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Seis mic data and core from the shal low car to graphic Pilzno P-7 bore hole were used to con struct a new model of the
Carpathian orogenic front be tween Tarnów and Pilzno, in the Pogórska Wola area (south ern Po land). The most ex ter nal,
fron tal thrust of the orogenic wedge (the Jaœniny struc ture) was iden ti fied as a syn-depositional fault-prop a ga tion fold de -
tached above the Up per Badenian evaporites. Its for ma tion was con trolled by the pres ence of me chan i cally weak foredeep
evaporites and by the mor phol ogy of the sub-Mio cene Meso-Pa leo zoic fore land plate (Jaœniny and Pogórska Wola
palaeovalleys). The fron tal zone of the Carpathian orogenic wedge (the Skole thrust sheet and the de formed foredeep de -
pos its of the Zg³obice thrust sheet) is char ac ter ized by sig nif i cant backthrusting of the foredeep suc ces sion to wards the
south, and by the pres ence of a tri an gle zone, with  strongly de formed Up per Badenian evaporites of the Wieliczka For ma tion 
in its core. The tri an gle zone was formed dur ing the lat est thrust ing move ments of the Carpathians. An in di ca tion of the ex is -
tence of the tri an gle zone in the vi cin ity of Dêbica has also been pro vided by re in ter pre ta tion of the ar chive re gional geo log i -
cal cross-sec tion. The youn gest foredeep de pos its, brought to the sur face above the backthrust, have been dated as
Sarmatian (NN7 nannoplankton zone), which in di cates that the lat est thrust move ments within the fron tal Carpathian
orogenic in the vi cin ity of Tarnów–Dêbica took place approx. 11–10 mil lion years ago. Thermochronological stud ies (AFT
and AHe) in di cated that the foredeep suc ces sion drilled by the Pilzno P-7 bore hole has not been bur ied deeper than
1.5–2 km, which is com pat i ble with re con struc tion based on the seis mic data. 
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INTRODUCTION

The Outer Carpathians in Po land were thrust over the fore -
land plate in late Early/Mid dle Mio cene times (see e.g. Nemèok
et al., 2006; Œl¹czka et al., 2006; G¹ga³a et al., 2012 for de tailed
over views and fur ther ref er ences). The Carpathian Foredeep
Ba sin de vel oped in front of the ad vanc ing Carpathian thrust belt

(Oszczypko, 1998; Osz czypko et al., 2006; Oszczypko and
Oszczypko-Clowes, 2012). Its most ex ter nal, rel a tively unde -
formed part is lo cated to the north of the Outer Carpathian thrust
sheets. More south ern parts of the ba sin have been ei ther over -
rid den by the Carpa thians or in cor po rated into the orogenic belt
and pres ently forms a rel a tively nar row (max i mum of a few kilo -
metres) zone of de formed Mio cene foredeep de pos its, the
so-called Zg³obice Unit or thrust sheet (Fig. 1; Kotlarczyk, 1985;
cf. Oszczypko et al., 2006).

The early Mio cene sea of the Carpathian Foredeep Ba sin
cov ered a Meso-Pa leo zoic fore land plat form and en croached
onto the Outer Carpathian thrust sheets in the south. Dur ing the 
de vel op ment of this sed i men tary ba sin in Badenian-Sarmatian
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times (Fig. 2), ma rine sed i men ta tion pre vailed. The Late Bade -
nian sa lin ity cri sis was as so ci ated with de po si tion of an ex ten -
sive cover of evaporites (rock salt and gyp sum) which marked a 
sig nif i cant shallowing of the ba sin (Oszczypko et al., 2006;
Peryt, 2006).

Along the orogenic front there are three ar eas, so-called
embayments, the Gdów embayment, the Pilzno embayment and 
the Rzeszów embayment (Fig. 1). The Gdów embayment is filled 
by the sub-evaporitic de pos its of the Skawina For ma tion (Buko -
wski et al., 2010; Krzywiec et al., 2012; see also be low), while two 
other embayments are char ac ter ized by mostly su pra-evaporitic
foredeep de pos its lo cated above the fron tal Outer Carpathian
thrust sheets in a piggy-back po si tion. De tailed anal y sis of the
struc ture and tec tonic evo lu tion of the Gdów emba yment has
been re cently pre sented by Krzywiec et al. (2012). Here, we
pres ent a new model for the fron tal Carpathian orogenic wedge
lo cated be tween Tarnów and Pilzno, partly within the Pilzno
embayment (Pogórska Wola area). It was con structed us ing pri -
mar ily re sults of seis mic data in ter pre ta tion and of sedi -
mentological, micropalaeontological and thermochrono logical
stud ies of core from the shal low Pilzno P-7 bore hole drilled within 
the fron tal zone of the oro genic wedge (Fig. 3). Ad di tional in for -
ma tion was pro vided by se lected ar chive deep bore holes drilled
in this area. The model for the Pogórska Wola area was con -
structed pri mar ily to better un der stand the Mio cene evo lu tion of
the fron tal Carpathian fold-and-thrust belt. It pro vides also im por -

tant in for ma tion on the role duc tile evaporites and the mor phol -
ogy of the top of the fore land (lower) plate play dur ing evo lu tion of 
the fron tal parts of the orogenic wedges.

REGIONAL GEOLOGICAL BACKGROUND

Mid dle Mio cene times be gan with the ex ten sive Early
Badenian ma rine trans gres sion. In the Early Badenian the ax ial
part of the ba sin reached up per bathyal depths, while the north -
ern and south ern parts of the ba sin were within the neritic-lit to ral 
zone (cf. Oszczypko et al., 2006). The next stage of evo lu tion of
the Carpathian Foredeep Ba sin was as so ci ated with for ma tion
of the ex ten sive evaporitic ba sin (Peryt, 2006). Shal low parts of
the ba sin were dom i nated pri mar ily by sul phate and sub-or di -
narily by car bon ate-lit to ral fa cies (e.g., Kasprzyk, 1993, 1999;
Peryt, 1996; Peryt et al., 1997; B¹bel, 1999, 2004; Jasionowski
and Peryt, 2010). Deeper parts of the ba sin, lo cated along the
Carpathian front, were char ac ter ized by chlo ride-sul phate fa -
cies – rock salts of the Wieliczka For ma tion (Fig. 2; see Garlicki, 
1979; Peryt, 2006) that change lat er ally into anhydrite de pos its
(Garlicki, 1979) con sist ing of lam i nated anhydrite with brec cia
in ter ca la tions (Kasprzyk and Orti, 1998; Peryt et al., 1998). Ac -
cord ing to B¹bel (2004), the gyp sum sub-ba sin was very shal -
low, up to sev eral metres deep, whilst the depth of the ha lite
sub-ba sin was not less than 30–40 m.
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Fig. 1. Sim pli fied geo log i cal map of the Outer Carpathians and their fore land 
be tween Kraków and Przemyœl

Red rect an gle – area shown on Fig ure 3; 1 – Gdów embayment, 2 – Pilzno embayment, 3 – Rzeszów
embayment; A – seismo-geo log i cal transect ana lysed in Krzywiec et al. (2012); B – seismo-geo log i cal transect
ana lysed in Krzywiec and Vergés (2007); C – north ern part of the re gional geo log i cal transect ana lysed in
G¹ga³a et al. (2012)



Af ter the Badenian sa lin ity cri sis, the edge of the Carpathian 
thrust belt moved by a few kilo metres to the north (see
Oszczypko, 1997, 1998; Kovaè et al., 1998; Oszczypko et al.,
2006). These fi nal tec tonic move ments re sulted in mi gra tion of
the zone of max i mum sub si dence to wards the north and con se -
quently in the pro gres sive deep en ing of the outer (north ern)
part of the ba sin, which, dur ing the de po si tion of the Chodenice
Beds, reached depths char ac ter is tic of the outer shelf (Gonera,
1994; Kovaè et al., 1998; Oszczypko, 1999).

