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Structure and Miocene evolution of the Gddéw tectonic “embayment”

(Polish Carpathian Foredeep) —a new model based on reinterpreted seismic data
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Analysis of previously available stratigraphic data coupled with the re-interpretation of seismic profiles calibrated by boreholes has
allowed the construction of a new tectonic model of evolution of the Gdéw “embayment” — a tectonic re-entrant located along the
Carpathian front east of Krakéw (southern Poland). This model shows that the main phase of localized fault-controlled subsidence
took place in the Early Badenian and was associated with deposition of the locally overthickened Skawina Formation. Also, deposi-
tion of evaporites of the Wieliczka Formation seems to have been tectonically controlled by local basement faulting. Supra-evaporitic
siliciclastic deposits have developed as a result of overall north-directed sediment progradation from the eroded Carpathian belt to-
wards the Carpathian Foredeep. During the final stages of development of the Carpathian fold-and-thrust wedge the previously sub-
siding Gdow “embayment” area was uplifted and basement faults were reactivated either as reverse faults or as low angle thrust faults.
Along the leading edge of this inverted structure a triangle zone developed, with backthrusting along the evaporitic level. As a result,
overthickened evaporites, formed in local tectonically-controlled depressions within the area of the Gdéw “embayment” area have
been strongly folded and internally deformed.
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INTRODUCTION the Outer Carpathian thrust sheets. During the development of
this sedimentary basin (Badenian-Sarmatian; Fig. 2), marine

sedimentation prevailed. Only the late Badenian salinity crisis

The trailing edge of the Carpathian fold-and-thrust belt be-
tween Krakéw and Tarndw has been the subject of intense
studies because of its control over deposits of rock salt (e.g.,
Wieliczka and Bochnia salt mines) and hydrocarbon accumu-
lations. Frontal thrust sheets of the Outer (flysch) Carpathians
south of Krakoéw include the Silesian and Subsilesian nappes
(Fig. 1). Further to the north, a relatively narrow zone of the de-
formed Miocene Carpathian Foredeep deposits is located,
forming the Zgtobice thrust-sheet (Kotlarczyk, 1985; cf.
Oszczypko et al., 2006 for extensive review and numerous ref-
erences). Miocene foredeep deposits are also present within the
so-called Gdow “embayment”, analysed in this paper.

Transgression of the Early Miocene sea of the Carpathian
Foredeep Basin covered both the foreland platform and in part

associated with deposition of evaporites (rock salt, gypsum)
marked significant shallowing of the basin.

In the Early Badenian the axial part of the basin reached up-
per bathyal depths, while the northern and southern parts of the
basin were within the neritic-littoral zone (cf. Oszczypko et al.,
2006). Gradual shallowing of the basin began in Serravalian
times (Andreyeva-Grigorovich et al., 2003). Results of recent
“Ar/*Ar dating indicate that deposition of the evaporites in the
Carpathian Foredeep Basin started shortly after 13.81 +
0.076 Ma (de Leeuw et al., 2010) and thus directly after Mi3b, a
major step in the Middle Miocene global cooling, dated in the
Mediterranean region at 13.82 + 0.03 Ma (Abels et al., 2005).
Isotopic data of Badenian foraminifera indicate a sharp de-
crease in seawater temperature just below the evaporites
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Fig. 1. Simplified geological map of the Outer Carpathians and their foreland between Krakéw and Przemysl
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(Gonera et al., 2000; Bicchi et al., 2003; Peryt and Gedl, 2010;
Bukowski, 2011; Gonera and Bukowski, 2012), also in agree-
ment with the globally recognized Mi3b cooling event (de
Leeuw et al., 2010). The drop in global sea level at Mi3b
caused the final closure of the existing gateways between the
Central Paratethys and the Mediterranean part of the Tethys.
Sea level lowering likely restricted the deep outflow of dense
saline waters from the Carpathian Foredeep, trapping the salt
within the Paratethys basins and consequently setting off the
Badenian salinity crisis (de Leeuw et al., 2010; Bukowski,
2011).

Shallow parts of the evaporite basin were dominated by sul-
phate and subordinary carbonate-littoral facies (e.g., Kasprzyk,
1993; Peryt et al., 1997; Babel, 2004; Jasionowski and Peryt,
2010). Deeper parts of basin, located along the Carpathian
front, were occupied by chloride-sulphate facies — rock salts of
the Wieliczka Formation (Fig. 2; see Garlicki, 1979; Peryt,
2006). According to Babel (2004), the gypsum sub-basin was
very shallow, zero to several metres deep, whilst the depth of
the halite sub-basin was estimated at not less than 30—-40 m.

