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Seismic data and core from the shallow cartographic Pilzno P-7 borehole were used to construct a new model of the
Carpathian orogenic front between Tarnéw and Pilzno, in the Pogdrska Wola area (southern Poland). The most external,
frontal thrust of the orogenic wedge (the Jasniny structure) was identified as a syn-depositional fault-propagation fold de-
tached above the Upper Badenian evaporites. Its formation was controlled by the presence of mechanically weak foredeep
evaporites and by the morphology of the sub-Miocene Meso-Paleozoic foreland plate (Jasniny and Pogérska Wola
palaeovalleys). The frontal zone of the Carpathian orogenic wedge (the Skole thrust sheet and the deformed foredeep de-
posits of the Zgtobice thrust sheet) is characterized by significant backthrusting of the foredeep succession towards the
south, and by the presence of a triangle zone, with strongly deformed Upper Badenian evaporites of the Wieliczka Formation
in its core. The triangle zone was formed during the latest thrusting movements of the Carpathians. An indication of the exis-
tence of the triangle zone in the vicinity of Debica has also been provided by reinterpretation of the archive regional geologi-
cal cross-section. The youngest foredeep deposits, brought to the surface above the backthrust, have been dated as
Sarmatian (NN7 nannoplankton zone), which indicates that the latest thrust movements within the frontal Carpathian
orogenic in the vicinity of Tarnéw—Debica took place approx. 11-10 million years ago. Thermochronological studies (AFT
and AHe) indicated that the foredeep succession drilled by the Pilzno P-7 borehole has not been buried deeper than
1.5-2 km, which is compatible with reconstruction based on the seismic data.
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INTRODUCTION (Oszczypko, 1998; Oszczypko et al., 2006; Oszczypko and
Oszczypko-Clowes, 2012). lts most external, relatively unde-

formed part is located to the north of the Outer Carpathian thrust

The Outer Carpathians in Poland were thrust over the fore-
land plate in late Early/Middle Miocene times (see e.g. Nemc¢ok
et al., 2006; Slaczka et al., 2006; Gagata et al., 2012 for detailed
overviews and further references). The Carpathian Foredeep
Basin developed in front of the advancing Carpathian thrust belt

* Corresponding author: piotr.krzywiec@twarda.pan.pl

Received: June 23, 2014; accepted: August 25, 2014; first
published online: September 2, 2014

sheets. More southern parts of the basin have been either over-
ridden by the Carpathians or incorporated into the orogenic belt
and presently forms a relatively narrow (maximum of a few kilo-
metres) zone of deformed Miocene foredeep deposits, the
so-called Zgtobice Unit or thrust sheet (Fig. 1; Kotlarczyk, 1985;
cf. Oszczypko et al., 2006).

The early Miocene sea of the Carpathian Foredeep Basin
covered a Meso-Paleozoic foreland platform and encroached
onto the Outer Carpathian thrust sheets in the south. During the
development of this sedimentary basin in Badenian-Sarmatian
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Fig. 1. Simplified geological map of the Outer Carpathians and their foreland
between Krakow and Przemysl

Red rectangle — area shown on Figure 3; 1 — Gdéw embayment, 2 — Pilzno embayment, 3 — Rzeszéw
embayment; A — seismo-geological transect analysed in Krzywiec et al. (2012); B — seismo-geological transect
analysed in Krzywiec and Vergés (2007); C — northern part of the regional geological transect analysed in

Gagata et al. (2012)

times (Fig. 2), marine sedimentation prevailed. The Late Bade-
nian salinity crisis was associated with deposition of an exten-
sive cover of evaporites (rock salt and gypsum) which marked a
significant shallowing of the basin (Oszczypko et al., 2006;
Peryt, 2006).

Along the orogenic front there are three areas, so-called
embayments, the Gdéw embayment, the Pilzno embayment and
the Rzeszéw embayment (Fig. 1). The Gdéw embayment is filled
by the sub-evaporitic deposits of the Skawina Formation (Buko-
wski et al., 2010; Krzywiec et al., 2012; see also below), while two
other embayments are characterized by mostly supra-evaporitic
foredeep deposits located above the frontal Outer Carpathian
thrust sheets in a piggy-back position. Detailed analysis of the
structure and tectonic evolution of the Gdéw embayment has
been recently presented by Krzywiec et al. (2012). Here, we
present a new model for the frontal Carpathian orogenic wedge
located between Tarnéw and Pilzno, partly within the Pilzno
embayment (Pogoérska Wola area). It was constructed using pri-
marily results of seismic data interpretaton and of sedi-
mentological, micropalaeontological and thermochronological
studies of core from the shallow Pilzno P-7 borehole drilled within
the frontal zone of the orogenic wedge (Fig. 3). Additional infor-
mation was provided by selected archive deep boreholes drilled
in this area. The model for the Pogorska Wola area was con-
structed primarily to better understand the Miocene evolution of
the frontal Carpathian fold-and-thrust belt. It provides also impor-

tant information on the role ductile evaporites and the morphol-
ogy of the top of the foreland (lower) plate play during evolution of
the frontal parts of the orogenic wedges.

REGIONAL GEOLOGICAL BACKGROUND

Middle Miocene times began with the extensive Early
Badenian marine transgression. In the Early Badenian the axial
part of the basin reached upper bathyal depths, while the north-
ern and southern parts of the basin were within the neritic-littoral
zone (cf. Oszczypko et al., 2006). The next stage of evolution of
the Carpathian Foredeep Basin was associated with formation
of the extensive evaporitic basin (Peryt, 2006). Shallow parts of
the basin were dominated primarily by sulphate and sub-ordi-
narily by carbonate-littoral facies (e.g., Kasprzyk, 1993, 1999;
Peryt, 1996; Peryt et al., 1997; Babel, 1999, 2004; Jasionowski
and Peryt, 2010). Deeper parts of the basin, located along the
Carpathian front, were characterized by chloride-sulphate fa-
cies —rock salts of the Wieliczka Formation (Fig. 2; see Garlicki,
1979; Peryt, 2006) that change laterally into anhydrite deposits
(Garlicki, 1979) consisting of laminated anhydrite with breccia
intercalations (Kasprzyk and Orti, 1998; Peryt et al., 1998). Ac-
cording to Babel (2004), the gypsum sub-basin was very shal-
low, up to several metres deep, whilst the depth of the halite
sub-basin was not less than 30—40 m.
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Colours used to depict local lithostratigraphic units match those used on Figures
9, 10 and 12; right column illustrates general thickness relationship of the main