Fron tal compressional de for ma tions of the oro genic wedge
that in volved foredeep de pos its de vel oped partly dur ing de po si -

tion of the su pra- evaporitic Machów For ma tion i.e.
of the Chodenice and, pri mar ily, of the Grabowiec
Beds (Fig. 2; cf. Krzywiec, 2001; Krzywiec et al.,
2004; Oszczypko et al., 2006). At the same time,
high sea level caused ex ten sive ma rine trans gres -
sion onto the Outer Carpa thian thrust sheets
(Oszczypko et al., 1992; Oszczy pko-Clowes et al.,
2009). In Sarmatian times the zone of max i mum
sub si dence within the Carpa thian Foredeep Ba sin
mi grated ca. 40–50 km to wards the NE, to wards the
Teisseyre- Tornquist Zone that had been re ac ti vated 
due to the fore land flex ural ex ten sion ac com pa nied
by strike- slip move ments (cf. Krzywiec, 2001;
Krzywiec et al., 2005; Oszczypko et al., 2006;
G¹ga³a et al., 2012).

The front of the Carpathian orogenic wedge in
Po land was first stud ied in the area lo cated im me di -
ately south of Kraków, where rock salt has been
mined for cen tu ries in the Wieliczka and Bochnia
salt mines (e.g., Schober, 1750; Townson, 1797;
Pusch, 1824; Hrdina and Hrdina, 1842; NiedŸ -
wiedzki, 1883–1886; Uhlig, 1903; cf. Poborski,
1965; d’Obyrn and Przyby³o, 2010). Gen eral knowl -
edge re gard ing the struc ture of the Carpathian front
sig nif i cantly in creased in the 20th cen tury, due to in -
tense ex plo ra tion for rock salt and for hy dro car bons. 
Dur ing the fol low ing de cades of in tense geo log i cal
and geo phys i cal stud ies nu mer ous struc tural mod -
els were pro posed for the fron tal Carpathians (see
Oszczypko et al., 2006 for de tailed overview and
further references).

The Carpathian front was first in ter preted in
terms of wedge tec ton ics by Jones (1997). Sub se -
quently, a model of wedge tec ton ics and tri an gle
zones was used to ex plain the struc ture of the
Carpathian orogenic wedge in the Wojnicz–Tarnów
area (Krzywiec et al., 2004), in vi cin ity the of Wie -
liczka (Krzywiec and Vergés, 2007) and in front of
the Gdów embayment (Bukowski et al., 2010; Krzy -
wiec et al., 2012).

MIOCENE EVAPORITES 
OF THE CARPATHIAN FOREDEEP

Mio cene evaporites are known from al most the
en tire Carpathian Foredeep Ba sin (Ney et al., 1974;
Po³towicz, 1993; Peryt, 2006; Oszczypko et al.,
2006). They can be found both in an autochtho nous
po si tion (ei ther in front the of the pres ent-day thrust
front or be neath the orogenic wedge) as well as in an
allochthonous po si tion within the Zg³obice thrust
sheet (Garlicki, 1979; Oszczy pko et al., 2006).

Ow ing to their lithological char ac ter is tics and
wide spread dis tri bu tion, evaporites con sti tute the

main cor re la tion level in the en tire foredeep ba sin. They are de -
vel oped as two for ma tions (Alexan drowicz et al., 1982):

– the Wieliczka For ma tion (chlo ride fa cies): rock salt, con -
tain ing ad mix tures of anhydrite and gyp sum, with sheet
siliciclastic de pos its: siltstones, mudstones and spo rad i -
cally sand stones. The Wieliczka For ma tion is char ac ter -
ized by vari able thick ness from 30 to more than 100 m
(Garlicki, 1979);

– the Krzy¿anowice For ma tion (sul phate fa cies): de vel -
oped as gyp sum and anhydrite, with ad mix tures of sili -
ciclastic de pos its, mostly siltstones and mudstones, as
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Fig. 2. Stra tig ra phy of the Mio cene de pos its of the Pol ish Carpathian
Foredeep Ba sin (from Oszczypko and Oszczypko-Clowes, 2012,

sim pli fied and sup ple mented)

Colours used to de pict lo cal lithostratigraphic units match those used on Fig ures
9, 10 and 12; right col umn il lus trates gen eral thick ness re la tion ship of the main
lithostratigraphic units of the cen tral Carpathian Foredeep Ba sin in Po land (cf.
Oszczypko et al., 2006); yel low star – ap prox i mate (con cep tual) po si tion of sec -
tion drilled by the Pilzno P-7 bore hole (cf. Figs. 10 and 12)



well as bar ren and sul phur-bear ing lime stone. The thick -
ness of this for ma tion reaches up to 60 m in the pe riph -
eral part of the ba sin, and up to 20 m in its cen tral part.

De po si tion of evaporites in the Carpathian Foredeep was
in flu enced by nu mer ous fac tors such as cli mate, wa ter geo -
chem is try, sub si dence, mor phol ogy of the sub-evaporitic
Meso- Pa leo zoic sub stra tum, and dis tance from the ba sin’s
coastal ar eas. Ac cord ing to the model pro posed by Garlicki
(1979), the chlo ride fa cies were de pos ited in the deep est part of 
the evaporitic ba sin, ex tend ing be tween Wieliczka and Pilzno
and to the south of this line (Fig. 4; cf. also Po³towicz, 1993;
Oszczypko et al., 2006). A vast area lo cated fur ther to the north
and cov ered by the sul phate fa cies de pos its (gyp sum and
anhydrite) may be re garded as a “sat u ra tion shelf” sensu Rich -
ter- Bernburg (1955) (cf. Garlicki, 1979).

The mor phol ogy of the top of the fore land plate played a
cru cial role in the de po si tion of var i ous evaporitic fa cies
(Po³towicz, 1998a, b, 1999; Bukowski, 2011). The whole re gion
be tween Kraków and Przemyœl is char ac ter ized by the pres -
ence of NW–SE trending deep palaeovalleys in cised into the
Me so zoic and/or Pa leo zoic rocks of the fore land plate (Karpa³a
and £apinkiewicz, 1962; Po³to wicz, 1964, 1998a, b; Po³towicz
and Starczewska-Popow, 1973; Karn kowski, 1978, 1989;
Moryc, 1995; Krzywiec, 2001; cf. Karnko wski and Ozimkowski,
2001; Krzywiec et al., 2004). In ci sion of those palaeo valleys
might be at trib uted ei ther to the re gional up lift and en su ing ero -
sion of the SE part of the Mid-Pol ish Swell formed dur ing the
Late Cre ta ceous-Paleogene in ver sion of the Mid-Pol ish Trough 
(see  Scheck-Wenderoth et al., 2008 and ref er ences therein;
Krzywiec, 2009; Krzywiec et al., 2009), or to the Paleo gene up -
lift of the flex ural bulge within the Carpathian fore land, a phe -
nom e non char ac ter is tic of many underfilled fore deep bas ins
(cf. Sinclair, 1997).

Shal lower parts of the ba sin be tween Kraków and Dêbica
were as so ci ated with the rel a tively el e vated ar eas lo cated be -
tween deeply in cised val leys. They were char ac ter ized by sul -
phate fa cies (gyp sum and anhydrite). Deeper parts of the ba sin, 
re lated to the in cised val leys, were as so ci ated with ha lite crys -
tal li sa tion. Later sub ma rine ero sion might have partly re moved
evaporites from the most ax ial parts of these palaeovalleys
(Fig. 4; cf. Po³towicz, 1999).

