are thanked for stimulating discussions on various aspects of a tectonic evolution of the K³odawa
salt structure, T. Peryt (Warszawa) is thanked for his advice regarding problems of salt resedimentation. Careful and constructive reviews by R. Dadlez (Warszawa) and M. Mohr
(Aachen), and editorial remarks by M. Narkiewicz (Warszawa)
greatly helped to finally shape this paper and are acknowledged
with many thanks.

REFERENCES
Al-ZOUBI A. and TEN BRINK U. (2001) — Salt diapirs in the Dead Sea
and their relationship to Quaternary extensional tectonics. Mar. Petrol.
Geol., 18: 779–797.
AMOR H. (1999) — Halokinesis and structural evolution of the major features in eastern and southern Tunisian Atlas. Tectonophysics, 6: 79–95.
BURLIGA S. (1996) — Implications for early basin dynamics of the
Mid-Polish Trough from deformational structures within salt deposits
in central Poland. Kwart. Geol., 40 (2): 185–202.

CARTWRIGHT J. A., STEWART S. and CLARK J. (2001) — Salt dissolution and salt-related deformation of the Forth Approaches Basin, UK
North Sea. Mar. Petrol. Geol., 18: 757–778.
CHRISTENSEN J. E. and KORSTGARD J. A. (1994) — The Fjerritslev
Fault offshore Denmark — salt and fault interactions. First Break, 12
(1): 31–42.
DADLEZ R. (1997) — Epicontinental basins in Poland: Devonian to Cretaceous — relationship between the crystalline basement and sedimentary infill. Geol. Quart., 41 (4): 419–432.

Triassic evolution of the K³odawa salt structure: basement-controlled salt tectonics within the Mid-Polish Trough