2006). They can be found both in an autochthonous
position (either in front the of the present-day thrust
front or beneath the orogenic wedge) as well as in an

lithostratigraphic units of the central Carpathian Foredeep Basin in Poland (cf. aIIochthono.us. position within the Zgtobice thrust
Oszczypko et al., 2006); yellow star — approximate (conceptual) position of sec-  sheet (Garlicki, 1979; Oszczypko et al., 2006).

tion drilled by the Pilzno P-7 borehole (cf. Figs. 10 and 12)

After the Badenian salinity crisis, the edge of the Carpathian
thrust belt moved by a few kilometres to the north (see
Oszczypko, 1997, 1998; Kovac et al., 1998; Oszczypko et al.,
2006). These final tectonic movements resulted in migration of
the zone of maximum subsidence towards the north and conse-
quently in the progressive deepening of the outer (northern)
part of the basin, which, during the deposition of the Chodenice
Beds, reached depths characteristic of the outer shelf (Gonera,
1994; Kovac et al., 1998; Oszczypko, 1999).

Frontal compressional deformations of the orogenic wedge
thatinvolved foredeep deposits developed partly during deposi-

Owing to their lithological characteristics and

widespread distribution, evaporites constitute the

main correlation level in the entire foredeep basin. They are de-
veloped as two formations (Alexandrowicz et al., 1982):

— the Wieliczka Formation (chloride facies): rock salt, con-
taining admixtures of anhydrite and gypsum, with sheet
siliciclastic deposits: siltstones, mudstones and sporadi-
cally sandstones. The Wieliczka Formation is character-
ized by variable thickness from 30 to more than 100 m
(Garlicki, 1979);

— the Krzyzanowice Formation (sulphate facies): devel-
oped as gypsum and anhydrite, with admixtures of sili-
ciclastic deposits, mostly siltstones and mudstones, as
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well as barren and sulphur-bearing limestone. The thick-
ness of this formation reaches up to 60 m in the periph-
eral part of the basin, and up to 20 m in its central part.

Deposition of evaporites in the Carpathian Foredeep was
influenced by numerous factors such as climate, water geo-
chemistry, subsidence, morphology of the sub-evaporitic
Meso-Paleozoic substratum, and distance from the basin’s
coastal areas. According to the model proposed by Garlicki
(1979), the chloride facies were deposited in the deepest part of
the evaporitic basin, extending between Wieliczka and Pilzno
and to the south of this line (Fig. 4; cf. also Pottowicz, 1993;
Oszczypko et al., 2006). A vast area located further to the north
and covered by the sulphate facies deposits (gypsum and
anhydrite) may be regarded as a “saturation shelf’ sensu Rich-
ter-Bernburg (1955) (cf. Garlicki, 1979).

The morphology of the top of the foreland plate played a
crucial role in the deposition of various evaporitic facies
(Pottowicz, 1998a, b, 1999; Bukowski, 2011). The whole region
between Krakéw and Przemysl is characterized by the pres-
ence of NW-SE trending deep palaeovalleys incised into the
Mesozoic and/or Paleozoic rocks of the foreland plate (Karpata
and Lapinkiewicz, 1962; Pottowicz, 1964, 1998a, b; Poltowicz
and Starczewska-Popow, 1973; Karnkowski, 1978, 1989;
Moryc, 1995; Krzywiec, 2001; cf. Karnkowski and Ozimkowski,
2001; Krzywiec et al., 2004). Incision of those palaeovalleys
might be attributed either to the regional uplift and ensuing ero-
sion of the SE part of the Mid-Polish Swell formed during the
Late Cretaceous-Paleogene inversion of the Mid-Polish Trough
(see Scheck-Wenderoth et al., 2008 and references therein;
Krzywiec, 2009; Krzywiec et al., 2009), or to the Paleogene up-
lift of the flexural bulge within the Carpathian foreland, a phe-
nomenon characteristic of many underfilled foredeep basins
(cf. Sinclair, 1997).

Shallower parts of the basin between Krakéw and Debica
were associated with the relatively elevated areas located be-
tween deeply incised valleys. They were characterized by sul-
phate facies (gypsum and anhydrite). Deeper parts of the basin,
related to the incised valleys, were associated with halite crys-
tallisation. Later submarine erosion might have partly removed
evaporites from the most axial parts of these palaeovalleys
(Fig. 4; cf. Pottowicz, 1999).

In the area between Tarnéw and Pilzno numerous bore-
holes drilled during exploration for hydrocarbons provided infor-
mation on thickness, lithology and facies of the foredeep evapo-
rites (Fig. 5; Cisek and Czernicki, 1964). Following those local-
ized discoveries, a more comprehensive program of exploration
for rock salt has been conducted, that was focused on the
Pilzno area located to the east of the area analysed in this paper
(Gierat-Nawrocka, 1968).

Several boreholes drilled within the axial part of the so-
called Jasniny—Pogorska Wola palaeovalley (e.g., Jasniny-12,
Jasniny-13, Machowa-6 and Pogorska Wola-16; Pottowicz,
1999; Fig. 5) proved the presence of up an to 400 m thick inter-
nally chaotic evaporitic complex that was interpreted by
Pottowicz (1999) as an olistostrome related to submarine mass
movements formed during deposition of the evaporites.

DATA AND METHODS

Several datasets and methods were used to study Miocene
evolution of the frontal Carpathian orogenic wedge in the Po-
gorska Wola area. The main motivation for such an integrated
approach was the desire to provide independent constraints on
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the age, present-day structure and evolution (subsidence and
subsequent uplift) of the segment of the Carpathian front studied.