After the Badenian salinity crisis, the edge of the
Carpathian thrust belt moved by a few kilometres to the north
(see Oszczypko, 1997, 1998; Kovag et al., 1998; Oszczypko
and Oszczypko-Clowes, 2012). At the front of the Carpathian
orogen this resulted in a deepening of the basin, which reached

depths characteristic for the outer shelf, during the deposition
of the clayey sediments of the Chodenice Beds (Gonera, 1994;
Kovag et al., 1998; Oszczypko, 1999). At the same time the
high level of the sea caused extensive marine transgresssion
onto the Outer Carpathian thrust sheets, including the Magura
Nappe. This is marked in the Nowy Sacz Basin by
transgressive neritic deposits (NN6/7 Zone) over the freshwa-
ter Biegonice Formation (Oszczypko et al, 1992;
Oszczypko-Clowes et al., 2009).

The zone of maximum subsidence within the Carpathian
Foredeep Basin migrated in Sarmatian times ca. 40-50 km to-
wards the NE, towards the Teisseyre-Tornquist Zone that was
reactivated due to foreland flexural extension (cf. Krzywiec,
2001; Oszczypko et al., 2006; Gagata et al., 2012).

The frontal thrust of the Outer (flysch) Carpathian orogenic
front in the area south-east of Krakéw recedes to the south,
forming a “bay” or “embayment”, termed by NiedZwiedzki
(1883-1886) the Gdow embayment, after the town of Gdow
(Fig. 3). The surface and shallow subsurface geometry of this
area prompted NiedZwiedzki (1883-1886) to propose that in
Miocene times the frontal Carpathian thrust did indeed form a
bay filled by the Miocene sea. Subsequent studies (see below)
have clearly shown that this original concept was in error and
that this retreat of the frontal Carpathian thrust was due to com-
bination of tectonics, uplift and erosion. In order, however, to
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Fig. 2. The local Carpathian Foredeep Middle Miocene stratigraphy
in comparison with the standard global chronostratigraphy
(GSSP after Hilgen et al., 2009)

Calcareous nannoplankton NN zones after Peryt (1997) and Raffi et al.
(2006), local foraminiferal zones after Alexandrowicz (1963); position of
the Chodenice Beds after de Leeuw et al. (2010) and Sliwiniski et al.
(2012); notice that de Leeuw et al. (2010) put the base of evaporites at
13.81 + 0.076 Ma; colours used to depict local lithostratigraphic units
match those used on Figures 4-6 and 8

maintain compatibility with the previous nomenclature, the
term “embayment” will be used through this paper, although it
should not be understood in its original strict meaning, coined
by Niedzwiedzki (1883-1886).

The Miocene deposits of the Gdow “embayment” consist
mostly of clays and shales, with subordinate sands. They are all
included in the Lower Badenian sub-evaporitic deposits (Potto-
wicz, 1962; Alexandrowicz, 1965; Moryc, 1970a, b). Alexan-
drowicz (1965) divided this succession into four foraminiferal
levels 1A, 1B, IIC, 1ID, and proposed the name Skawina Beds
(Alexandrowicz, 1963). Later, the term “Skawina Beds” has
been extended and defined as the “Skawina Formation” (Ale-

xandrowicz et al., 1982). The beginning of Skawina Formation
deposition is dated to the Lower Badenian Orbulina suturalis
Zone (see Oszczypko et al., 2006). In the southern part of the
Gdow “embayment” the Skawina Fm. has been drilled beneath
the Outer Carpathians in borehole tapanéw 1 in the depth in-
terval 1.458-1.765.5 m. In the upper part of the Skawina For-
mation, late Badenian calcareous nannoplankton belonging to
the lower part of NN6 Zone have been determined (Peryt,
1997; Oszczypko and Oszczypko-Clowes, 2012). The same
NN6 nanoplankton assemblages have been described from the
sub-evaporitic Skawina Formation in the Bochnia and Kalush
Salt Mine (Andreyeva-Grigorovich et al., 2003; Fig. 2).

In the southern part of the Gdow “embayment” (i.e. Gdéw 1
and Gdow 2 boreholes; Fig. 3) a significant increase in the
amount of sands and gravels is observed. The same coarse
clastic deposits are also known from outcrops in the Sypka
Gora village, near Gdow, where gravels with flysch material
occur (cf. Jasionowski, 1997). Their thickness reaches at least
40 metres; they have been interpreted as having formed on
gravel deltas (Doktor, 1983). The Lower Badenian foramini-
feral assemblages I1A-11C have been identified in these depos-
its (Alexandrowicz, 1965). Similar flysch gravels, occurring di-
rectly below the evaporites, were described from the marginal
zone of the Carpathian Foredeep, in Wrzasowice (Goneraetal.,
1990) and Bacharowice (Doktor, 1983), south of Krakéw.

