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The Wieliczka salt mine, near Kraków in south ern Po land, is a world-fa mous his tor i cal and mod ern des ti na tion for both
geoscientists and tour ists. De spite nu mer ous pub li ca tions, there is still a lack of con sen sus on the na ture and or i gin of the
large-scale folds as well as whether the small-scale struc tures rep re sent tec tonic or soft-sed i ment de for ma tion. In this pre -
lim i nary work, we of fer new ideas on both as pects. At the large scale, we em pha size the me chan i cal stra tig ra phy of the lay -
ered evaporite se quence, which com prises a thin basal weak layer, a thin strong unit, a thicker weak layer, and a thicker
strong unit. We sug gest that the in clined to re cum bent folds and thrusts formed tec toni cally due to overthrust shear be tween
the basal de tach ment and the over rid ing Carpathian fron tal thrust, with dif fer ent struc tural styles de coup led by the thick weak 
layer. At the small scale, we sug gest that there was early ex ten sion di rected to ward the east to north-east, fol lowed by con -
trac tion vergent to ward the north. We in fer that there was early, syndepositional grav ity glid ing down a top o graphic slope dip -
ping into the co eval Gdów depocenter to the east, and that sub se quent north-di rected Carpathian short en ing gen er ated the
small-scale contractional struc tures as the larger folds were de vel op ing.

Key words: salt tec ton ics, intrasalt de for ma tion, salt mine, Wieliczka, north ern Carpathians.

INTRODUCTION

The Wieliczka salt mine, lo cated just 12 km south-east of
the cen tre of Kraków, Po land, is a world-fa mous cul tural site
that was added to UNESCO’s World Her i tage List in 1978
(https://whc.unesco.org/en/list/), just af ter the list was es tab -
lished. It has long been re garded as a clas sic geo logic lo cal ity, 
with ex cel lent ex po sures of fold struc tures within Mio cene
evapo rites de pos ited in the Carpathian Foredeep. Un der -
ground op er a tions at Wieliczka salt mine started in the 13th
cen tury. Since then, >300 km of shafts, gal ler ies, and cor ri dors 
have been ex ca vated in the mine, in clud ing cham bers lo cated
within gi gan tic, ca the dral-size boul ders of al most pure ha lite.

Wieliczka has ap peared rel a tively fre quently in the lit er a -
ture of pre vi ous cen tu ries. In the sec ond half of the 16th cen -
tury a poem was pub lished in Latin that was en tirely de voted to 
the Wieliczka “abyss” (Schröter, 1564; cf. Maślankiewicz,
1965). Il lus tra tions of salt crys tals from Wieliczka were pub -
lished by Ulisse Aldrovandi, of ten re ferred to as a fa ther of

stud ies of nat u ral his tory (Aldrovandi, 1648). Soon af ter, a
trav el ogue by a “Cu ri ous Gen tle man of Ger many” that con -
tained some re marks on the types of salt ap peared in the
Philo soph i cal Trans ac tions of the Royal So ci ety (Anonym,
1670). A large, beau ti fully ex e cuted cross-sec tion of the sur -
face and subsurface salt works was in cluded in the 7th vol ume 
of the fa mous En cy clo pe dia ed ited by Denis Diderot and Jean
le Rond d’Alembert (Bénard, 1768).

Cen tu ries of ac tive ex ploi ta tion of salt re sulted in the ex po -
sure of nu mer ous un der ground out crops where var i ous com -
plex salt struc tures could be ob served. The first pub li ca tion that
con tained il lus tra tions of these struc tures and their de scrip tion,
in clud ing some proto-geo log i cal re marks re gard ing the types of
salt and an over all struc tural style, was pub lished by Schober
(1750; see also Boczkowski, 1843; Zejszner, 1843; Siemion,
1991). His de scrip tions of lithological vari a tions and struc tural
styles of the salt and sur round ing rocks are very ac cu rate, and
his sketches de pict struc tures that can be still ad mired in the
mine (Fig. 1A, B). He also fo cused his at ten tion on the na ture of
the salt lay ers, link ing the or i gin of rock salt to ma rine con di tions
as sug gested by oc cur rences of rem nants of ma rine or gan isms.