The shallow (187 m) cartographic borehole Pilzno P-7 was
drilled on the western periphery of Pilzno, north of the mapped
front of the Carpathian orogenic wedge (Fig. 3). It was exten-
sively cored, and this core was used to date the uppermost part
of the Miocene infill of the foredeep basin, and, together with the
seismic data, to better understand its depositional and struc-
tural characteristics (Fig. 6).

The Pilzno P-7 borehole drilled through 18.7 m of Pleisto-
cene cover and then through tectonically deformed Miocene de-
posits of the Zgtobice thrust sheet (Fig. 7). Miocene foredeep de-
posits are represented by a succession of clay-mudstone inter-
calations with a few fine-medium grained sandstones. In several
intervals muddy turbidites were recognized (claystone-siltstone,
and fine-to medium-grained sandstone). The shallow part of the
borehole (approx. 25-50 m) is characterized by the presence of
several intercalations of bright, very fine-grained tuffite (Fig. 7).
The entire Miocene succession drilled by the Pilzno P-7 borehole
is strongly inclined towards the north, with bed inclinations reach-
ing up to 70° (Fig. 6). Such strong inclination conforms very well
with the overall geometry of this part of the frontal Carpathian
wedge observed on seismic data (see below).

Nannofossil studies were used to date Miocene deposits
drilled by the Pilzno P-7 shallow borehole. For this purpose core
samples were collected from the following depth intervals:
93.0-93.1 m, 94.5-94.6 m, 100.1-100.2 m, 120.1-120.2 m,
154.8-154.9m, 173.5-173.6 mand 186.7—186.8 m (Fig. 7). All
samples were prepared using the standard smear slide tech-
nique and analysed under light microscope (Nikon Eclipse
E600POL: LM, 1000x magnification) in plane at parallel and
crossed polzarized light. The taxonomic frameworks of Aubry
(1984, 1988, 1989, 1990, 1999), Perch-Nielsen (1985) and
Bown (1998 and references therein) have been followed. Esti-
mates of the nannofossil abundance for individual samples (Ta-

ble 1) were established using the following criteria: VH (very
high): >20 specimens per 1 field of view, H (high): 10-20 speci-
mens per 1 field of view, M (moderate): 5-10 specimens per 1
field of view, L (low): 1-5 specimens per 1 field of view, VL (very
low): <5 specimens per 5 fields of view. In order to visually as-
sess the preservation state of the assemblages the following
criteria proposed by Roth and Thierstein (1972) were used: VP
(very poor) — etching and mechanical damage is very intensive,
specimens mostly as fragments; P (poor) — severe dissolution,
fragmentation and/or overgrowth, specific identification of spec-
imens is difficult; M (moderate) — etching or mechanical dam-
age is apparent but most specimens are easily identifiable; G
(good) — little dissolution and/or overgrowth, diagnostic charac-
teristics are preserved, the specimens could be identified to
species level without any problems.

Results of thermochronological studies provide estimates
regarding maximum palaeotemperatures and timing of cooling,
and, as a consequence, of maximum burial of the sedimentary
sequences studied. One of important questions pertaining to
the development of the Carpathian Foredeep infill is the timing
and amount of its post-depositional inversion and uplift, either
local, e.g. triggered by activity of frontal thrust structures, or
more regional, related to the post-orogenic rebound of the lower
foreland plate. In an attempt to shed some light on this problem
core from the Pilzno P-7 borehole was sampled. Samples for
apatite U-Th/He (AHe) and fission-track (AFT) studies were
taken from the tuffitic layers located within the depth interval
25-50 m (cf. Fig. 7). The overall state of the core material at the
moment of sampling did not allow for unequivocal macroscopic
identification of tuffitic intervals. Therefore, and taking into ac-
count the fact that all the samples taken from a relatively short
depth interval must have experienced identical thermal history,
all the samples were treated as one combined sample weighing
approximately 5 kg.
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A standard separation procedure, described by Donelick et
al. (2005), was applied in order to extract apatite crystals. As a
result, a small number of apatite crystals was obtained. Most of
them were slightly rounded and this suggested that they might
have been transported in water, and/or otherwise weathered.
From the entire population of extracted apatite 5 euhedral crys-
tals (80 to 250 um long and 60 to 110 um in diameter) were se-
lected, characterized by the lack of any significant cracks and
inclusions. These selected crystals were used for AHe studies;
the remaining crystals were used for AFT analysis.

AHe studies were performed following the general proce-
dures described by Farley et al. (1996), Wolf et al. (1996) and

Farley (2000). Content of He was measured using a Quadru-
pole Mass Spectrometer Hiden HAL3F, and the content of
238U and of 232Th was measured using a Plasmaquad PQ2.5
ICP-MS spectrometer. Age determinations were completed fol-
lowing standard procedures described by Farley et al. (1996)
and Meesters and Dunai (2005).

Apatite fission-track (AFT) studies were performed using
the external detector method (EDM; Gleadow and Lovering,
1977). The samples were radiated using a nuclear reactor in
Oregon including a CN5 glass dosimeter. The zeta calibration
method was used for age determination (Hurford and Green,
1983), Durango apatite was used for age calibration, and the fi-
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Fig. 6. Pilzno P-7 borehole — core photographs showing steep inclination
of the Sarmatian foredeep infill within the deformed Zgtobice Unit

A —depth interval 27.0-31.0 m: clay/mudstone sequence with tuffite intercalations; B — depth in-
terval 32.0-36.0 m: grey laminated mudstones, inclination 55-60°; C — depth interval
176.0—-181.0 m: grey marly mudstones with thin intercalations (up to 4 mm) of dark claystone
and very fine sandstone, inclination 50°; D — depth interval 181.0-186.0 m: dark grey marly
mudstones with inclination of 45°; high stratal dips are compatible with the structural model de-

rived from seismic data (cf. Fig. 10)

nal fission track age was calculated using Trackkey software
(Dunkl, 2002). The small amount and relatively low quality of
crystal samples studied precluded track length analysis.

Seismic data was used to visualize the present-day struc-
ture of the frontal Carpathian orogenic wedge. The available
data consisted of several NW-SE or SW-NE oriented 2D seis-
mic profiles and of several tens of 2D profiles extracted from the
“Pogorska Wola” 3D seismic survey (Ochat and Borowska,
1995). All this data, provided by Geofizyka Krakéw in SEGY for-
mat, was post-stack time-migrated.