This paper consists of two main parts. The first is devoted to
critical analysis of main previously published tectonic models
of the Gdéw “embayment” area in order to provide a historical
perspective for geological studies of the frontal Outer Carpa-
thians east of Krakow, dating back at least to the XV1lIth cen-
tury. The second part describes a new tectono-stratigraphic
model of the evolution of the Gdéw “embayment” based on re-
interpreted seismic data calibrated by boreholes.

PREVIOUS TECTONIC MODELS OF THE GDOW
“EMBAYMENT”

The earliest geological studies of the frontal Carpathian
orogenic wedge in Poland have focused on the area located im-
mediately east of Krakdw, where rock salt has been mined for
centuries in Wieliczka and Bochnia salt mines (e.g., Schober;
1750; Townson, 1797; Pusch, 1824; Hrdina and Hrdina, 1842;
Niedzwiedzki, 1883-1886; Uhlig, 1903; cf. Poborski, 1965;
d’Obyrn and Przybyto, 2010). In the 20th century, exploration
for oil and gas greatly intensified and resulted in the acquisition
of a large amount of subsurface geophysical data that signifi-
cantly improved the understanding of the geological structure
of the frontal Carpathian fold-and-thrust belt in, among others,
Krakéw-Tarnéw area. Following decades of intense geologi-
cal and geophysical study, many structural models have been
proposed for the frontal Carpathians (see Oszczypko et al.,
2006 for detailed overview and further references).

The area of the Gdow “embayment” has been extensively
studied: in total, several tens of deep boreholes have been
drilled, numerous geophysical studies (gravity, magnetic, seis-
mic) have been made, mostly during exploration for rock salt
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and, in more recent years, for hydrocarbons. All the surface and
subsurface data have allowed many researchers to come up
with different models of the present-day structure and evolu-
tion of this part of the Carpathian front. Below, a brief sum-
mary of these models is given, that will be consequently used as
a reference point for discussion of new results of seismic data
interpretation. Previous models of the Gdéw “embayment” are
presented in chronological order, to illustrate the evolution of
the ideas triggered by the increased amount of stratigraphic and
tectonic evidence. Selected tectono-stratigraphic models of the
Gdéw “embayment” that illustrate the evolution of concepts of
its geological structure are shown on Figure 4.

The first model that presented, in modern style, the struc-
ture of the Gdow “embayment” was published by Garlicki, fol-
lowing intense exploration for rock salt in the tezkowice —
Siedlec area (Garlicki, 1960 and his fig. 2). In this model, the
Gdow “embayment” is filled by the gently folded Chodenice
and Grabowiec beds (cf. Fig. 2) entraining also Miocene
evaporites (rock salt). The northern edge of the “embayment”
coincides with salt deposits that are deformed, uplifted to the
surface and over-thickened. In this model, there is no tectonic
deformation within the pre-Miocene basement although this
basement is shown by hatched lines indicating uncertain geom-
etry (Garlicki, 1960) — a result of the scarcity of reliable good
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quality subsurface data, as this model pre-dates the acquisition
of modern digital seismic reflection data.

In 1962, Pottowicz published the next model of the Gddw
“embayment”, using not only well and surface geological data
but also geophysical subsurface information: reflection seismic
and geoelectric data (Pottowicz, 1962 and his fig. 4). His model
is shown on Figure 4A. Poltowicz, having access to the sub-
surface geophysical data, first suggested the presence of low
angle reverse faults (thrusts) detached within the Mesozoic
basement, cutting also the Miocene infill of the Gdéw “embay-
ment”. Its Miocene sedimentary infill consists of the Chode-
nice Beds (containing also rock salt deposits), present within
the entire “embayment” and overlying the Mesozoic basement.
The Grabowiec Beds are present only to the north of the north-
ern edge of the “embayment”.