DADLEZ R. (2001) — Mid-Polish Trough — geological cross-sections.
Wyd. Geol. Pañstw. Inst. Geol. Warszawa.
DADLEZ R. (2003) — Mesozoic thickness pattern in the Mid-Polish
Trough. Geol. Quart., 47 (3): 223–240.
DADLEZ R. and MAREK S. (1969) — Structural style of the
Zechstein–Mesozoic complex in some areas of the Polish Lowland (in
Polish with English summary). Kwart. Geol., 13 (3): 543–565.
DADLEZ R. and MAREK S. (1974) — General outline of the tectonics of
the Zechstein–Mesozoic complex in central and northwestern Poland.
Biul. Inst. Geol., 274: 11–140.
DADLEZ R. and MAREK S. (1998) — Major faults, salt- and non-salt
anticlines. In: Palaeogeographic Atlas of Epicontinental Permian and
Mesozoic in Poland (1:2 500 000) (eds. R. Dadlez, S. Marek and J.
Pokorski). Pañstw. Inst. Geol. Warszawa.
DADLEZ R., MAREK S. and IWANOW A. (1997) — Keuper or
Buntsandstein? Problems of lithostratigraphy of the Triassic of the
Kujawy segment of the Mid-Polish Ridge — discussion (in Polish
with English summary). Prz. Geol., 45 (4): 367–370.
DADLEZ R., MAREK S. and POKORSKI J. eds. (1998) —
Palaeogeographic atlas of epicontinental Permian and Mesozoic in Poland (1:2 500 000). Pañstw. Inst. Geol. Warszawa.
DADLEZ R., NARKIEWICZ M., STEPHENSON R. A., VISSER M. T. M.
and VAN WEES J.-D. (1995) — Tectonic evolution of the Mid-Polish
Trough: modelling implications and significance for central European
geology. Tectonophysics, 252: 179–195.
DZIEWIÑSKA L., MAREK S. and JÓWIAK W. (2001) — Seismic-geological cross-sections across the Kujawy and Gielniów Swell
(1:100 000). Biul. Pañstw. Inst. Geol., 398: 5–24.
FLETCHER R. C., HUDEC M. R. and WATSON I. A. (1995) — Salt glacier and composite sediment-salt glacier models for the emplacement
and early burial of allochthonous salt sheet. Am. Ass. Petrol. Geol.
Mem., 65: 77–108.
GAJEWSKA I. (1978) — The stratigraphy and development of the Keuper
in north-west Poland (in Polish with English summary). Pr. Inst. Geol.,
87: 5–59.
GAJEWSKA I., PERYT T. and TOMASSI-MORAWIEC H. (1985) —
Bromine content of the Keuper (Upper Triassic) salts in Central Poland indicates their marine (mainly second cycle) origin. Neues Jb.
Geol. Paläont. Mh., 6: 349–356.
GEIL K. (1993) — The development of salt structures in Denmark and adjacent areas: the role of basin floor dip and differential pressure. First
Break, 9: 467–483.
GILES K. A. and LAWTON T. F. (2002) — Halokinetic sequence stratigraphy adjacent to the El Papalote diapir, northeastern Mexico. Am. Ass.
Petrol. Geol. Bull., 86 (5): 823–840.
JACKSON M. P. A. and VENDEVILLE B. C. (1994) — Regional extension as a geologic trigger for diapirism. Geol. Soc. Am. Bull., 106 (1):
57–73.
KIERSNOWSKI H., PAUL J., PERYT T. M. and SMITH D. B. (1995) —
Facies, paleogeography and sedimentary history of the Southern
Permian Basin in Europe. In: The Permian of Northern Pangea (eds. P.
Scholle, T. M. Peryt and D. Ulmer-Scholle). Springer Verlag, 1:
119–136.
KOCKEL F. ed. (1996) — Tectonic Atlas of NW Germany. Bundestanstalt
für Geowissenschaften und Rohstoffe. Hannover.
KOCKEL F. (2003) — Problems of diapirism in northern Germany (in Polish with English abstract). Geologos, 6: 57–88.
KOSSOW D., KRAWCZYK C., McCANN T., STRECKER M. and
NEGEDANK J. F. W. (2000) — Style and evolution of salt pillows and
related structures in the northern part of the North-east German Basin.
Internat. J. Earth Sc., 89: 652–664.
KOYI H. (1998) — The shaping of salt diapirs. J. Struct. Geol., 20 (4):
321–338.
KOYI H. and PETERSEN K. (1993) — Influence of basement faults on the
development of salt structures in the Danish Basin. Mar. Petrol. Geol.,
10 (2): 82–94.
KOYI H., JENYON M. K. and PETERSEN K. (1993) — The effects of
basement faulting on diapirism. J. Petrol. Geol., 16 (3): 285–312.
KRZYWIEC P. (2002a) — Mid-Polish Trough inversion — seismic examples, main mechanisms and its relationship to the Alpine–Carpathian
collision. In: Continental Collision and the Tectonosedimentary Evo-