In the area be tween Tarnów and Pilzno nu mer ous bore -
holes drilled dur ing ex plo ra tion for hy dro car bons pro vided in for -
ma tion on thick ness, li thol ogy and fa cies of the foredeep evapo -
rites (Fig. 5; Cisek and Czernicki, 1964). Fol low ing those lo cal -
ized dis cov er ies, a more com pre hen sive pro gram of ex plo ra tion 
for rock salt has been con ducted, that was fo cused on the
Pilzno area lo cated to the east of the area ana lysed in this paper 
(Gierat-Nawrocka, 1968).

Sev eral bore holes drilled within the ax ial part of the so-
 called Jaœniny–Pogórska Wola palaeovalley (e.g., Jaœniny-12,
Jaœniny-13, Machowa-6 and Pogórska Wola-16; Po³towicz,
1999; Fig. 5) proved the pres ence of up an to 400 m thick in ter -
nally cha otic evaporitic com plex that was in ter preted by
Po³towicz (1999) as an olistostrome re lated to sub ma rine mass
move ments formed dur ing de po si tion of the evaporites.

DATA AND METHODS

Sev eral datasets and meth ods were used to study Mio cene
evo lu tion of the fron tal Carpathian orogenic wedge in the Po -
górska Wola area. The main mo ti va tion for such an in te grated
ap proach was the de sire to pro vide in de pend ent con straints on
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Fig. 3. Lo ca tion of the in ter preted seis mic pro files (Figs. 9 and 10), geo log i cal cross-sec tion (Fig. 11) 
and bore hole Pilzno P-7, on the back ground of a geo log i cal map of the Outer Carpathians

and their fore land with out Qua ter nary for ma tions (¯ytko et al., 1989, sim pli fied)

Red hatched line – backthrust along which the su pra-evaporitic Mio cene sed i men tary cover of the Carpathian
Foredeep Ba sin has been thrust to wards the south, to wards the main Outer Carpathian orogenic wedge (cf. Fig. 10); 

black lines – main thrusts  of the Outer Carpathian thrust belt



the age, pres ent-day struc ture and evo lu tion (sub si dence and
sub se quent up lift) of the seg ment of the Carpathian front stud ied.

The shal low (187 m) car to graphic bore hole Pilzno P-7 was
drilled on the west ern pe riph ery of Pilzno, north of the mapped
front of the Carpathian orogenic wedge (Fig. 3). It was ex ten -
sively cored, and this core was used to date the up per most part
of the Mio cene infill of the foredeep ba sin, and, to gether with the 
seis mic data, to better un der stand its depositional and struc -
tural char ac ter is tics (Fig. 6). 

The Pilzno P-7 bore hole drilled through 18.7 m of Pleis to -
cene cover and then through tec toni cally de formed Mio cene de -
pos its of the Zg³obice thrust sheet (Fig. 7). Mio cene foredeep de -
pos its are rep re sented by a suc ces sion of clay-mudstone in ter -
ca la tions with a few fine-me dium grained sand stones. In sev eral
in ter vals muddy turbidites were rec og nized (claystone- siltstone,
and fine-to me dium-grained sand stone). The shal low part of the
bore hole (approx. 25–50 m) is char ac ter ized by the pres ence of
sev eral in ter ca la tions of bright, very fine-grained tuffite (Fig. 7).
The en tire Mio cene suc ces sion drilled by the Pilzno P-7 bore hole 
is strongly in clined to wards the north, with bed in cli na tions reach -
ing up to 70° (Fig. 6). Such strong in cli na tion con forms very well
with the over all ge om e try of this part of the fron tal Carpathian
wedge ob served on seis mic data (see be low).

Nannofossil stud ies were used to date Mio cene de pos its
drilled by the Pilzno P-7 shal low bore hole. For this pur pose core 
sam ples were col lected from the fol low ing depth in ter vals:
93.0–93.1 m, 94.5–94.6 m, 100.1–100.2 m, 120.1–120.2 m,
154.8–154.9 m, 173.5–173.6 m and 186.7–186.8 m  (Fig. 7). All 
sam ples were pre pared us ing the stan dard smear slide tech -
nique and ana lysed un der light mi cro scope (Nikon Eclipse
E600POL: LM, 1000x mag ni fi ca tion) in plane at par al lel and
crossed polzarized light. The tax o nomic frame works of Aubry
(1984, 1988, 1989, 1990, 1999), Perch-Niel sen (1985) and
Bown (1998 and ref er ences therein) have been fol lowed. Es ti -
mates of the nanno fossil abun dance for in di vid ual sam ples (Ta -

ble 1) were es tab lished us ing the fol low ing cri te ria: VH (very
high): >20 spec i mens per 1 field of view, H (high): 10–20 spec i -
mens per 1 field of view, M (mod er ate): 5–10 spec i mens per 1
field of view, L (low): 1–5 spec i mens per 1 field of view, VL (very
low): <5 spec i mens per 5 fields of view. In or der to vi su ally as -
sess the pres er va tion state of the as sem blages the fol low ing
cri te ria pro posed by Roth and Thierstein (1972) were used: VP
(very poor) – etch ing and me chan i cal dam age is very in ten sive,
spec i mens mostly as frag ments; P (poor) – se vere dis so lu tion,
frag men ta tion and/or over growth, spe cific iden ti fi ca tion of spec -
i mens is dif fi cult; M (mod er ate) – etch ing or me chan i cal dam -
age is ap par ent but most spec i mens are eas ily iden ti fi able; G
(good) – lit tle dis so lu tion and/or over growth, di ag nos tic char a c -
ter is tics are pre served, the spec i mens could be iden ti fied to
spe cies level with out any prob lems.

Re sults of thermochronological stud ies pro vide es ti mates
re gard ing max i mum palaeotemperatures and tim ing of cool ing,
and, as a con se quence, of max i mum burial of the sed i men tary
se quences stud ied. One of im por tant ques tions per tain ing to
the de vel op ment of the Carpathian Foredeep infill is the tim ing
and amount of its post-depositional in ver sion and up lift, ei ther
lo cal, e.g. trig gered by ac tiv ity of fron tal thrust struc tures, or
more re gional, re lated to the post-orogenic re bound of the lower 
fore land plate. In an at tempt to shed some light on this prob lem
core from the Pilzno P-7 bore hole was sam pled. Sam ples for
ap a tite U-Th/He (AHe) and fis sion-track (AFT) stud ies were
taken from the tuffitic lay ers lo cated within the depth in ter val
25–50 m (cf. Fig. 7). The over all state of the core ma te rial at the
mo ment of sam pling did not al low for un equiv o cal mac ro scopic
iden ti fi ca tion of tuffitic in ter vals. There fore, and tak ing into ac -
count the fact that all the sam ples taken from a rel a tively short
depth in ter val must have ex pe ri enced iden ti cal ther mal his tory,
all the sam ples were treated as one com bined sam ple weigh ing 
ap prox i mately 5 kg.
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Fig. 4. Oc cur rence of the Badenian evaporites in the area be tween
Kraków and Dêbica (based on Bukowski, 2011)

Red rect an gle – area shown on Fig ure 5



A stan dard sep a ra tion pro ce dure, de scribed by Donelick et
al. (2005), was ap plied in or der to ex tract ap a tite crys tals. As a
re sult, a small num ber of ap a tite crys tals was ob tained. Most of
them were slightly rounded and this sug gested that they might
have been trans ported in wa ter, and/or oth er wise weath ered.
From the en tire pop u la tion of ex tracted ap a tite 5 euhedral crys -
tals (80 to 250 µm long and 60 to 110 µm in di am e ter) were se -
lected, char ac ter ized by the lack of any sig nif i cant cracks and
in clu sions. These se lected crys tals were used for AHe stud ies;
the remaining crystals were used for AFT analysis.