In tense min ing in the late 18th and early 19th cen tu ries re -
sulted in the ac cu mu la tion of con sid er able data on the spa tial
lo ca tion and ori en ta tions of var i ous salt lay ers, salt boul ders,
and interbedded bar ren rocks. This al lowed for con struc tion of
fairly de tailed cross-sec tions de pict ing the gen eral struc ture of
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Fig. 1. His tor i cal draw ings of the Wieliczka salt mine

A – sketch of ro tated and faulted boudins of strong layer within ha lite ma trix (Schober, 1750); B – sketch of broad fold on right, over lap ping
boudins left of cen tre, and disharmonically folded boudinaged lay ers at the left (Schober, 1750); C – cross-sec tion show ing sur face fea tures
and the subsurface struc ture (north to the left) with folded strat i fied salt and over ly ing iso lated blocks of ha lite (Hrdina and Hrdina, 1842)



the Carpathian Foredeep in the Wieliczka area (Hrdina and
Hrdina, 1842; Zejszner, 1843; cf. Maślankiewicz, 1965; Po -
borski, 1965). The beau ti fully ex e cuted cross-sec tion by Hrdina
and Hrdina (1842), de pict ing not only the subsurface ge ol ogy
but also the sur face mor phol ogy and key build ings of Wieliczka, 
is il lus trated in Fig ure 1C. It clearly shows three sliv ers with re -
peated se quences of key rock types – a com mon fea ture of
most mod ern cross-sec tions across Wieliczka as well. In the
sec ond half of the 19th cen tury, Niedźwiedzki (1883–1886)
pub lished a se ries of pa pers on rock-bear ing de pos its of the
Carpathian Foredeep to gether with sev eral geo log i cal cross-
 sec tions that were, how ever, con sid er ably less de tailed than
those by Hrdina and Hrdina and Zejszner (cf. Maślankiewicz,
1965; Poborski, 1965).

The mine has also been the sub ject of in ten sive study in
more re cent times, with most of the re search de voted to strati -
graphic and struc tural as pects (e.g., Tołwiński, 1956; Gaweł,
1962; Poborski and Skoczylas-Ciszewska, 1963; Szybist,
1975; Garlicki, 1979; Wiewiórka, 1979, 1988; Kolasa and
Ślączka, 1985a, b; Tarka et al., 1988; Tarka, 1992; Ślączka and 
Kolasa, 1997; Bukowski, 1997; Brudnik et al., 2000; Krzywiec
and Vergés, 2007; Cyran, 2008; Gonera et al., 2012; Burliga et
al., 2018). The Wieliczka For ma tion is a lay ered evaporite se -
quence (LES) com pris ing ha lite, anhydrite, and siliciclastic
rocks. Note that we use the term salt to de note the en tire LES,
anal o gous to a salt diapir de not ing a body of rock com pris ing a
mix ture of evaporites and non-evaporite string ers (e.g., Ro wan
et al., 2019 and many oth ers). In con trast, we use ha lite and
anhy drite to re fer to beds or clasts com prised mostly/en tirely of
NaCl or CaSO4, re spec tively. Thus, when we use the term
�intrasalt� de for ma tion, we re fer to struc tures af fect ing any part
of the LES, not solely to folds and shear zones within the ha lite
beds.

The lay ers within the LES are char ac ter ized by widely vary -
ing struc tural styles at a va ri ety of scales, in clud ing folds,
thrusts, extensional faults, boudins, veins, and joints (Fig. 1; cf.
e.g., Tarka et al., 1988; Tarka, 1992; Burliga et al., 2018). The
or i gin of the de for ma tion is the sub ject of on go ing de bate, with
two key as pects still un re solved. First, what is the de tailed ge -
om e try of the large-scale de for ma tion of the en tire LES and
how did it de velop? The var i ous pub lished cross-sec tions show
the pre dom i nance of asym met ric folds, but as yet there is no
sat is fac tory ex pla na tion of their gen e sis and the role of the me -
chan i cal stra tig ra phy in con trol ling the struc tural style, and de -
pic tions of the deep ge om e try are rare. Sec ond, how much of
the small-scale de for ma tion is tec tonic in or i gin and how much
is the re sult of soft-sed i ment de for ma tion dur ing de po si tion of
the LES? There is ev i dence for both, but can we dis tin guish be -
tween the two pro cesses?

The goal of this pa per is to ad dress both these is sues from a 
pri mar ily struc tural per spec tive. We first sum ma rize the ex ist ing 
lit er a ture on the re gional tec tonic set ting, the lithostratigraphy of 
the salt and en cas ing rocks, and the small-scale de for ma tion.
We then il lus trate the ob served struc tural styles in a small area
within the up per por tion of the mine be fore turn ing to the anal y -
sis of the ge om e tries. At the large scale, we eval u ate the pub -
lished cross-sec tions – ef fec tively an in ter pre ta tion of ex ist ing
in ter pre ta tions – and iden tify the Wieliczka Formation as a
multilayer (a se quence of strata with dif fer ent thick nesses and
com pe ten cies) sub jected to overthrust shear, with folds and
thrusts con trolled by the me chan i cal stra tig ra phy be tween two
di verg ing shear de tach ments. At the small scale, we sug gest
that there was early ex ten sion due to grav ity-driven sed i ment
remo bili zation down an east- to north east-dip ping top o graphic
slope into the “Gdów Embayment”, fol lowed by north-di rected
contra ctional de for ma tion re lated to em place ment of the