RESULTS

CALCAREOUS NANNOPLANKTON

The abundance pattern in the samples studied from the
Pilzno P-7 borehole varies from high (H) to very high (VH). The
preservation of calcareous nannofossils was moderate (M) or
predominantly moderate to good (G) in all samples investigated
(Table 1; cf. Fig. 8). Nannofossils show minor etching and minor
to moderate overgrowth.
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Fig. 7. Pilzno P-7 borehole — sedimentological log of the
Sarmatian deposits located above the backthrust developed
in front of the Outer Carpathians (cf. Fig. 10)

P1-P7 — location of samples taken for nannofossil studies

The autochthonous assemblage is represented by: Calci-
discus leptoporus (Murray and Blackman), Coccolithus miopela-
gicus Bukry, C. pelagicus (Wallich), Coronocyclus nitescens
(Kamptner), Cyclicargolithus floridanus (Roth and Hay), Disco-
aster deflandrei Bramlette and Riedel, D. exilis Martini and
Bramlette, D. variabilis Martini and Bramlette, Helicosphaera
carteri (Wallich), H. compacta Bramlette and Wilcoxon, H.
euphratis Haq, H. intermedia Martini, H. mediterranea Mdller, H.
walbersdorfensis Mller, Pontosphaera multipora (Kamptner), P.
plana (Bramlette and Sullivan), Reticulofenestra minuta Roth, R.
pseudoumbilica (Gartner), Sphenolithus abies (Deflandre in
Deflandre and Fert), Sphenolithus moriformis (Bronnimann and
Stradner) and Umbilicosphaera rotula (Kamptner). The most
common (1 species/observation field) are: Cyclicargolithus

floridanus and Coccolithus pelagicus, whereas Helicosphaera
carteri, Reticulofenestra pseudoumbilica, Sphenolithus abies
and Sph. moriformis are present to lesser extent. Helicosphaera
walbersdorfensis is very rare.

The allochthonous assemblage constitutes approximately
30% of all identified species. The most common species are of
Late Eocene and Oligocene age. Percentages of Cretaceous
species are very low. The Late Eocene assemblage is com-
posed mainly of Isthmolithus recurvus Deflandre, Ericsonia
formosa (Kamptner), Reticulofenestra reticulata (Gartner and
Smith) and R. umbilica (Levin), and the Oligocene assemblage
contains Cyclicargolithus abisectus (Mdller), Helicosphaera
perch-nielseniae, H. recta Haq, Pontosphaera latelliptica (Baldi-
Beke and Baldi), P. rothi Haq, Reticulofenestra lockerii Mlller, R.
ornata Mller and Transversopontis obliquipons (Deflandre).

According to the standard zonation of Martini (1971) and
Martini and Worsley (1970), the stratigraphic event marking the
lower boundary of NN7 is the first occurrence of Discoaster
kugleri Martini and Bramlette. However, this species is ex-
tremely rare, and therefore it was necessary to use a secondary
index species such as Calcidiscus premacintyrei. The last com-
mon occurrence of Calcidiscus premacintyrei takes place just
before the first occurrence of Discoaster kugleri (see Fornaciari
and Rio, 1996), so it can approximate the boundary between
the NN6 and NN7 zones. Both species Discoaster kugleri and
Calcidiscus premacintyrei are not present in the assemblage.
The other alternative species used to approximate zone NN7
are Cacidiscus macintyrei and Coccolithus miopelagicus
(>14 um). The presence of Coccolithus miopelagicus (>14 um)
is essentially confined just to that interval, but its first occur-
rence is gradational (Young, 1998). According to Fornaciari and
Rio (1996) and Young (1998), the first appearance of
Cacidiscus macintyrei takes place near the NN6/NN7 bound-
ary. However, Svabenicka (2002) and Cori¢ and Svabenicka
(2004) describe this species as early as from zone NN6 and
even from zone NN5. At the same time, species such as
Sphenolithus abies and Helicosphaera stalis are present and
are characteristic of zones NN6 and higher (cf. Young, 1998).
The co-occurrence of Cacidiscus macintyrei, Coccolithus
miopelagicus (>14 um) and Helicosphaera walbersdorfensis
and absence of Calcidiscus premacintyrei allow assigning the
assemblages from the Pilzno-7 borehole to zone NN7, i.e. to
the Sarmatian (Fig. 2; see also Oszczypko-Clowes et al., 2012).

THERMOCHRONOLOGY

A relationship between AHe age and U and Th content as
well as crystal shape has not been observed. Five crystals ana-
lysed gave ages spread between 35.8 + 1.4 Ma and 10.5 £
1.3 Ma. Mean age for the two youngest crystals that had similar
ages was 11.6 + 1.5 Ma (Table 2).

An AFT age was determined for just 13 crystals as the qual-
ity of the remaining material precluded fission-track analysis.
Results for those crystals were regarded as belonging to a sin-
gle population characterized by a central age of 13.2 £ 2.2 Ma
(Table 3).

Previously completed studies of compaction of the Miocene
infill of the Carpathian Foredeep suggested that the zone of
maximum erosion and exhumation of about 1000 m was lo-
cated between Przemysl and Rzeszdw, in the vicinity of the
present-day frontal thrust of the Carpathian orogenic wedge
(Poprawa et al., 2002). Lower values of post-orogenic exhuma-
tion, about 400-800 m, have been provided by the illite-
smectite method (Srodon, 1984). Exhumation might have been
related to the removal of the uppermost part of the foredeep
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Table 1