Significant improvement in the geological interpretation of
the Gdéw “embayment” was fuelled by the detailed biostra-
tigraphic studies of the Miocene foredeep succession in this

area. Alexandrowicz (1965; cf. also Doktor, 1983) distingui-
shed the sub-evaporitic succession present within the entire
“embayment” as the Skawina Beds (Il1A-D foraminiferal zo-
nes), with the Chodenic and Grabowiec beds (111A, B foramini-
feral zones) located entirely above the evaporitic level (Fig. 2;
cf. also £uczkowska, 1958; Olewicz, 1973a, b). This more pre-
cise tripartite stratigraphic zonation provided a new reference
point for the tectonic analyses of this area, with the evaporitic
level defined as a marker horizon located at the boundary be-
tween the Skawina Beds and Chodenice Beds. It is also worth
mentioning that Miocene foredeep evaporites form an excellent
marker in interpretation of the seismic data

In early 1970s Garlicki summarized a decade of geological
and geophysical studies of the Gdow “embayment” and pre-
sented his new refined tectono-stratigraphic model of the pres-
ent-day structure of this area and also of its Miocene evolution
(Garlicki, 1971; Fig. 4B). He adopted the tripartite stratigraphic
model of the Miocene infill established by Alexandrowicz
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(1965) comprising (1) the sub-evaporitic siliciclastic succes-
sion (Skawina Beds), (2) evaporites (rock salt), and (3) the su-
pra-evaporitic siliciclastic succession (Chodenice and Grabo-
wiec Beds). In his model (Garlicki, 1971 and his fig. 2) pro-
posed a system of reverse faults rooted in the Meso-Paleozoic
basement of the Gdow “embayment”. In this model the sedi-
mentary infill, as in the model of Alexandrowicz (1965), con-
sists entirely of the folded sub-evaporitic Skawina Beds char-
acterized by significant thickness, up to several hundreds of
metres. Overthickened and strongly deformed (folded) salt de-
posits are located along the northern edge of the “embayment”,
where they had been recognized by numerous boreholes in the
tezkowice area (Fig. 3). The supra-evaporitic succession
(Chodenice and Grabowiec beds), conformably deposited
above the evaporites, is present only to the north of the northern
edge of the “embayment”. In this area, the sub-evaporitic suc-
cession is rather thin, of the order of tens of metres, in contrast
to the thick infill of the Gdéw “embayment” at the same strati-
graphic position. Using his structural model, Garlicki (1971)
proposed also a model for the tectono-stratigraphic develop-
ment of this area (Garlicki, 1971 and his fig. 3). He associated
increased thickness of the Skawina Beds with syn-depositional
activity of basement faults and related increased local subsi-
dence. Garlicki (1971) postulated also that salt deposits of the
tezkowice area, thicker than in the northern part of the fore-
deep basin and presently strongly deformed, were deposited
during increased tectonically-controlled local subsidence wi-
thin the future Gdow “embayment” area. Deposition of evapo-
rites was followed by deposition of siliciclastic deposits of the
supra-evaporitic succession (Chodenice and Grabowiec beds).
According to Garlicki (1971), during later phases of the tec-
tonic evolution of this area, due to the increase orogenic push
related to the final phase of development of the Carpathian
fold-and-thrust belt, basement normal faults were reactivated
as reverse faults, and the entire Miocene foredeep infill of the
Gdéw “embayment” was folded and thrust towards the north.

Models of the Gdéw “embayment” by Alexandrowicz
(1965) and Garlicki (1971) were subsequently challenged. Ac-
cording to Poborski and Jawor (1987), almost the entire infill of
the Gdow “embayment” consists of the supra-evaporitic Cho-
denice Beds, with only a thin and incomplete cover of the
sub-evaporitic Skawina Beds resting directly above the Meso-
zoic basement (see Poborski and Jawor, 1987 and their fig. 2).
Poborski and Jawor (1987) did not, however, present any
stratigraphic evidence in support of their new model although
they suggested significant modifications of the previous strati-
graphic findings of uczkowska (1958) and Alexandrowicz
(1965).

In their next paper, Poborski and Jawor (1989) proposed an
even more generalized structure of the Gdow “embayment” as
they used only the general term “Miocene formation” to de-
scribe the entire Miocene infill of the “embayment”. Within
this formation, the evaporitic level was distinguished as a
marker horizon, but no information was given on the precise
stratigraphy of the sub- and supra-evaporitic successions.

According to newer models of the Gdoéw “embayment” by
Pottowicz (1991, 2004; Fig. 4C), only the uppermost part (up
to 200 m) of its sedimentary cover consists of the sub-evapo-

ritic Skawina Beds. These sediments form an allochthonous
thrust slice tectonically transported above a very flat (almost
horizontal) fault (detachment level) to the north. Beneath this
slice, the autochthonous cover consists of the thick Chodenice
and Grabowiec beds and thin Skawina Beds, resting above the
Mesozoic basement. This basement is dissected by several nor-
mal and reverse/thrust faults. Pottowicz (1991, 2004), similarly
to Poborski and Jawor (1987), did not, however, provide any
detailed stratigraphic data that would support his structural
model. He only quoted archive unpublished stratigraphic re-
sults of Z. Kirchner from unidentified industry wells, without
presenting any solid biostratigraphic data or even references to
the archive well reports. Taking this into account one can con-
clude that the structural models of Poborski and Jawor (1987)
and Potowicz (1991, 2004), significantly different from the
previous models based on detailed stratigraphic studies (Gar-
licki, 1971), are not supported by reliable and verifiable strati-
graphic data and have to be treated with the great caution.