133

lution of Forelands (eds. G. Bertotti, K. Schulmann and S. Cloetingh).
Europ. Geosc. Union St. Mueller Spec. Publ. Ser., 1: 151–165.
KRZYWIEC P. (2002b) — Oœwino structure (NW Mid-Polish Trough) —
salt diapir or inversion-related compressional structure? Geol. Quart.,
46 (3): 337–346.
KRZYWIEC P. (2002c) — Decoupled vs. coupled evolution of the
Mid-Polish Trough — role of salt during extension and inversion. Am.
Ass. Petrol. Geol. Ann. Meet., March 10–13, Houston.
KRZYWIEC P., BURLIGA S. and KOYI H. A. (2003) — Permian-Mesozoic evolution of the K³odawa Salt Dome, central Mid-Polish Trough.
Integration of Seismic, Structural and Modelling Studies. Am. Ass.
Petrol. Geol. Internat. Conference, September 21–24, Barcelona.
Spain.
KRZYWIEC P., SZULC J. and WYSOCKA A. (2001) — Tectonic and
halokinetic controls on Triassic sedimentation in the Mid-Polish
Trough. Abstracts and Programme of Internat. Ass. Sediment. 21st
Meeting, Davos, Switzerland: 48–49.
KRZYWIEC P. and TRUDGILL B. (2003) — The role of salt during basin
extension and inversion: a comparative study of the Southern North
Sea and Mid-Polish Trough. Am. Ass. Petrol. Geol. Ann. Meet., Salt
Lake City, USA, 11–14 April. Book of Abstracts: 96.
KRZYWIEC P. and WYBRANIEC S. (2003) — Role of the SW margin of
the East European Craton during the Mid-Polish Trough Mesozoic development and inversion — integration of seismic and potential field
data. Proc. 8th Meeting Czech Tectonic Stud. Group/1st Meeting of
the Central European Tectonics Group, 24–27 April, Hruba Skala,
Geolines. Papers in Earth Sc., 16: 64–66.
KUTEK J. (2001) — The Polish–Mesozoic rift basin. In: Peri-Tethys
Memoir 6: Peri-Tethyan Rift/Wrench Basins and Passive Margins
(eds. P. A. Ziegler, W. Cavazza, A. H. F. Robertson and S.
Crasquin-Soleau). Mem. Mus. Nat. Hist. Nat., 186: 213–236.
LARSEN B. D., BEN-AVRAHAM Z. and SHULMAN H. (2002) — Fault
and salt tectonics in the southern Dead Sea basin. Tectonophysics,
346: 71–90.
LISZKOWSKI J. and TOPULOS T. (1996) — Keuper or Buntsandstein?
Problems of lithostratigraphy of the Triassic of the Kujawy segment of
the Mid-Polish Ridge (in Polish with English summary). Prz. Geol., 44
(8): 783–789.
LISZKOWSKI J. and TOPULOS T. (1997) — Keuper or Buntsandstein?
Problems of lithostratigraphy of the Triassic of the Kujawy segment of
the Mid-Polish Ridge — reply (in Polish). Prz. Geol., 45 (4): 371–375.
MAREK S. ed. (1973) — Kroœniewice IG 1. Profile g³êbokich otworów
wiertniczych Inst. Geol., 5.
MAREK S. ed. (1977) — Geological structure of the eastern part of the
Mogilno £ódŸ Trough (Gop³o–Ponêtów–Pabianice zone) (in Polish
with English summary). Pr. Inst. Geol., 80.
MAREK S. and ZNOSKO J. (1972a) — Tectonics of the Kujawy Region
(in Polish with English summary). Kwart. Geol., 16 (1): 1–18.
MAREK S. and ZNOSKO J. (1972b) — History of geological development of the Kujawy Region (in Polish with English summary). Kwart.
Geol., 16 (2): 233–248.
MAREK S. and PAJCHLOWA M. eds. (1997) — Epicontinental Permian
and Mesozoic in Poland (in Polish with English summary). Pr. Pañstw.
Inst. Geol., 153.
McCLAY K. R. and BUCHANAN P. G. (1992) — Thrust faults in inverted
extensional basins. In: Thrust Tectonics (ed. K. R. McClay): 93–104.
Chapman and Hall.
NALPAS T. and BRUNN J. P. (1993) — Salt flow and diapirism related to
extension at crustal scale. Tectonophysics, 228: 349–362.
NARKIEWICZ K. (1999) — Conodont biostratigraphy of the
Muschelkalk (Middle Triassic) in the central part of the Polish Lowlands. Geol. Quart. 43 (3): 313–328.
PO¯ARYSKI W. (1957) — The southwestern margin of Fenno-Sarmatia
(in Polish with English summary). Kwart. Geol., 1 (3–4): 383–424.
PO¯ARYSKI W. ed. (1977) — Geology of Poland. Tectonics, 4. Wyd.
Geol. Warszawa.
PO¯ARYSKI W. and BROCHWICZ-LEWIÑSKI W. (1978) — On the
Polish Trough. Geol. en Mijnbow., 57 (4): 545–557.
ROWAN M. G., LAWTON T. F., GILES K. A. and RATLIFF R. A. (2003)
— Near-salt deformation in La Popa basin, Mexico, and the northern