Nannofossil distribution from the Pilzno P-7 borehole
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Sample number P1
Sample abundance VH
Nannofossil preservation G
Braarudosphaera bigelowii
Calcidiscus leptoporus
Calcidiscus macintyrei
Coccolithus miopelagicus
Coccolithus miopelagicus >10 ym
Coccolithus pelagicus
Coronocyclus nitescens
Cretaceous species undivided
Cribocentrum reticulatum
Cyclicargolithus abisectus
Cyclicargolithus floridanus
Dictyococcites bisectus
Discoaster deflandrei
Discoaster exilis
Ericsonia fenestrata
Ericsonia formosa
Ericsonia subdisticha
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Helicosphaera carteri
Helicosphaera compacta
Helicosphaera euphratis
Helicosphaera intermedia
Helicosphaera mediterranea
Helicosphaera recta
Helicosphaera stalis
Helicosphaera walbersdorfensis
Isthmolithus recurvus
Lanternithus minutus
Neococcolithes dubius
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Pontosphaera latelliptica
Pontosphaera multipora X
Pontosphaera plana
Pontosphaera rothi
Reticulofenestra dictyoda R
Reticulofenestra lockerii
Reticulofenestra ornata
Reticulofenestra pseudoumbilica
Reticulofenestra spp. small
Reticulofenestra umbilica
Rhabdosphaera sicca
Sphenolithus abies
Sphenolithus dissilimis
Sphenolithus moriformis
Transersopontis obliquipons
Transversopontis pulcheroides
Triquetrorhabdulus rioi
Umbilicosphaera rotula
Zygrhablithus bijugatus
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X — determined species, R — reworked species; for other explanations see text
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Fig. 8. Pilzno P-7 borehole — photomicrographs of the typical Miocene nannofossil assemblages
identified in core samples

A — Braarudosphaera bigelowii (sample P2); B, C — Calcidiscus macintyrei (sample P7); D — Coccolithus miopelagicus (sample
P4); E — Coronocyclus nitescens (sample P5); F — Discoaster exilis (sample P3); G — Helicosphaera carteri (sample P2); H —
Helicosphaera carteri (sample P5); I, J — Helicosphaera stalis (sample P7); K — Helicosphaera walbersdorfensis (sample P7); L,
M — Reticulofenestra pseudoumbilica (sample P5); N — Rhabdosphaera sicca (sample P2); O — Sphenolithus abies (sample P7);

P — Triquetrorhabdulus rioi (sample P1)

infill. For the Pilzno area, where the Pilzno P-7 borehole is lo-
cated, compaction analysis indicates approximately 600 m of
exhumation (Poprawa et al., 2002).

Results of AHe studies showed the existence of two popula-
tions of apatite crystals. The first of these includes crystals char-
acterized by ages significantly higher than the age of the Mio-
cene Carpathian infill, about 36 to 18 Ma (Table 2). This sug-
gests that these crystals have not been deposited directly to the
foredeep from the ash cloud. Their age is comparable to the re-
sults of AHe studies from the Outer Carpathians (cf. Mazzoli et
al., 2010; Andreucci et al., 2013) and this might suggest that
these crystals were re-deposited and transported to the Carpa-
thian Foredeep Basin from the eroded Outer Carpathian thrust

sheets. The second group of apatite crystals is characterized by
an age of 11.6 £ 1.5 Ma. Such a AHe age is replicated by the
AFT results, with all dated crystals belonging to one population
with a mean age of 13.2 + 2.2 Ma. Cooling ages of both
thermochronometers are directly comparable to the Sarmatian
sedimentation age of the Pilzno P-7 borehole strata revealed by
micropalaeontological investigations (ca. <11.9 Ma). Therefore,
it was assumed that most of the apatite crystals are of pyro-
clastic origin despite signs of weathering. The results strongly
suggest that rocks sampled were not buried deeply enough to
significantly reset their ages (~50-70°C for AHe and
~70-110°C for AFT). In such a case neither of the low tempera-
ture thermochronometers used is capable of recording the tim-
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Table 2
AHe results

Sample | Th Th error U U error He , |Heerror| TAU Thiu | Unc. age F Corrected | *1c

name [ng] [%] [ng] [%] [107" cm’] [%] [%] [Ma] T age [Ma] | [Ma]
P7#1 0.062 6.4 0.014 7.0 0.432 0.5 9.5 4.32 10.4 0.555 22.2 2.1
P7#2 0.048 8.2 0.011 9.0 0.164 0.6 12.1 4.33 4.9 0.577 10.5 1.3
P7#3 0.090 4.4 0.019 5.4 0.470 0.5 7.0 4.80 8.5 0.760 12.6 0.9
P7#4 0.298 1.7 0.085 1.7 2.582 0.5 2.4 3.50 13.2 0.758 18.0 0.4
P7#5 0.114 3.6 0.086 1.6 3.827 0.5 4.0 1.32 26.5 0.777 35.8 1.4

Th—amount of 2*Th; Th error — 1 sigma error of Th volume estimation; U — amount of >®*U; U error — 1 sigma error of U volume estimation;
He — “He volume at standard conditions of temperature and pressure; He error — 1 sigma error of He volume estimation; TAU — total analyti-
cal uncertainty; Th/U — 2*2Th to >**U factor; Unc. age — uncorrected He age; Fr — alpha recoil correction factor after Farley et al. (1996); cor-
rected age [Ma] — corrected He age; 10 — sigma standard deviation of corrected age

Table 3
Apatite fission track results
P (x2) Age +1o Dpar 1o
A N : (e N; 10° N
N ps (€"5) s pi (€"5) pa (107) ¢ [%] [Ma] [Ma] [um] [um]
13 0.0121 39 0.2568 826 15.1800 9195 100 13.2 2.2 1.86 0.13

N — number of crystals; ps — spontaneous track density [per cm2]; Ns — number of counted spontaneous tracks; p; — induced track density [per
cmz]; N; — number of counted induced tracks; ps — dosimeter track density [per cmz]; Ny — number of tracks counted on dosimeter; P(y2) — prob-
ability for obtaining chi-square value for single population test; Age — central age; 1o [Ma] — sigma error for age; Dpar — value of average etch
pit diameter of fission tracks, Durango apatite standard Dpar — 1.81 + 0.1 (Carlson et al., 1999); +1c [um] — standard deviation for Dpar

ing of exhumation but they can limit maximum palaeotempera-
tures and, as a consequence, also maximum burial. This can
be estimated as 1.5-2.0 km, assuming a palaeo-geothermal
gradient of the order of 25-30°C/km (cf. Gorecki, 2011;
Majorowicz and Wybraniec, 2011).