The Carpathian front in the area located east of Krakéw was
first described as associated with a triangle zone by Jones
(1997). This model was, however, mentioned only in a confer-
ence abstract and was not supported by any more comprehen-
sive publication. Recently, a model of wedge tectonics and tri-
angle zones was used in order to explain the structure of the
Carpathian front imaged on seismic data from the Woj-
nicz-Tarnéw area, located to the east of the Gdow “embay-
ment” (Krzywiec et al., 2004). Furthermore, it has been also
suggested that in the Wieliczka part of the Carpathian front
wedge, located to the west of the Gdow “embayment”, wedge
tectonics also played an important role, and that the entire
Wieliczka Salt Mine is located in the core of the triangle zone
formed during the last stages of compression within the Carpa-
thian orogenic wedge (Krzywiec and Vergés, 2007). Finally,
Bukowski et al. (2010) presented a seismic profile from the
Gdow “embayment”, reinterpreted using verified stratigraphic
data from boreholes and outcrops (including new radiometric
dates of tuffites). This seismic profile (Bukowski et al., 2010
and their fig. 9) shows low-angle thrust faults and steep reverse
faults detached within the Meso-Paleozoic basement of the
Gdow “embayment”, and triangle zone and associated back-
thrusting along its northern edge, similarly to that reported from
the Wojnicz—Tarnow area by Krzywiec et al. (2004).

RESULTS OF SEISMIC DATA INTERPRETATION
FROM THE GDOW “EMBAYMENT”

In order to construct a revised tectono-stratigraphic model
of evolution of the Gdéw “embayment”, seismic data acquired
in 1992 by Geofizyka Krakéw was used. This seismic data
comprised post-stack time migrated profiles, with the reference
level (0 sec TWT) equal to 170 m a.s.l. Approximately the first
200 milliseconds of seismic data has been muted due to very
low quality and could not have been used for interpretation.

Some of the boreholes drilled in the study area (cf. Fig. 3)
had sonic logs and check-shot data available, and this data was
used to construct time-depth tables, necessary for precise
well-to-seismic tie.
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The general structure of the study area is shown on a re-
gional seismic transect, constructed using several seismic pro-
files reprocessed by Geofizyka Krakéw using original field
data (Fig. 5). It shows three main structural domains, important
for the analysis described in this paper:

— frontal part of the Outer (flysch) Carpathians,

— Gdow “embayment”,

— northern part of the Carpathian Foredeep.

The frontal Outer Carpathian thrust sheet is strongly inter-
nally deformed, but its structure and evolution has not been a
focus of this paper, and consequently, it was treated en blocas a
tectonic block that was thrust to the north during the final stages
of the Carpathian collision. Within the Gdéw “embayment”,
resolution of the seismic data is significantly higher and one
can observe there numerous fairly continuous seismic reflec-
tors that precisely depict the internal geometry of this part of
the Carpathian thrust belt. Stratigraphic information from nu-
merous boreholes as well as published results of earlier strati-
graphic studies show that all the Miocene deposits that cover
the Meso-Paleozoic basement of the Gdoéw “embayment”
should be regarded as sub-evaporitic Skawina Beds (cf. Buko-
wski et al., 2010). Overall thickness changes in the sub-evapo-
ritic Miocene succession within the Gdéw “embayment” show
a gradual thickness increase generally towards the south. There
are also clearly visible faults within the Meso-Paleozoic base-
ment (Fig. 5). One fault, located in the northern part of the
Gdow “embayment”, may be classified as a low-angle thrust
fault that carries Mesozoic (Jurassic) rocks towards the north,
above the Skawina Beds (Figs. 5 and 6). Along the trailing
edge of the Gdow “embayment” (vicinity of the £ysokanie 1
and 2 boreholes) foredeep evaporites together with overlying
Chodenice and Grabowiec beds are uplifted, and the overall
structure may be described as a triangle zone, filled by de-
formed Skawina Beds, with the backthrust developed along the
ductile evaporitic level. Farther to the north, sub-evaporitic de-
posits are rather thin and form only a thin veneer above the
Meso-Paleozoic basement. The supra-evaporitic Chodenice
and Grabowiec beds make up the bulk of the foredeep deposits
in this part of the foredeep basin. They have not undergone any
significant compressional deformation during the final Carpa-
thian thrusting movements. They are characterized by an ap-
proximately internal configuration parallel to the evaporites
and deeper basement, and, farther to the north, by an inclined
seismic pattern, with a clearly visible angular unconformity
above the evaporites. Such internal geometry could be inter-
preted as an effect of overall sediment progradation from the
south towards the north, similarly to the depositional model
proposed for the part of the foredeep located more to the east, in
the Wojnicz—Tarnéw area (Krzywiec, 2001; cf. Oszczypko et
al., 2006).