AHe stud ies were per formed fol low ing the gen eral pro ce -
dures de scribed by Farley et al. (1996), Wolf et al. (1996) and

Farley (2000). Con tent of He was mea sured us ing a Quadru -
pole Mass Spec trom e ter Hiden HAL3F, and the con tent of
238U and of 232Th was mea sured us ing a Plasmaquad PQ2.5
ICP-MS spec trom e ter. Age de ter mi na tions were com pleted fol -
low ing stan dard pro ce dures de scribed by Farley et al. (1996)
and Meesters and Dunai (2005).

Ap a tite fis sion-track (AFT) stud ies were per formed us ing
the ex ter nal de tec tor method (EDM; Gleadow and Lovering,
1977). The sam ples were ra di ated us ing a nu clear re ac tor in
Or e gon in clud ing a CN5 glass do sim e ter. The zeta cal i bra tion
method was used for age de ter mi na tion (Hurford and Green,
1983), Durango ap a tite was used for age cal i bra tion, and the fi -
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Fig. 5. Oc cur rence of the Badenian evaporites in the area be tween Tarnów and Pilzno

Red lines – lo ca tion of in ter preted seis mic pro files shown on Fig ures 9 and 10 (cf. Fig. 3); 1 – Pogórska Wola palaeovalley,
2 – Jaœniny palaeovalley, 3 – Tarnów palaeovalley (cf. Po³towicz, 1999)



nal fis sion track age was cal cu lated us ing Trackkey soft ware
(Dunkl, 2002). The small amount and rel a tively low qual ity of
crys tal sam ples stud ied pre cluded track length anal y sis.

Seis mic data was used to vi su al ize the pres ent-day struc -
ture of the fron tal Carpathian orogenic wedge. The avail able
data con sisted of sev eral NW–SE or SW–NE ori ented 2D seis -
mic pro files and of sev eral tens of 2D pro files ex tracted from the 
“Pogórska Wola” 3D seis mic sur vey (Ocha³ and Borowska,
1995). All this data, pro vided by Geofizyka Kraków in SEGY for -
mat, was post-stack time-migrated.

RESULTS

CALCAREOUS NANNOPLANKTON

The abun dance pat tern in the sam ples stud ied from the
Pilzno P-7 bore hole var ies from high (H) to very high (VH). The
pres er va tion of cal car e ous nannofossils was mod er ate (M) or
pre dom i nantly mod er ate to good (G) in all sam ples in ves ti gated 
(Table 1; cf. Fig. 8). Nannofossils show mi nor etch ing and mi nor 
to moderate overgrowth.
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Fig. 6. Pilzno P-7 bore hole – core pho to graphs show ing steep in cli na tion 
of the Sarmatian foredeep infill within the de formed Zg³obice Unit

A – depth in ter val 27.0–31.0 m: clay/mudstone se quence with tuffite in ter ca la tions; B – depth in -
ter val 32.0–36.0 m: grey lam i nated mudstones, in cli na tion 55–60°; C – depth in ter val
176.0–181.0 m: grey marly mudstones with thin in ter ca la tions (up to 4 mm) of dark claystone
and very fine sand stone, in cli na tion 50°; D – depth in ter val 181.0–186.0 m: dark grey marly
mudstones with in cli na tion of 45°; high stra tal dips are com pat i ble with the struc tural model de -
rived from seis mic data (cf. Fig. 10)



The autochthonous as sem blage is rep re sented 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 Mar tini and
Bramlette, D. variabilis Mar tini and Bramlette, Helico sphaera
carteri (Wallich), H. compacta Bramlette and Wil coxon, H.
euphratis Haq, H. intermedia Mar tini, H. mediterra nea Müller, H.
walbersdorfensis Müller, Pontosphaera multi pora (Kamp tner), P. 
plana (Bramlette and Sullivan), Reticulo fenestra minuta Roth, R.
pseudoumbilica (Gart ner), Spheno lithus abies (Deflandre in
Deflandre and Fert), Sphenolithus moriformis (Bronnimann and
Stradner) and Umbilicosphaera rotula (Kamptner). The most
com mon (1 spe cies/ob ser va tion field) are: Cyclicargolithus

floridanus and Cocco lithus pela gicus, whereas Helicosphaera
carteri, Reticulo fenestra pseudo umbilica, Sphenolithus abies
and Sph. moriformis are pres ent to lesser ex tent. Helicosphaera
walbers dorfensis is very rare.

The allochthonous as sem blage con sti tutes ap prox i mately
30% of all iden ti fied spe cies. The most com mon spe cies are of
Late Eocene and Oligocene age. Per cent ages of Cre ta ceous
spe cies are very low. The Late Eocene as sem blage is com -
posed mainly of Isthmolithus recurvus Deflandre, Ericsonia
formosa (Kamptner), Reticulofenestra reticulata (Gart ner and
Smith) and R. umbilica (Levin), and the Oligocene as sem blage
con tains Cyclicargolithus abisectus (Mûller), Helicosphaera
perch - nielse niae, H. recta Haq, Pontosphaera latelliptica (Baldi-
 Beke and Baldi), P. rothi Haq, Reticulofenestra lockerii Mûller, R.
ornata Mûller and Transversopontis obliquipons (Deflandre).

Ac cord ing to the stan dard zonation of Mar tini (1971) and
Mar tini and Wors ley (1970), the strati graphic event mark ing the
lower bound ary of NN7 is the first oc cur rence of Discoaster
kugleri Mar tini and Bramlette. How ever, this spe cies is ex -
tremely rare, and there fore it was nec es sary to use a sec ond ary 
in dex spe cies such as Calcidiscus premacintyrei. The last com -
mon oc cur rence of Calcidiscus premacintyrei takes place just
be fore the first oc cur rence of Discoaster kugleri (see Fornaciari
and Rio, 1996), so it can ap prox i mate the bound ary be tween
the NN6 and NN7 zones. Both spe cies Discoaster kugleri and
Calcidiscus  premacintyrei are not pres ent in the as sem blage.
The other al ter na tive spe cies used to ap prox i mate zone NN7
are Cacidiscus macintyrei and Coccolithus miopelagicus
(>14 mm). The pres ence of Coccolithus miopelagicus (>14 mm)
is es sen tially con fined just to that in ter val, but its first oc cur -
rence is gradational (Young, 1998). Ac cord ing to Fornaciari and 
Rio (1996) and Young (1998), the first ap pear ance of
Cacidiscus macintyrei takes place near the NN6/NN7 bound -
ary. How ever, Švábenická (2002) and Æoriæ and Švábenická
(2004) de scribe this spe cies as early as from zone NN6 and
even from zone NN5. At the same time, spe cies such as
Sphenolithus abies and Helicosphaera stalis are pres ent and
are char ac ter is tic of zones NN6 and higher (cf. Young, 1998).
The co-oc cur rence of Cacidiscus macintyrei, Coccolithus
miopelagicus (>14 mm) and Helicosphaera walbersdorfensis
and ab sence of Calcidiscus premacintyrei al low as sign ing the
as sem blages from the Pilzno-7 bore hole to zone NN7, i.e. to
the Sarmatian (Fig. 2; see also Oszczypko-Clowes et al., 2012).

THERMOCHRONOLOGY

A re la tion ship be tween AHe age and U and Th con tent as
well as crys tal shape has not been ob served. Five crys tals ana -
lysed gave ages spread be tween 35.8 ± 1.4 Ma and 10.5 ±
1.3 Ma. Mean age for the two youn gest crys tals that had sim i lar
ages was 11.6 ± 1.5 Ma (Table 2).