Carpa thian fron tal thrust nappe. We em pha size that these re -
sults are pre lim i nary, in that they are based only on lim ited data,
and need to be tested and re fined with fur ther data col lec tion
and anal y sis. Thus, we out line sev eral av e nues of pos si ble fu -
ture re search that might be un der taken in or der to better un der -
stand the struc ture and evo lu tion of the Wieliczka seg ment of
the fron tal Carpathian orogenic wedge. Since the Wieliczka salt
mine is one of the “nat u ral won ders of the world”, any fur ther
work is surely war ranted.

GEOLOGIC SETTING

REGIONAL STRUCTURE AND TECTONICS

The fron tal Carpathian nappes ex tend from the Czech Re -
pub lic, Slovakia and Po land in the west, into Ukraine, and
curve around into Ro ma nia (see e.g., Roure et al., 1993;
Nemčok et al., 2006; and Ślączka et al., 2006 for de tailed
over views and nu mer ous fur ther ref er ences). In south ern Po -
land, the fold- and-thrust belt has an over all E–W trend and is
bounded to the north by the Carpathian Foredeep (Figs. 2 and
3). The outer nappes, com pris ing pri mar ily Cre ta ceous and
Paleogene flysch de pos its, were thrust to the north dur ing the
Mio cene (see Oszczypko et al., 2006 for a re view and fur ther
ref er ences). Co eval de vel op ment of a fore land ba sin grad u ally 
shifted to the north in front of and be neath the ad vanc ing
nappes due pri mar ily to thrust load ing but also to depositional
load ing. The fore deep was filled with up per most Oligocene to
Mid dle Mio cene mostly ma rine siliciclastic suc ces sions, in -
clud ing the Mid dle Mio cene Wieliczka For ma tion dur ing the
so-called �Badenian Sa lin ity Cri sis� (BSC), a time of ba sin iso -
la tion caused by a ma jor fall in sea level and cli ma tic cool ing
(Oszczypko et al., 2006; Peryt, 2006; de Leeuw et al., 2010).
The synorogenic sed i ments pro gres sively onlapped the sub -
stra tum to ward the north (e.g., Oszczypko, 1997, 1998; Krzy -
wiec, 2001; Oszczypko et al., 2006).

The floor of the foredeep was an ero sional un con formity un -
der lain by Me so zoic and Pa leo zoic rocks of the North Eu ro pean 
Plat form. This sur face had sig nif i cant top o graphic re lief that
took three forms. First, there was a gen eral deep en ing to the
south due to load ing by the Carpathian nappes, as in any fore -
land ba sin. Sec ond, there were more lo cal lows that formed due 
to base ment fault ing and tec tonic sub si dence as so ci ated with
the load ing-in duced flex ure of the crust. One such ex am ple is
the so-called Gdów Embayment, an area be tween the Wie -
liczka and Bochnia salt mines (Fig. 2) filled with an ab nor mally
thick se quence of the presalt Skawina For ma tion (Alexan dro -
wicz, 1965; Garlicki, 1971; Krzywiec et al., 2012). Third, a se ries 
of nar rower lows in the un con formity rep re sent N–S to NW–SE
trending palaeovalleys, deep en ing to ward the south, in cised
into the un der ly ing base ment (e.g., Jucha, 1974; Krzywiec,
2001; Krzywiec et al., 2004, 2008, 2014; Głuszyński and
Aleksandrowski, 2016; Gedl and Worobiec, 2020). What ever
the or i gin of the top o graphic re lief, it in flu enced evaporite de po -
si tion, with ha lite-dom i nated fa cies in the lows and anhydrite -
-dom i nated fa cies on higher, mar ginal ar eas of the salt ba sin
(e.g., Garlicki, 1979; Peryt, 2006; Krzywiec et al., 2008; Buko -
wski, 2011; Głuszyński and Aleksandrowski, 2016). The dis tri -
bu tion of evaporite fa cies in turn im pacted thrust ge om e tries of
the fron tal Carpathian orogenic wedge (e.g., Połto wicz, 1994,
2004; Krzywiec, 2001; Krzywiec et al., 2014; Głuszyński and
Aleksandrowski, 2016).