Two other seismic profiles have been selected to more pre-
cisely illustrate the internal structure of the Gdow “embay-
ment” (Fig. 6). The first of them (Fig. 6A) is located in its more
central part and is calibrated by several boreholes (cf. Fig. 3).
The Ksigznice 2 borehole provides crucial stratigraphic infor-
mation on the precise location of the low-angle thrust fault de-
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foredeep triangle zone
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and backthrust of the

Fig. 5. Regional seismic transect showing frontal Outer (flysch) Carpathian wedge, the Gdéw “embayment”, and the undeformed northern part of the Carpathian Foredeep Basin

For location see Figure 3
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Fig. 6. Interpreted seismic profiles

A — central part of the Gdéw “embayment”. Note that due to the low quality of seismic data at shallower levels, structural interpretation of the + ezkowice—Grodkowice area, recognized from numerous boreholes
drilled during exploration for rock salt, should be regarded as a first-order approximation only, partly based on published models (Garlicki, 1971); on this profile, as in the regional seismic transect shown on Fig-
ure 5, thick-skinned thrust faulting rooted in the Meso-Paleozoic basement can be observed. Such thrust faulting, confirmed also by several boreholes, has been already indicated by earlier studies (e.g., Pottowicz,
1962, 1991, 2004; Garlicki, 1971; Poborski and Jawor, 1987, 1989); B — eastern edge of the Gdéw “embayment”; in this area, no thick-skinned thrust faulting has been observed within the Meso-Paleozoic base-
ment; for location see Figure 3
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tached with the deeper (sub-Miocene) basement. Boreholes
from the tezkowice—Grodkowice area provided information
on deformed thick evaporites located at shallow depths (cf.
Garlicki, 1971). It should be stressed, however, that due to the
low quality of seismic data at shallower levels, the exact struc-
tural interpretation of the evaporites in the tezkowice—Grod-
kowice area should be regarded as a first-order approximation
only, partly based on published models (Garlicki, 1971). The
Skawina Beds within the Gdow “embayment” are generally
only gently deformed and preserve pre-deformational internal
depositional geometry. The only exception is the most northern
tip of the “embayment”, where all the Miocene deposits are
strongly deformed. Evaporites with their siliciclastic cover of
the Chodenice and Grabowiec beds are concordantly uplifted
along the trailing edge of the Gdéw “embayment”, similarly to
what has been observed on the regional transect described
above (Fig. 5). Farther to the north, evaporites are underlain
only by a thin veneer of the sub-evaporitic deposits. A very
similar structure of the Miocene foredeep deposits could be ob-
served on the second profile, located within the eastern part of
the Gdow “embayment” (Fig. 6B). On this profile one can also
observe thick Skawina Beds, stratigraphicaly documented by
the Siedlec 3 borehole (Luczkowska, 1958), that along the
trailing edge of the Gdéw “embayment” are compressionally
deformed. Above this zone of relatively strong deformation,
evaporites together with the supra-evaporitic Chodenice and
Grabowiec beds are locally uplifted. The main difference be-
tween these two profiles is the presence (Fig. 6A) or lack (Fig.
6B) of the thick-skinned thrust faults rooted within the Meso-
Paleozoic basement. The triangular geometry of the zone of the
deformed Skawina Beds beneath the uplifted evaporites and
supra-evaporitic siliciclastics may be interpreted, similarly to
what has been described above for the regional seismic
transect, as a triangle zone related to the wedge tectonics active
during last stages of the Carpathian thrusting (cf. Krzywiec et
al., 2004, Krzywiec and Vergés, 2007). Supra-evaporitic
siliciclastic deposits are backthrust towards the south along the
detachment related to the foredeep evaporites. Seismic imaging
of the triangle zone itself is not very good, although one can ob-
serve traces of fold structures present in the northern corner of
the triangle zone.

MIOCENE EVOLUTION OF THE GDOW
“EMBAYMENT” AREA - AMODEL

A general model for the Miocene evolution of the Gdéw
“embayment” was constructed using the interpreted seismic data
described above and is shown on Figure 7. It was constructed us-
ing the central part of the regional transect from Figure 5.