An AFT age was de ter mined for just 13 crys tals as the qual -
ity of the re main ing ma te rial pre cluded fis sion-track anal y sis.
Re sults for those crys tals were re garded as be long ing to a sin -
gle pop u la tion char ac ter ized by a cen tral age of 13.2 ± 2.2 Ma
(Table 3).

Pre vi ously com pleted stud ies of com pac tion of the Mio cene
infill of the Carpathian Foredeep sug gested that the zone of
max i mum ero sion and ex hu ma tion of about 1000 m was lo -
cated be tween Przemyœl and Rzeszów, in the vi cin ity of the
pres ent-day fron tal thrust of the Carpathian orogenic wedge
(Poprawa et al., 2002). Lower val ues of post-orogenic ex hu ma -
tion, about 400–800 m, have been pro vided by the illite -
 smectite method (Œrodoñ, 1984). Ex hu ma tion might have been
re lated to the re moval of the up per most part of the foredeep
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Fig. 7. Pilzno P-7 bore hole – sedimentological log of the
Sarmatian de pos its lo cated above the backthrust de vel oped

in front of the Outer Carpathians (cf. Fig. 10)

 P1–P7 – lo ca tion of sam ples taken for nannofossil stud ies
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T a  b l e  1

Nannofossil dis tri bu tion from the Pilzno P-7 bore hole

Sam ple num ber P1 P2 P3 P4 P5 P6 P7

Sam ple abun dance VH M M H M M L

Nannofossil pres er va tion G G M G G M M

Braarudosphaera bigelowii  X X  X  X

Calcidiscus leptoporus  X   X  X

Calcidiscus macintyrei X X X X X X X

Coccolithus miopelagicus X X X X X X X

Coccolithus miopelagicus >10 µm X X X X X X X

Coccolithus pelagicus X X X X X X X

Coronocyclus nitescens X X X X X X X

Cre ta ceous spe cies un di vided R R R R R R R

Cribocentrum reticulatum R R R R R R R

Cyclicargolithus abisectus R R R R R R R

Cyclicargolithus floridanus X X X X X X X

Dictyococcites bisectus R R R R R R R

Discoaster deflandrei X X X  X  X

Discoaster exilis X X X  X X  

Ericsonia fenestrata R  R  R  R

Ericsonia formosa R R R R R R R

Ericsonia subdisticha R R R R R R R

Helicosphaera carteri X X X X X X X

Helicosphaera compacta R R R R R R R

Helicosphaera euphratis R R R R R R R

Helicosphaera intermedia X X X X X X  

Helicosphaera mediterranea R R R R R R R

Helicosphaera recta  R   R  R

Helicosphaera stalis X X X X X X X

Helicosphaera walbersdorfensis X X X X X X X

Isthmolithus recurvus R R R R R R R

Lanternithus minutus R  R R R R  

Neococcolithes dubius  R  R  R  

Pontosphaera latelliptica  R  R R   

Pontosphaera multipora X X   X  X

Pontosphaera plana  R   R   

Pontosphaera rothi  R   R   

Reticulofenestra dictyoda R R      

Reticulofenestra lockerii R R      

Reticulofenestra ornata  R    R  

Reticulofenestra pseudoumbilica X X X     

Reticulofenestra spp. small X X X X X X X

Reticulofenestra umbilica R R R  R R  

Rhabdosphaera sicca X X X X X X X

Sphenolithus abies X X X X X X X

Sphenolithus dissilimis R R R R R R R

Sphenolithus moriformis X X X X X X X

Transersopontis obliquipons R R  R R R  

Transversopontis pulcheroides  R  R R   

Triquetrorhabdulus rioi X  X   X  

Umbilicosphaera rotula X X X X X X X

Zygrhablithus bijugatus R  R R R R  

X – de ter mined spe cies, R – re worked spe cies; for other ex pla na tions see text



infill. For the Pilzno area, where the Pilzno P-7 bore hole is lo -
cated, com pac tion anal y sis in di cates ap prox i mately 600 m of
ex hu ma tion (Poprawa et al., 2002). 

Re sults of AHe stud ies showed the ex is tence of two pop u la -
tions of ap a tite crys tals. The first of these in cludes crys tals char -
ac ter ized by ages sig nif i cantly higher than the age of the Mio -
cene Carpathian infill, about 36 to 18 Ma (Ta ble 2). This sug -
gests that these crys tals have not been de pos ited di rectly to the 
foredeep from the ash cloud. Their age is com pa ra ble to the re -
sults of AHe stud ies from the Outer Carpathians (cf. Mazzoli et
al., 2010; Andreucci et al., 2013) and this might sug gest that
these crys tals were re-de pos ited and trans ported to the Carpa -
thian Foredeep Ba sin from the eroded Outer Carpathian thrust

sheets. The sec ond group of ap a tite crys tals is char ac ter ized by 
an age of 11.6 ± 1.5 Ma. Such a AHe age is rep li cated by the
AFT re sults, with all dated crys tals be long ing to one pop u la tion
with a mean age of 13.2 ± 2.2 Ma. Cool ing ages of both
thermochronometers are di rectly com pa ra ble to the Sarmatian
sed i men ta tion age of the Pilzno P-7 bore hole strata re vealed by 
micropalaeontological in ves ti ga tions (ca. <11.9 Ma). There fore, 
it was as sumed that most of the ap a tite crys tals are of pyro -
clastic or i gin de spite signs of weath er ing. The re sults strongly
sug gest that rocks sam pled were not bur ied deeply enough to
sig nif i cantly re set their ages (~50–70°C for AHe and
~70–110°C for AFT). In such a case nei ther of the low tem per a -
ture thermochronometers used is ca pa ble of re cord ing the tim -
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Fig. 8. Pilzno P-7 bore hole – pho to mi cro graphs of the typ i cal Mio cene nannofossil as sem blages
iden ti fied in core sam ples

A – Braarudosphaera bigelowii (sam ple P2); B, C – Calcidiscus macintyrei (sam ple P7); D – Coccolithus miopelagicus (sam ple
P4); E – Coronocyclus nitescens (sam ple P5); F – Discoaster exilis (sam ple P3); G – Helicosphaera carteri (sam ple P2); H  –
Helicosphaera carteri (sam ple P5); I, J – Helicosphaera stalis (sam ple P7); K – Helicosphaera walbersdorfensis (sam ple P7); L,
M – Reticulofenestra pseudoumbilica (sam ple P5); N – Rhabdosphaera sicca (sam ple P2); O – Sphenolithus abies (sam ple P7);
P – Triquetrorhabdulus rioi (sam ple P1)



ing of ex hu ma tion but they can limit max i mum palaeo tem per a -
tures and, as a con se quence, also max i mum burial. This can
be es ti mated as 1.5–2.0 km, as sum ing a palaeo-geo ther mal
gra di ent of the or der of 25–30°C/km (cf. Górecki, 2011;
Majorowicz and Wybraniec, 2011).

SEISMIC DATA INTERPRETATION

Seis mic data ac quired within the study area was used to il -
lus trate the struc ture and gross depositional ar chi tec ture of the
Mio cene foredeep infill (Figs. 9 and 10). In this part of the ba sin
most of the 2D seis mic pro files are lo cated NW–SE and
NE–SW as they were ac quired per pen dic u lar and par al lel to the 
main NW–SE struc tural trend within the pre-Mio cene base -
ment, in a re gional sense de ter mined by the Teisseyre -
-Tornquist Zone (see e.g. Krzywiec, 2001 for fur ther de tails).
The most prom i nent fea tures re lated to this re gional base ment
trend are deep sub-Mio cene palaeovalleys in cised into the
Meso-Pa leo zoic fore land plate (Fig. 5). Both seis mic lines in
Fig ure 9 show the Jaœniny palaeovalley, line (B) also shows the
deeply in cised Pogórska Wola palaeovalley (Po³towicz, 1999;
Fig. 5). Above the north ern slope of the Jaœniny palaeovalley a
compressional struc ture (the so-called Jaœniny struc ture; cf.
Baran and Jawor, 1994) is de vel oped within the Mio cene
foredeep infill. This struc ture hosts the Jaœniny gas field (Baran
and Jawor, 1994).