134

Piotr Krzywiec

Gulf of Mexico. A general model for passive diapirism. Am. Ass.
Petrol. Geol. Bull., 87 (5): 733–756.
RÓ¯YCKI S. Z. (1958) — Lower Jurassic of the southern Kujawy (in Polish with English summary). Biul. Inst. Geol., 133.
SCHECK M., BAYER U. and LEWERENZ B. (2003) — Salt movements
in the North-east German Basin and its relation to major post-Permian
tectonic phases — results from 3D structural modelling, backstripping
and reflection seismic data. Tectonophysics, 361: 277–299.
SCHULZ-ELA D. D. (2003) — Origin of drag folds bordering salt diapirs.
Am. Ass. Petrol. Geol. Bull., 87 (5): 757–780.
SOKO£OWSKI J. (1966) — The role of halokinesis in the development of
Mesozoic and Cainozoic deposits of the Mogilno structure and of the
Mogilno–£ódŸ synclinorium (in Polish with English summary). Pr.
Inst. Geol., 50.
STEPHENSON R. A., NARKIEWICZ M., DADLEZ R., Van WEES J.-D.
and ANDRIESSEN P. (2003) — Tectonic subsidence modelling of the
Polish Basin in the light of new data on crustal structure and magnitude of inversion. Sediment. Geol., 156 : 59–70.
STEWART S. (1999) — Geometry of thin-skinned tectonic systems in relation to detachment layer thickness in sedimentary basins. Tectonics,
18 (4): 719–732.
STEWART S. A. and COWARD M. P. (1995) — Synthesis of salt tectonics
in the southern North Sea, UK. Mar. Petrol. Geol., 12 (5): 457–475.
TALBOT G. J. (1998) — Extrusions of Hormuz salt in Iran. Geol. Soc.
Spec. Publ., 143: 315–334.
TARKA R. (1992) — Tectonics of some salt deposits in Poland based on
mesostructural analysis. Pr. Pañstw. Inst. Geol., 138.

TRUSHEIM F. (1960) — Mechanism of salt migration in northern Germany. Am. Ass. Petrol. Geol. Bull., 44 (9): 1519–1540.
Van WEES J.-D., STEPHENSON R. A., ZIEGLER P. A., BAYER U.,
McCANN T., DADLEZ R., GAUPP R., NARKIEWICZ M., BITZER
F. and SCHECK M. (2000) — On the origin of the Southern Permain
Basin, Central Europe. Mar. Petrol. Geol., 17: 43–59.
VENDEVILLE B. C. and JACKSON M. P. A. (1992a) — The fall of diapirs
during thin-skinned extension. Mar Petrol. Geol., 9 (4): 354–371.
VENDEVILLE B. C. and JACKSON M. P. A. (1992b) — The rise of diapirs
during thin-skinned extension. Mar. Petrol. Geol., 9 (4): 331–353.
WAGNER R. (1998) — Zechstein. In: Palaeogeographic Atlas of
Epicontinental Permian and Mesozoic in Poland (1:2 500 000) (eds. R.
Dadlez, S. Marek and J. Pokorski). Pañstw. Inst. Geol. Warszawa.
WAGNER R., LESZCZYÑSKI K., POKORSKI J. and GUMULAK K.
(2002) — Palaeotectonic cross-sections through the Mid-Polish
Trough. Geol. Quart., 46 (3): 293–306.
WITHJACK M. O. and CALLAWAY S. (2000) — Active normal faulting
beneath a salt layer: an experimental study of deformation patterns in
the cover sequences. Am. Ass. Petrol. Geol. Bull., 84 (5): 627–651.
WITHJACK M. O., OLSON J. and PETERSEN E. (1990) — Experimental
models of extensional forced folds. Am. Ass. Petrol. Geol. Bull., 74
(7): 1038–1054.
ZIEGLER P. A. (1990) — Geological Atlas of Western and Central Europe. Shell Internationale Petroleum Maatschappij B.V.
ZNOSKO J. (1957) — Uplift of the K³odawa salt dome during the Jurassic,
and its influence upon the formation of the sideritic lumachel rocks (in
Polish with English summary). Kwart. Geol., 1 (1): 90–103.