SEISMIC DATA INTERPRETATION

Seismic data acquired within the study area was used to il-
lustrate the structure and gross depositional architecture of the
Miocene foredeep infill (Figs. 9 and 10). In this part of the basin
most of the 2D seismic profiles are located NW-SE and
NE—-SW as they were acquired perpendicular and parallel to the
main NW-SE structural trend within the pre-Miocene base-
ment, in a regional sense determined by the Teisseyre-
-Tornquist Zone (see e.g. Krzywiec, 2001 for further details).
The most prominent features related to this regional basement
trend are deep sub-Miocene palaeovalleys incised into the
Meso-Paleozoic foreland plate (Fig. 5). Both seismic lines in
Figure 9 show the Jasniny palaeovalley, line (B) also shows the
deeply incised Pogorska Wola palaeovalley (Pottowicz, 1999;
Fig. 5). Above the northern slope of the Jasniny palaeovalley a
compressional structure (the so-called Jasniny structure; cf.
Baran and Jawor, 1994) is developed within the Miocene
foredeep infill. This structure hosts the Jasniny gas field (Baran
and Jawor, 1994).

The compressional character of the Jasniny structure was
suggested for the first time by Baran and Jawor (1994). It can
be classified as a fault-propagation fold that formed above the
northern slope of the Jasniny palaeovalley due to the buttress-
ing effect exerted by this slope, i.e. by the morphological high
within the pre-Miocene basement, similarly to e.g. the Biadoliny

structure located west of Tarndw (Krzywiec, 2001; Krzywiec et
al., 2004; Nemcok et al., 2006; Krzywiec and Vergés, 2007).
This structure can be also classified as a buried or blind frontal
thrust (Boyer and Elliott, 1982; Morley, 1986; Dunne and Ferril,
1988) of this segment of the entire Carpathian orogenic wedge.

One of the characteristic features of the Jasniny thrust front,
very clearly visible on seismic data, are thickness reductions of
the Miocene packages within the crest of the fold (i.e. the
growth strata; cf. Medwedeff, 1989; Suppe et al., 1992), accom-
panied by localized erosion and the presence of progressive
unconformities (cf. Ori et al., 1986). All these features are very
typical of growth folds that often develop syndepositionally in
frontal parts of orogenic belts, within the foredeep basins (e.g.,
Ori et al., 1986; Artoni and Casero, 1997; Ford et al., 1997).

Figure 10 shows five seismic profiles extracted from the
“Pogorska Wola” 3D seismic survey. This seismic survey is
partly located within the axial part of the Jasniny-Pogorska Wola
palaeovalley system, and partly above the Outer Carpathian
frontal Skole thrust sheet covered by the Miocene foredeep de-
posits of the Pilzno embayment (Figs. 3 and 5). Because of its
location, this seismic survey illustrates important lateral chan-
ges of the Jasniny thrust structure.

The Jasniny structure, detached above the Upper Badenian
foredeep evaporites, has been imaged on profiles A, Band C, al-
though the amount of displacement is different on each of these
profiles. The westernmost profile A is located above the relatively
steep northern slope of the Jasniny palaeovalley (Fig. 5), where
the Jasniny structure is characterized by significant amounts of
displacement and clearly visible localized thinning of the lower
part of the Miocene foredeep infill within its crestal part, similarly
to the two seismic examples described above. Essentially the
same geometry of this structure can be seen on profile B, but
profile C shows the eastern termination of the Jasniny structure
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Fig. 9. Interpreted 2D seismic profiles showing the so-called Jasniny structure (cf. Baran and Jawor, 1994)
developed within the Miocene foredeep infill

Blue horizon — evaporites; vertical scale in TWT, approx. vertical depth exaggeration 3—4x; location see Figure 3; localized thinning of the
Miocene strata within the hinge zone of this blind thrust and associated local intra-Miocene unconformities suggest syn-depositional thrust-
ing within the Carpathian Foredeep Basin; the Jasniny structure can be regarded as the buried northernmost frontal thrust of this segment of

the Carpathian orogenic wedge

that is characterized by much smaller amounts of displacement
and almost no growth strata. Profile D shows a very small thrust
structure located further to the north than the Jasniny structure;
profile E is characterized by the presence of two small (but
slightly larger than those in profile D) thrusts. Such geometry
may be attributed to lateral changes of morphology of the
Meso-Paleozoic substratum that directly controlled the evolution
of the frontal thrust of the Carpathian orogenic wedge (i.e. of the
Jasniny structure). Both profiles in Figure 9, and profiles A, B and
to some degree also profile C in Figure 10, are located where the
front of the orogenic wedge is relatively close to the steep north-
ern slope of the Jasniny palaeovalley. Such a relationship re-
sulted in a significant buttressing effect that caused the formation
of a large-scale syndepositional thrust (i.e. the Jasniny structure).
Profile D is located where the Jasniny palaeovalley and Po-
gorska Wola palaeovalley merge together and locally form a
large flat area (Fig. 5); therefore, the buttressing effect was negli-
gible and therefore a frontal ramp, formed in the vicinity of the
northern slope of the distant Pogérska Wola palaeovalley, is
characterized by a relatively small displacement (cf. Fig. 5). Pro-
file E is located where the northern slope of the Pogorska Wola
palaeovalley is located already a little closer to the Carpathian
thrust front and this is why one can observe there a slightly larger
frontal thrust. Additionally, this profile also shows a second thrust
detached above the evaporites and located within the frontal

homocline of the triangle zone developed in the contact zone be-
tween the Skole thrust sheet and the foredeep basin (see below).

The interpreted seismic profiles were compared with the re-
sults of numerical modelling of syn-depositional fault-propaga-
tion folds (Hardy et al., 1996). The preservation of most of the
growth strata and lack of, or only minor, localized erosion within
the fold hinge suggest that the buried thrust front of the Carpa-
thians between Tarnéw and Pilzno evolved with a rate of uplift
driven by thrusting equal to, or lower than, the sediment accu-
mulation rates so that the accommodation space within the
hinge zone of such a syndepositional fold has been largely
preserved.