The compressional char ac ter of the Jaœniny struc ture was
sug gested for the first time by Baran and Jawor (1994). It can
be clas si fied as a fault-prop a ga tion fold that formed above the
north ern slope of the Jaœniny palaeovalley due to the but tress -
ing ef fect ex erted by this slope, i.e. by the mor pho log i cal high
within the pre-Mio cene base ment, sim i larly to e.g. the Biadoliny

struc ture lo cated west of Tarnów (Krzywiec, 2001; Krzywiec et
al., 2004; Nemèok et al., 2006; Krzywiec and Vergés, 2007).
This struc ture can be also clas si fied as a bur ied or blind fron tal
thrust (Boyer and Elliott, 1982; Morley, 1986; Dunne and Ferril,
1988) of this seg ment of the en tire Carpathian orogenic wedge.

One of the char ac ter is tic fea tures of the Jaœniny thrust front, 
very clearly vis i ble on seis mic data, are thick ness re duc tions of
the Mio cene pack ages within the crest of the fold (i.e. the
growth strata; cf. Medwedeff, 1989; Suppe et al., 1992), ac com -
pa nied by lo cal ized ero sion and the pres ence of pro gres sive
un con formi ties (cf. Ori et al., 1986). All these fea tures are very
typ i cal of growth folds that of ten de velop syndepositionally in
fron tal parts of orogenic belts, within the foredeep bas ins (e.g.,
Ori et al., 1986; Artoni and Casero, 1997; Ford et al., 1997).

Fig ure 10 shows five seis mic pro files ex tracted from the
“Pogórska Wola” 3D seis mic sur vey. This seis mic sur vey is
partly lo cated within the ax ial part of the Jaœniny-Pogórska Wola 
palaeovalley sys tem, and partly above the Outer Carpathian
fron tal Skole thrust sheet cov ered by the Mio cene foredeep de -
pos its of the Pilzno embayment (Figs. 3 and 5). Be cause of its
lo ca tion, this seis mic sur vey il lus trates im por tant lat eral chan -
ges of the Jaœniny thrust structure. 

The Jaœniny struc ture, de tached above the Up per Badenian
foredeep evaporites, has been im aged on pro files A, B and C, al -
though the amount of dis place ment is dif fer ent on each of these
pro files. The wes tern most pro file A is lo cated above the rel a tively 
steep north ern slope of the Jaœniny palaeovalley (Fig. 5), where
the Jaœniny struc ture is char ac ter ized by sig nif i cant amounts of
dis place ment and clearly vis i ble lo cal ized thin ning of the lower
part of the Mio cene foredeep infill within its crestal part, sim i larly
to the two seis mic ex am ples de scribed above. Es sen tially the
same ge om e try of this struc ture can be seen on pro file B, but
pro file C shows the east ern ter mi na tion of the Jaœniny struc ture
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T a  b l e  2

AHe re sults

Sam ple 
name

Th 
[ng]

Th er ror 
[%]

U 
[ng]

U er ror 
[%]

He 
[10-10 cm3]

He er ror 
[%]

TAU

[%]
Th/U Unc. age 

[Ma]
FT

Cor rected
age [Ma]

±1s 

[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 232Th;  Th er ror – 1 sigma er ror of Th vol ume es ti ma tion; U – amount of 238U; U er ror – 1 sigma er ror of U vol ume es ti ma tion;
He – 4He vol ume at stan dard con di tions of tem per a ture and pres sure; He er ror – 1 sigma er ror of He vol ume es ti ma tion; TAU – to tal an a lyt i -
cal un cer tainty; Th/U –  232Th to 238U fac tor; Unc. age – un cor rected He age; FT – al pha re coil cor rec tion fac tor af ter Farley et al. (1996); cor -

rected age [Ma] – cor rected He age; ±1s – sigma stan dard de vi a tion of cor rected age

T a  b l e  3

Ap a tite fis sion track re sults

N rs (e^5) Ns ri (e^5) Ni rd (105) Nd
P (c2)

[%]

Age

 [Ma]
±1s

[Ma]
Dpar
[mm]

±1s
[mm]

13 0.0121 39 0.2568 826 15.1800 9195 100 13.2 2.2 1.86 0.13

N – num ber of crys tals; rs – spon ta ne ous track den sity [per cm2]; Ns – num ber of counted spon ta ne ous tracks; ri – in duced track den sity [per

cm2]; Ni – num ber of counted in duced tracks; rd – do sim e ter track den sity [per cm2]; Nd – num ber of tracks counted on do sim e ter; P(c2) – prob -

a bil ity for ob tain ing chi-square value for sin gle pop u la tion test; Age – cen tral age; ±1s [Ma] – sigma er ror for age; Dpar – value of av er age etch

pit di am e ter of fis sion tracks, Durango ap a tite stan dard Dpar – 1.81 ± 0.1 (Carlson et al., 1999); ±1s [mm] – stan dard de vi a tion for Dpar



that is char ac ter ized by much smaller amounts of dis place ment
and al most no growth strata. Pro file D shows a very small thrust
struc ture lo cated fur ther to the north than the Jaœniny struc ture;
pro file E is char ac ter ized by the pres ence of two small (but
slightly larger than those in pro file D) thrusts. Such ge om e try
may be at trib uted to lat eral changes of mor phol ogy of the
Meso-Pa leo zoic sub stra tum that di rectly con trolled the evo lu tion
of the fron tal thrust of the Carpathian orogenic wedge (i.e. of the
Jaœniny struc ture). Both pro files in Fig ure 9, and pro files A, B and 
to some de gree also pro file C in Fig ure 10, are lo cated where the
front of the orogenic wedge is rel a tively close to the steep north -
ern slope of the Jaœniny palaeovalley. Such a re la tion ship re -
sulted in a sig nif i cant but tress ing ef fect that caused the for ma tion 
of a large-scale syn depositional thrust (i.e. the Jaœniny struc ture). 
Pro file D is lo cated where the Jaœniny palaeovalley and Po -
górska Wola palaeovalley merge to gether and lo cally form a
large flat area (Fig. 5); there fore, the but tress ing ef fect was neg li -
gi ble and there fore a fron tal ramp, formed in the vi cin ity of the
north ern slope of the dis tant Pogórska Wola palaeovalley, is
char ac ter ized by a rel a tively small dis place ment (cf. Fig. 5). Pro -
file E is lo cated where the north ern slope of the Pogórska Wola
palaeo valley is lo cated al ready a lit tle closer to the Carpathian
thrust front and this is why one can ob serve there a slightly larger
fron tal thrust. Ad di tion ally, this pro file also shows a sec ond thrust
de tached above the evaporites and lo cated within the fron tal

homocline of the tri an gle zone de vel oped in the con tact zone be -
tween the Skole thrust sheet and the foredeep ba sin (see be low).

The in ter preted seis mic pro files were com pared with the re -
sults of nu mer i cal mod el ling of syn-depositional fault-prop a ga -
tion folds (Hardy et al., 1996). The pres er va tion of most of the
growth strata and lack of, or only mi nor, lo cal ized ero sion within
the fold hinge sug gest that the bur ied thrust front of the Carpa -
thians be tween Tarnów and Pilzno evolved with a rate of up lift
driven by thrust ing equal to, or lower than, the sed i ment ac cu -
mu la tion rates so that the ac com mo da tion space within the
hinge zone of such a syndepositional fold has been largely
preserved.