The model consists of three main stages, each associated
with development of the three main building blocks of the sedi-
mentary infill of this part of the Carpathian Foredeep: the
Skawina Beds, the evaporitic Wieliczka Formation and finally
the Chodenice and Grabowiec beds of the Machéw Formation
(cf. Fig. 2).

The first stage of evolution of the Gdéw “embayment” was
associated with deposition of the Skawina Beds (Fig. 7A).
These are mostly clayey-sandy deposits, but significant in-

crease in coarser material could be observed in the southern
part of the “embayment” (Doktor, 1983). The thick (up to
1000 m) Lower Badenian Skawina Beds within the Gdéw
“embayment” have their stratigraphic equivalent in the more
northern part of the Carpathian Foredeep Basin i.e. the
Baran6w Beds (cf. Oszczypko et al., 2006). They are, however,
characterized by much smaller thickness, ca. 30-40 m or less
(Ney et al., 1974) and are schematically shown on Figure 7A as
a very thin veneer of siliciclastic deposits developed above the
Meso-Paleozoic basement. The reconstructed geometry of the
Gdbéw “embayment” during deposition of the Skawina Beds
(Fig. 7A) suggests that increased thickness of the sedimentary
infill was controlled by localized tectonic activity of this part of
the foredeep basin. Some sub-Miocene faults might have di-
rectly controlled deposition of the Skawina Beds; additionally,
flexural subsidence was responsible for a general thickness in-
crease towards the south, i.e. towards the Carpathians. The
presence of coarser material in the southern part of the Skawina
Beds within the Gdow “embayment” clearly indicates rela-
tively short transport and proximity of the source area i.e.
emerged Carpathian thrust sheets (Alexandrowicz, 1965;
Doktor, 1983).

During the next stage of development of the Gdow
“embayment”, upper Badenian evaporites of the Wieliczka
Formation were deposited (Fig. 7B). Their inferred thickness is
smaller than the thickness of the underlying Lower Badenian
Skawina Beds; they are, however, also characterized by lateral
thickness variations, similarly to the Skawina Beds. Within the
Gdéw “embayment” evaporites might have attained larger
thickness, while towards the north they form a generally thin
veneer. It is postulated that such local thickness increase of the
evaporitic cover within the Gdow “embayment” areas was also
related to tectonic activity of some basement faults (cf. Fig.
7B). Such model is fully compatible with the earlier model pro-
posed by Garlicki (1971) for the £ezkowice area.

The third stage of the proposed evolution of the area of the
present-day Gdow “embayment” shown on Figure 7C was as-
sociated with deposition of the Chodenice and Grabowiec beds
of the Machéw Formation (cf. Fig. 2). These deposits have
been generally shed towards the Carpathian Foredeep Basin
from the emerged and eroded Carpathians (e.g., Oszczypko et
al., 2006). Within the present-day southern and central parts of
the basin they are characterized by an overall progradational
pattern directed towards the north (cf. Krzywiec, 2001;
Porebski et al., 2002; Porebski and Steel, 2003). Such general
depositional architecture of the supra-evaporitic siliciclastic
cover of the Carpathian Foredeep in front of the Carpathian
thrust belt is clearly visible on the regional transect in Figure 5.

Within the Gdéw “embayment” area, due to the later uplift
and erosion (see below), only evaporites are locally preserved
at the surface (cf. Bukowski et al., 2010).

During the final stages of development of the Carpathian
fold-and-thrust wedge the previously subsiding Gdow
“embayment” area was uplifted and basement faults were reac-
tivated either as reverse or as low-angle thrust faults. As a result
of this uplift, the entire foredeep succession deposited above
the Skawina Beds (i.e., evaporites of the Wieliczka Formation
and siliciclastics of the Machéw Formation) has been removed
by erosion. Only evaporites were locally preserved and may be
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Fig. 7. Quantitative model of the three main stages of the Miocene evolution of the Gdéw “embayment”

A —deposition of the Skawina Beds. Note that the lateral northern equivalent of this relatively thick infill of the Gdéw “embayment”
was also deposited but is characterized by relatively small thickness; B — deposition of evaporites of the Wieliczka Formation.
Within the Gdéw “embayment” they might have been characterized by increased thickness that later led to development of the
tezkowice rock salt deposit characterized by strong internal compressional deformation (Garlicki, 1960, 1971). Later uplift of the
axial part of the Gdow “embayment” and subsequent erosion removed the southern part of the evaporitic cover, its exact southern
edge not being known precisely (cf. Pottowicz, 1994); C — deposition of the Chodenice and Grabowiec beds, with inferred general
sediment supply from the south (cf. Krzywiec, 2001; Oszczypko et al., 2006)

found at the surface in parts of the Gdéw “embayment” area
(see Bukowski et al., 2010 for more detailed description).