The “Pogdrska Wola” 3D seismic survey also provided new
detailed information on the structure of the zone located be-
tween the frontal Outer Carpathian thrust sheet (the Skole
thrust sheet) and the Carpathian Foredeep Basin (i.e. the
Zgtobice thrust sheet). The seismic profiles A-E show a triangle
zone cored by deformed Upper Badenian foredeep evaporites,
at the northern tip of which the most frontal thrust structure of
the entire thrust belt (i.e. the Jasniny structure) is located. The
frontal homocline of this triangle zone (cf. Jones, 1996) devel-
oped above the backthrust along which supra-evaporitic Upper
Badenian-Sarmation foredeep infill has been thrust towards the
south, above the Skole thrust sheet that is unconformably cov-
ered by the Miocene infill of the Pilzno embayment (Fig. 10).
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Jasniny structure

Jasniny structure

Jasniny structure

Fig. 10. Interpreted profiles from the 3D survey showing the structure of the Pilzno embayment filled by the Miocene foredeep
strata the triangle zone developed in front of the Skole thrust sheet of the Outer Carpathians and filled by the highly deformed
Miocene evaporites (blue colour), and blind thrust front developed within the Miocene foredeep infill

Vertical scale in TWT; approx. vertical depth exaggeration 3—4x; for location see Figure 3; star indicates approximate location of the Pilzno
P-7 borehole, projected onto this seismic profile from the east along the backthrust (cf. Fig. 3); inset — details of the deformed evaporites lo-

cated within the northern tip of the triangle zone imaged on seismic profile C, comparable to the deformed evaporites of the Wieliczka Salt
Mine (cf. Krzywiec and Vergés, 2007: fig. 10)
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The unconformity at the base of the Pilzno embayment infill
could be either tectonic and perhaps related to the southern-
most segment of the backthrust (before it was breached during
the latest tectonic movements along the backthrust), or it could
be depositional. This problem is discussed in more detail below.

MIOCENE EVOLUTION OF THE CARPATHIAN
OROGENIC FRONT BETWEEN TARNOW
AND PILZNO — A MODEL

The segment of the frontal Carpathian orogenic wedge ana-
lysed has been previously studied using subsurface and surface
data. With one exception, all the previously published models
proposed classical foreland-directed thrusting that propagated
from the hinterland towards the foreland, i.e. from the Outer
Carpathian flysch thrust sheets into the Miocene Carpathian
Foredeep Basin (e.g., Poltowicz, 1974, 1991, 2004; Wdowiarz,
1976). Jurkiewicz and Woinski (1979) published a cross-section
located in the vicinity of Debica, i.e. ca. 10 km to the east of the
area described in this paper (cf. Fig. 3). Part of this cross-section
is shown in Figure 11. One can observe there a supra-evaporitic
Miocene cover thrust towards the south above an inferred
backthrust that, together with the frontal thrust of the Skole thrust
sheet, define a triangle zone similar to the triangle zone pro-
posed for the Pogdrska Wola area (cf. Fig. 10). Geological maps
from the second half of the 20th century were based on a large
amount of surface geological data that is presently mostly un-
available due to increased anthropogenic surface infrastructure.
Therefore, the geometry of the supra-evaporitic foredeep suc-
cession, concordantly uplifted towards the surface along the pre-
sumed backthrust developed in front of the Skole thrust sheet
shown by Jurkiewicz and Woinski (1979) on their cross-section
(Fig. 11), should be regarded as reliable.

Results of the interpretation of seismic data are supported
by steep dips, up to 70° (Fig. 6), of the Miocene supra-eva-
poritic cover drilled by the Pilzno P-7 borehole, located above
the backthrust, within the frontal homocline dipping to the north
(cf. Fig. 10).

The Jasniny thrust structure identified on seismic data
(Figs. 9 and 10) may be regarded as equivalent to the so-called

Biadoliny slice of the Zgtobice thrust sheet located in the area
between Wojnicz and Brzesko and developed above the north-
ern slope of the Szczurowa palaeovalley (Krzywiec, 2001; Krzy-
wiec et al., 2004; Nemcok et al., 2006; Krzywiec and Vergés,
2007). Both features are the most frontal syndepositional thrust
structures of the Carpathian orogenic wedge, developed within
the supra-evaporitic (uppermost Badenian—Sarmatian) succes-
sion of the Carpathian Foredeep.

The frontal part of the Carpathian orogenic wedge in the
Pogorska Wola area is characterized by the presence of a trian-
gle zone with deformed Upper Badenian evaporites (Wieliczka
Formation) in its core (cf. Fig. 2). This triangle zone developed
during the final thrusting movements of the Carpathians after
12 Ma, as shown by the age (NN7 calcareous nannoplankton
zones, see Fig. 2) of the youngest Miocene strata involved in
backthrusting and penetrated by the Pilzno P-7 borehole. Fig-
ure 12 shows a conceptual qualitative model of the frontal
Carpathian orogenic wedge and adjacent Carpathian Foredeep
Basin prior to formation of the triangle zone. At that stage the
frontal thrust of the Jasniny structure, detached at the base of
the foredeep evaporites, was already active. Development of
this structure was facilitated by the presence of the mechani-
cally weak foredeep evaporites, and by the buttressing effect
exerted by relatively steep slope of the palaeovalley incised into
the Meso-Paleozoic foreland plate. The Jasniny fault-propaga-
tion fold was active as a syndepositional structure, as docu-
mented by growth strata and localized progressive unconformi-
ties developed within the crest of that fold. During continued
propagation of the thrust belt, foreland-directed thrusting might
have been blocked due to increased friction related to lateral fa-
cies and/or thickness changes of the evaporitic succession that
served as a detachment level for this thrust system. Such lateral
facies and/or thickness changes of the evaporites should be
considered as a very probable scenario within the deeply in-
cised palaeovalleys. Such blocking of the foreland-directed
thrust movements might have resulted in formation of the
backthrust, along which the entire supra-evaporitic Miocene
foredeep cover has been thrust towards the south, towards and
partly above the main Carpathian wedge. Most probably, initia-
tion of the backthrust was also related to increased sediment
loading within the foredeep basin, as shown by analogue mod-
elling (Sieniawska et al., 2010).