The “Pogórska Wola” 3D seis mic sur vey also pro vided new
de tailed in for ma tion on the struc ture of the zone lo cated be -
tween the fron tal Outer Carpathian thrust sheet (the Skole
thrust sheet) and the Carpathian Foredeep Ba sin (i.e. the
Zg³obice thrust sheet). The seis mic pro files A–E show a tri an gle 
zone cored by de formed Up per Badenian foredeep evaporites,
at the north ern tip of which the most fron tal thrust struc ture of
the en tire thrust belt (i.e. the Jaœniny struc ture) is lo cated. The
fron tal homocline of this tri an gle zone (cf. Jones, 1996) de vel -
oped above the backthrust along which su pra-evaporitic Up per
Badenian-Sarmation foredeep infill has been thrust to wards the
south, above the Skole thrust sheet that is un con form ably cov -
ered by the Mio cene infill of the Pilzno embayment (Fig. 10).
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Fig. 9. In ter preted 2D seis mic pro files show ing the so-called Jaœniny struc ture (cf. Baran and Jawor, 1994) 
de vel oped within the Mio cene foredeep infill

Blue ho ri zon – evaporites; ver ti cal scale in TWT, approx. ver ti cal depth ex ag ger a tion 3–4x; lo ca tion see Fig ure 3; lo cal ized thin ning of the
Mio cene strata within the hinge zone of this blind thrust and as so ci ated lo cal intra-Mio cene un con formi ties sug gest syn-depositional thrust -
ing within the Carpathian Foredeep Ba sin; the Jaœniny struc ture can be re garded as the bur ied north ern most fron tal thrust of this seg ment of
the Carpathian orogenic wedge
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Fig. 10. In ter preted pro files from the 3D sur vey show ing the struc ture of the Pilzno embayment filled by the Mio cene foredeep
strata the tri an gle zone de vel oped in front of the Skole thrust sheet of the Outer Carpathians and filled by the highly de formed

Mio cene evaporites (blue col our), and blind thrust front de vel oped within the Mio cene foredeep infill

Ver ti cal scale in TWT; approx. ver ti cal depth ex ag ger a tion 3–4x; for lo ca tion see Fig ure 3; star in di cates ap prox i mate lo ca tion of the Pilzno
P-7 bore hole, pro jected onto this seis mic pro file from the east along the backthrust (cf. Fig. 3); in set – de tails of the de formed evaporites lo -
cated within the north ern tip of the tri an gle zone im aged on seis mic pro file C, com pa ra ble to the de formed evaporites of the Wieliczka Salt
Mine (cf. Krzywiec and Vergés, 2007: fig. 10)



The un con formity at the base of the Pilzno embayment infill
could be ei ther tec tonic and per haps re lated to the south ern -
most seg ment of the backthrust (be fore it was breached dur ing
the lat est tec tonic move ments along the backthrust), or it could
be depositional. This prob lem is dis cussed in more de tail be low.

MIOCENE EVOLUTION OF THE CARPATHIAN
OROGENIC FRONT BETWEEN TARNÓW

AND PILZNO – A MODEL

The seg ment of the fron tal Carpathian orogenic wedge ana -
lysed has been pre vi ously stud ied us ing subsurface and sur face
data. With one ex cep tion, all the pre vi ously pub lished mod els
pro posed clas si cal fore land-di rected thrust ing that prop a gated
from the hin ter land to wards the fore land, i.e. from the Outer
Carpathian flysch thrust sheets into the Mio cene Carpathian
Foredeep Ba sin (e.g., Po³towicz, 1974, 1991, 2004; Wdowiarz,
1976). Jurkiewicz and Woiñski (1979) pub lished a cross-sec tion
lo cated in the vi cin ity of Dêbica, i.e. ca. 10 km to the east of the
area de scribed in this pa per (cf. Fig. 3). Part of this cross-sec tion
is shown in Fig ure 11. One can ob serve there a su pra-evaporitic
Mio cene cover thrust to wards the south above an in ferred
backthrust that, to gether with the fron tal thrust of the Skole thrust
sheet, de fine a tri an gle zone sim i lar to the tri an gle zone pro -
posed for the Pogórska Wola area (cf. Fig. 10). Geo log i cal maps
from the sec ond half of the 20th cen tury were based on a large
amount of sur face geo log i cal data that is pres ently mostly un -
avail able due to in creased anthropogenic sur face in fra struc ture.
There fore, the ge om e try of the su pra- evaporitic foredeep suc -
ces sion, con cor dantly up lifted to wards the sur face along the pre -
sumed backthrust de vel oped in front of the Skole thrust sheet
shown by Jurkiewicz and Woiñski (1979) on their cross-sec tion
(Fig. 11), should be re garded as re li able.

Re sults of the in ter pre ta tion of seis mic data are sup ported
by steep dips, up to 70° (Fig. 6), of the Mio cene su pra- eva -
poritic cover drilled by the Pilzno P-7 bore hole, lo cated above
the backthrust, within the fron tal homocline dip ping to the north
(cf. Fig. 10).

The Jaœniny thrust struc ture iden ti fied on seis mic data
(Figs. 9 and 10) may be re garded as equiv a lent to the so-called

Biadoliny slice of the Zg³obice thrust sheet lo cated in the area
be tween Wojnicz and Brzesko and de vel oped above the north -
ern slope of the Szczurowa palaeovalley (Krzywiec, 2001; Krzy -
wiec et al., 2004; Nemèok et al., 2006; Krzywiec and Vergés,
2007). Both fea tures are the most fron tal syndepositional thrust
struc tures of the Carpathian orogenic wedge, de vel oped within
the su pra-evaporitic (up per most Badenian–Sarmatian) suc ces -
sion of the Carpathian Foredeep.

The frontal part of the Carpathian orogenic wedge in the
Pogórska Wola area is char ac ter ized by the pres ence of a tri an -
gle zone with de formed Up per Badenian evaporites (Wieliczka
For ma tion) in its core (cf. Fig. 2). This tri an gle zone de vel oped
dur ing the fi nal thrust ing move ments of the Carpathians af ter
12 Ma, as shown by the age (NN7 cal car e ous nannoplankton
zones, see Fig. 2) of the youn gest Mio cene strata in volved in
backthrusting and pen e trated by the Pilzno P-7 bore hole. Fig -
ure 12 shows a con cep tual qual i ta tive model of the fron tal
Carpathian orogenic wedge and ad ja cent Carpathian Foredeep 
Ba sin prior to for ma tion of the tri an gle zone. At that stage the
fron tal thrust of the Jaœniny struc ture, de tached at the base of
the foredeep evaporites, was al ready ac tive. De vel op ment of
this struc ture was fa cil i tated by the pres ence of the me chan i -
cally weak foredeep evaporites, and by the but tress ing ef fect
ex erted by rel a tively steep slope of the palaeovalley in cised into
the Meso-Pa leo zoic fore land plate. The Jaœniny fault-prop a ga -
tion fold was ac tive as a syndepositional struc ture, as doc u -
mented by growth strata and lo cal ized pro gres sive un con formi -
ties de vel oped within the crest of that fold. Dur ing con tin ued
prop a ga tion of the thrust belt, fore land-di rected thrust ing might
have been blocked due to in creased fric tion re lated to lat eral fa -
cies and/or thick ness changes of the evaporitic suc ces sion that
served as a de tach ment level for this thrust sys tem. Such lat eral 
fa cies and/or thick ness changes of the evaporites should be
con sid ered as a very prob a ble sce nario within the deeply in -
cised palaeovalleys. Such block ing of the fore land-di rected
thrust move ments might have re sulted in for ma tion of the
backthrust, along which the en tire su pra-evaporitic Mio cene
foredeep cover has been thrust to wards the south, to wards and
partly above the main Carpathian wedge. Most prob a bly, ini ti a -
tion of the backthrust was also re lated to in creased sed i ment
load ing within the foredeep ba sin, as shown by an a logue mod -
el ling (Sieniawska et al., 2010).
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Fig. 11. Geo log i cal cross-sec tion by Jurkiewicz and Woiñski (1979) show ing in ferred tri an gle zone and backthrust de vel oped
within the Mio cene infill of the Carpathian Foredeep Ba sin in front of the Outer Carpathian flysch thrust sheets