During final thrusting movements within the Carpathians, a
triangle zone developed along the leading edge of inverted
structure of the Gdéw “embayment”. Its formation was most
probably influenced by the lateral thickness and facies changes
in the transition zone between the “embayment” area character-
ized by thicker evaporites and the area located to the north,
characterized by much thinner evaporitic cover. Such lateral
changes of detachment level very often trigger formation of tri-
angle zones (cf. Krzywiec and Aleksandrowski, 2004). Back-
thrust of the triangle zone present along the northern edge of
the Gdow “embayment” formed along the evaporitic level
(Figs. 5 and 6). Locally, during such backthrusting, over thick-
ened evaporites formed in tectoni cally-controlled depression
within the Gdéw “embayment” area (Fig. 7B) have been
strongly folded and internally deformed. Such deformations
are documented by numerous boreholes from the Ciezko-
wice—Grodkowice area (Garlicki, 1971).

DISCUSSION AND CONCLUSIONS

The model of evolution of the Gdéw “embayment” pre-
sented in this paper was constructed using relatively good qual-
ity seismic data calibrated by numerous boreholes and aug-
mented by surface geological data. To a large degree, it sup-
ports one of the earlier models postulated by Garlicki (1971),
and that was later challenged (Poborski and Jawor, 1987, 1989;
Pottowicz, 1991, 2004). In this model, the sedimentary infill of
the Gdow “embayment” consists of the Skawina Beds, with
only locally preserved remnants of the evaporitic cover at the
surface. The formation of such thick Lower Badenian sili-
ciclastic deposits has been attributed to localized tectonically-
controlled subsidence, exerted either by local fault activity or
by flexure of the lower plate under the advancing Carpathian
orogenic wedge. The next stage of the Miocene evolution of
this area includes a phase of deposition of the evaporitic cover
that was also characterized by larger thickness within the Gdow
“embayment” due to continuing locally increased and tectoni-
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Fig. 8. Part of the geological cross-section from the geological 1:50 000 sheet “Bochnia”,
(Skoczylas-Ciszewska and Burtan, 1954) with added inferred location of top of the lower plate
and inferred location of the hypothetical foredeep triangle zone

For location see Figure 3,
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cally-controlled subsidence. The evaporites were overlain by
siliciclastic deposits of the Machow Formation (Chodenice and
Grabowiec beds) during the third stage of development of the
study area. This siliciclastic cover was derived from the
emerged and eroded Carpathian orogenic wedge. It should be
however stressed that, due to late- and post-orogenic uplift and
erosion, the second and third stages should be regarded as more
conjectural than based on qualitative reconstructions.

The proposed model for development of the Gdéw “em-
bayment” includes also formation of the triangle zone along its
northern edge during the last thrusting movements of the Carpa-
thian orogenic wedge. This part of the model, based on reinter-
preted seismic data and with reference points provided by mod-
els for the Wojnicz (Krzywiec et al., 2004) and Wieliczka
(Krzywiec and Vergés, 2007) areas, is novel and different from
all previously published models. However, in this context it is
worth mentioning that the proposed structural interpretation of
the northern edge of the Gdéw “embayment” based on seismic
data is in good agreement with the much earlier structural model
of this area proposed by Skoczylas-Ciszewska and Burtan
(1954; Fig. 8). On this cross-section one can observe a su-
pra-evaporitic Miocene cover conformably uplifted above the
older strongly deformed foredeep Miocene deposits. Due to the
lack then of deeper wells in this area, and the lack of reliable
subsurface geophysical (seismic) data Skoczylas-Ciszewska and
Burtan (1954) did not show the top of the sub-Miocene Meso-

Paleozoic basement — Figure 7 shows its conjectural configura-
tion. The key element of reinterpretation of this geological
cross-section, shown on Figure 7, is the presence of a triangle
zone along the leading (northern) edge of the Gdéw “embay-
ment”, identical to the model proposed using seismic data and
described in this paper. It should be also stressed that geological
maps from the mid-XXth century were based on a large amount
of surface geological data that are presently mostly unavailable
due to increased surface anthropogenic infrastructure. Therefore,
the geometry of the supra-evaporitic succession, concordantly
uplifted towards the surface along the presumed backthrust de-
veloped within the frontal part of the Gdéw “‘embayment”
shown by Skoczylas-Ciszewska and Burtan (1954; Fig. 7) on
their cross-section, should be regarded as generally reliable. This
shows, together with the recent findings of Bukowski et al.
(2010), that surface data support the model of the Gdéw triangle
zone filled by deformed Skawina Beds proposed in this paper.
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