S Stasiowka

Debica

Pustkéw  Koztéw Brzeznica N

Quaternary
= -

Fig. 11. Geological cross-section by Jurkiewicz and Woinski (1979) showing inferred triangle zone and backthrust developed
within the Miocene infill of the Carpathian Foredeep Basin in front of the Outer Carpathian flysch thrust sheets

Yellow colours — Miocene infill of the Carpathian Foredeep, green colours — Cretaceous, blue colours — Jurassic,
pink colours — Triassic; for other explanations see Jurkiewicz and Woinski (1979)
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Jasniny structure

__Miocene.

Miocene
(Machéw Formation)

Mesozoic and older

Fig. 12. Qualitative (not to scale) model for the Pogérska Wola area prior to formation
of the triangle zone shown in Figure 10

General direction of sediment supply to the foredeep basin is from the south, from the eroded Carpathians, and is
indicated by an arrow; yellow star — conceptual location of the section drilled by the Pilzno P-7 borehole; it should
be remembered that during later phases of development of the foredeep basin further subsidence and deposition
took place that resulted in even further burial of the deposits drilled by this borehole; the section of the foredeep
infill drilled by the Pilzno P-7 borehole was uplifted due to backthrusting and formation of the triangle zone within

the frontal part of the Carpathian orogenic wedge

The core of the triangle zone formed during backthrusting is
filled by tectonically overthickened and strongly deformed
evaporites (cf. inset on Fig. 10). Previous interpretation of thick
and chaotic/deformed evaporites encountered by several bore-
holes drilled in that area was different — they were regarded as
olistostromes i.e. synsedimentary features formed within the
evaporitic basin, prior to any significant tectonic movements
(Pottowicz, 1963, 1999). The presence of such syndepositional
or early post-depositional deformations of the foredeep evapo-
rites cannot be excluded (cf. Kolasa and Slaczka, 1985) but re-
sults of interpretation of high-resolution seismic data strongly
suggest that these evaporites have been strongly tectonically
deformed and overthickened during the final phases of forma-
tion of the Carpathian orogenic belt. Such a scenario for forma-
tion of a strongly deformed evaporitic succession filling the core
of the triangle zone has been also suggested for the Wieliczka
area (Wieliczka Salt Mine; Krzywiec and Vergés, 2007) and for
the Biadoliny area (Krzywiec et al., 2004).

A very similar mechanism for the formation of com-
pressional, salt-related deformations has also been proposed
for the orogenic front of the Pyrenees (Sans et al., 1996; Koyi
and Sans, 2006). The Sanatiija Anticline, filled by the deformed
salt of the Cardona Formation (Eocene) is located in the core of
a triangle zone, defined by the backthrust developed within the
gypsum of the Barbastro Formation (Eocene—Oligocene). Lo-
cation of the triangle zone in the frontal Pyrenees was to a large
degree controlled by lateral thickness and facies changes of the
Cardona Formation, similarly to the lateral thickness and facies
changes of evaporites of the Wieliczka Formation, related to
pre-evaporitic morphology controlled by palaeovalleys, deeply
incised into the Meso-Paleozoic foreland plate of the Carpa-
thian orogenic belt.

During formation of the backthrust, the supra-evaporitic
foredeep succession was thrust towards the south, towards the
Carpathians. The Miocene infill of the Pilzno embayment (Fig.
10) might have formed as a depositional cover of the deformed
Skole thrust sheet, as shown on a model in Figure 12. An alter-
native scenario would be that it was tectonically displaced on
top of the Skole thrust sheet during early stages of back-
thrusting. Such a scenario is well-known from various orogenic
belts (cf. Banks and Warburton, 1986; Couzens-Schultz et al.,
2003). The presence of shallow tectonic deformations above
the backthrust was also postulated for the Wojnicz area
(Krzywiec et al., 2004: fig. 5). Yet another scenario that could be
considered might be simply combination of both options de-

scribed above: the Miocene cover of the Pilzno embayment
might have been deposited above the Skole thrust sheet and
later might have been tectonically displaced during backthru-
sting above the triangle zone.

Seismic profile E (Fig. 10) shows a shallow foreland-vergent
thrust within the frontal homocline, above the triangle zone.
Similar shallow secondary thrusting above the regional back-
thrust has been identified on seismic data acquired within the
frontal part of the Canadian Rockies (Begin and Spratt, 2002)
and was attributed to the latest tectonic movements of this
orogenic belt, similarly to the scenario proposed in this paper for
the frontal Carpathians in the Tarnéw—Pilzno area.

Thermochronological studies of core from this borehole
have shown that the presently shallowest part of the foredeep
succession uplifted above the backthrust was originally buried
to max. 2 km, that is compatible with the general burial history
scenario shown on the model in Figure 12.

CONCLUSIONS

The main conclusions of the study of the Carpathian front in
the Tarnéw—Pilzno area, completed using 2D and 3D seismic
data and core from the Pilzno P-7 borehole may be summa-
rized as follows:

— the Jasniny structure is regarded as the most external,
frontal thrust of the entire Carpathian orogenic wedge; it
evolved as a syn-depositional fault-propagation fold de-
tached above the Upper Badenian evaporites; its forma-
tion was controlled by the presence of mechanically
weak foredeep evaporites and by the morphology of the
sub-Miocene Meso-Paleozoic foreland plate (Jasniny
and Pogdrska Wola palaeovalleys);

— the frontal zone of the Carpathian orogenic wedge is
characterized by significant backthrusting of the supra-
evaporitic (uppermost Badenian-Sarmatian) foredeep
succession towards the south, and by the presence of a
well-developed triangle zone that has strongly deformed
Upper Badenian evaporites of the Wieliczka Formation
in its core;

— the age of the foredeep deposits uplifted above the
backthrust (NN7 nannoplankton zone) together with the
geometry of the frontal orogenic zone precisely imaged
on the seismic data suggest that the latest thrusting
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movements of the Carpathians in the Tarnéw—Pilzno
area took place at ca. 11-10 Ma;

— the results of thermochronological studies (AFT and
AHe) indicate that the lower part of the supra-evaporitic
cover, drilled by the Pilzno P-7 borehole, was not buried
more deeply than 1.5-2.0 km, which is compatible with
the reconstruction based on seismic data.
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