Yel low colours – Mio cene infill of the Carpathian Foredeep, green colours – Cre ta ceous, blue colours – Ju ras sic, 
pink colours – Tri as sic; for other ex pla na tions see Jurkiewicz and Woiñski (1979)



The core of the tri an gle zone formed dur ing backthrusting is
filled by tec toni cally overthickened and strongly de formed
evaporites (cf. in set on Fig. 10). Pre vi ous in ter pre ta tion of thick
and cha otic/de formed evaporites en coun tered by sev eral bore -
holes drilled in that area was dif fer ent – they were re garded as
olistostromes i.e. synsedimentary fea tures formed within the
evaporitic ba sin, prior to any sig nif i cant tec tonic move ments
(Po³towicz, 1963, 1999). The pres ence of such syndepositional
or early post-depositional de for ma tions of the foredeep evapo -
rites can not be ex cluded (cf. Kolasa and Œl¹czka, 1985) but re -
sults of in ter pre ta tion of high-res o lu tion seis mic data strongly
sug gest that these evaporites have been strongly tec toni cally
de formed and overthickened dur ing the fi nal phases of for ma -
tion of the Carpathian orogenic belt. Such a sce nario for for ma -
tion of a strongly de formed evaporitic suc ces sion fill ing the core
of the tri an gle zone has been also sug gested for the Wieliczka
area (Wieliczka Salt Mine; Krzywiec and Vergés, 2007) and for
the Biadoliny area (Krzywiec et al., 2004).

A very sim i lar mech a nism for the for ma tion of com -
pressional, salt-re lated de for ma tions has also been pro posed
for the orogenic front of the Pyr e nees (Sans et al., 1996; Koyi
and Sans, 2006). The Sanaüja Anticline, filled by the de formed
salt of the Cardona For ma tion (Eocene) is lo cated in the core of
a tri an gle zone, de fined by the backthrust de vel oped within the
gyp sum of the Barbastro For ma tion (Eocene–Oligo cene). Lo -
ca tion of the tri an gle zone in the fron tal Pyr e nees was to a large
de gree con trolled by lat eral thick ness and fa cies changes of the 
Cardona For ma tion, sim i larly to the lat eral thick ness and fa cies
changes of evaporites of the Wieliczka For ma tion, re lated to
pre-evaporitic mor phol ogy con trolled by palaeo valleys, deeply
in cised into the Meso-Pa leo zoic fore land plate of the Carpa -
thian orogenic belt.

Dur ing for ma tion of the backthrust, the su pra-evaporitic
foredeep suc ces sion was thrust to wards the south, to wards the
Carpathians. The Mio cene infill of the Pilzno embayment (Fig.
10) might have formed as a depositional cover of the de formed
Skole thrust sheet, as shown on a model in Fig ure 12. An al ter -
na tive sce nario would be that it was tec toni cally dis placed on
top of the Skole thrust sheet dur ing early stages of back -
thrusting. Such a sce nario is well-known from var i ous orogenic
belts (cf. Banks and War bur ton, 1986; Couzens- Schultz et al.,
2003). The pres ence of shal low tec tonic de for ma tions above
the backthrust was also pos tu lated for the Wojnicz area
(Krzywiec et al., 2004: fig. 5). Yet an other sce nario that could be 
con sid ered might be sim ply com bi na tion of both op tions de -

scribed above: the Mio cene cover of the Pilzno embayment
might have been de pos ited above the Skole thrust sheet and
later might have been tec toni cally dis placed dur ing back thru -
sting above the tri an gle zone.

Seis mic pro file E (Fig. 10) shows a shal low fore land-vergent 
thrust within the fron tal homocline, above the tri an gle zone.
Sim i lar shal low sec ond ary thrust ing above the re gional back -
thrust has been iden ti fied on seis mic data ac quired within the
fron tal part of the Ca na dian Rock ies (Be gin and Spratt, 2002)
and was at trib uted to the lat est tec tonic move ments of this
orogenic belt, sim i larly to the sce nario pro posed in this pa per for 
the fron tal Carpathians in the Tarnów–Pilzno area.

Thermochronological stud ies of core from this bore hole
have shown that the pres ently shal low est part of the foredeep
suc ces sion up lifted above the backthrust was orig i nally bur ied
to max. 2 km, that is com pat i ble with the gen eral burial his tory
sce nario shown on the model in Figure 12.

CONCLUSIONS

The main con clu sions of the study of the Carpathian front in
the Tarnów–Pilzno area, com pleted us ing 2D and 3D seis mic
data and core from the Pilzno P-7 bore hole may be sum ma -
rized as fol lows:

– the Jaœniny struc ture is re garded as the most ex ter nal,
fron tal thrust of the en tire Carpathian orogenic wedge; it
evolved as a syn-depositional fault-prop a ga tion fold de -
tached above the Up per Badenian evaporites; its for ma -
tion was con trolled by the pres ence of me chan i cally
weak foredeep evaporites and by the mor phol ogy of the
sub-Mio cene Meso-Pa leo zoic fore land plate (Jaœniny
and Pogórska Wola palaeovalleys);

– the fron tal zone of the Carpathian orogenic wedge is
char ac ter ized by sig nif i cant backthrusting of the su pra-
 evaporitic (up per most Badenian-Sarmatian) fore deep
suc ces sion to wards the south, and by the pres ence of a
well-de vel oped tri an gle zone that has strongly de formed
Up per Badenian evaporites of the Wieliczka For ma tion
in its core;

– the age of the foredeep de pos its up lifted above the
backthrust (NN7 nannoplankton zone) to gether with the
ge om e try of the fron tal orogenic zone pre cisely im aged
on the seis mic data sug gest that the lat est thrust ing
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Fig. 12. Qual i ta tive (not to scale) model for the Pogórska Wola area prior to for ma tion
of the tri an gle zone shown in Fig ure 10

Gen eral di rec tion of sed i ment sup ply to the foredeep ba sin is from the south, from the eroded Carpathians, and is
in di cated by an ar row; yel low star – con cep tual lo ca tion of the sec tion drilled by the Pilzno P-7 bore hole; it should
be re mem bered that dur ing later phases of de vel op ment of the foredeep ba sin fur ther sub si dence and de po si tion
took place that re sulted in even fur ther burial of the de pos its drilled by this bore hole; the sec tion of the foredeep
infill drilled by the Pilzno P-7 bore hole was up lifted due to backthrusting and for ma tion of the tri an gle zone within
the fron tal part of the Carpathian orogenic wedge



move ments of the Carpathians in the Tarnów–Pilzno
area took place at ca. 11–10 Ma;

– the re sults of thermochronological stud ies (AFT and
AHe) in di cate that the lower part of the su pra-evaporitic
cover, drilled by the Pilzno P-7 bore hole, was not bur ied
more deeply than 1.5–2.0 km, which is com pat i ble with
the re con struc tion based on seis mic data.
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