The Wieliczka salt mine is lo cated di rectly in front (north) of
the sur face ex pres sion of the Carpathian thrust front (Figs. 2
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and 3), where it com prises part of the Zgłobice Unit of de formed 
foredeep strata. Al though this unit has been in ter preted as a
grav ity-driven nappe (Połtowicz, 1977, 2004), it is en vi sioned
by most as north-di rected thrust ing due to com pres sion (e.g.,
Tołwiński, 1956; Poborski and Skoczylas-Ciszewska, 1963).
Fol low ing a sug ges tion by Jones (1997), how ever, seis mic data 
were used to in ter pret the Zgłobice Unit as a tri an gle zone in ar -
eas to the east of the Bochnia salt mine (Krzywiec et al., 2004,
2014). Sim i larly, it was pro posed by Krzywiec and Vergés
(2007) that the Wieliczka salt mine oc cu pies the core of a tri an -
gle zone bounded by the north-vergent fron tal Carpathian
thrust, a basal thrust, and a south-vergent backthrust to the
north of the mine (Fig. 4).

STRATIGRAPHY

Wide spread evaporites were de pos ited in large parts of the
cen tral Paratethys dur ing the BSC. The Badenian was de fined
as a re gional stage of the Mid dle Mio cene in the cen tral
Paratethys by Papp et al. (1978). Dur ing the BSC, there was
wide spread ha lite and gyp sum de po si tion in the Carpathian
Foredeep, the Transylvanian, Transcarpathian, and East-
 Slovakian bas ins (Peryt, 2006), and the area of the Mid-Hun -
gar ian shear zone (Báldi et al., 2017). Dat ing of interbedded
tuffs shows that the on set of evaporite de po si tion was at 13.81
±0.08 Ma (de Leeuw et al., 2010; Bukowski et al., 2010) and
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Fig. 2. Sim pli fied geo logic map show ing dis tri bu tion of Mio cene evaporite fa cies

Thrust bound ary (red) be tween Carpathian nappes (�outer flysch�) and fore land ba sin (yel low in map in set) in
south-cen tral Po land; pre dom i nant evaporite fa cies in di cated in the foredeep to the north of the fron tal thrust, with 
the lo ca tion of the Wieliczka and Bochnia salt mines in di cated; mod i fied from Krzywiec et al. (2014), it self
adapted from Bukowski (2011)

Fig. 3. Sim pli fied cross-sec tion across the fron tal Carpathian thrust

Sec tion shows the Carpathian nappes (with out in ter nal de tails) thrust over the Mio cene fore land ba sin, 
which sits un con form ably above Me so zoic and older “base ment�; the Wieliczka salt mine is lo cated along-strike di rectly

in front of the ex posed thrust front; sim pli fied from Żytko et al. (1989), lo ca tion in di cated on Fig ure 2
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ces sa tion oc curred prior to 13.32 ±0.07 Ma (de Leeuw et al.,
2018). Thus, de po si tion spanned a max i mum of 0.5 My dur ing
the Early Serravalian (Mid dle Mio cene). The LES is bounded
be low by older Mid dle Mio cene siliciclastics of the Skawina Fm.
(pre dom i nantly claystones at Wieliczka) and above by youn ger
mid dle Mio cene siliciclastics of the Chodenice Beds, part of the
Machów For ma tion (Fig. 5).

The Wieliczka For ma tion re fers to the ha lite-rich ar eas of
the Mid dle Mio cene evaporites; where ha lite is ab sent or min i -
mal at the mar gins of the ba sin and on top o graphic highs, the
equiv a lent anhydrite-dom i nated evaporites are named the
Krzyżanowice For ma tion (Alexandrowicz et al., 1982; Garlicki,
1994). The LES of the Wieliczka For ma tion  en coun tered in the
mine is il lus trated in Fig ure 5 and de scribed be low (from
Wiewiórka, 1979, 1988; Garlicki, 1979; Ślączka and Kolasa,
1997; Bukowski, 1997; Wiewiórka et al., 2008; Gonera et al.,
2012; Burliga et al., 2018; Bukowski et al., 2019). The thick -
nesses used are pri mar ily from Wiewiórka (1988) but are
known to vary re gion ally and even within the mine.

Above a basal anhydrite with mi nor mudstone is the Old est
Salt with thin in ter ca la tions of claystone, siltstone, and sand -
stone, al though this unit is rel a tively poorly known. This is over -
lain by a layer var i ously called the Sub-salt Sand stone or
Mid-salt Sand stone (al though it lo cally in cludes con glom er ate),
and then an un named se quence of anhydrite-bear ing clay -
stone, mi nor siltstone and sand stone, and rare ha lite. Be cause
this en tire sec tion of pre dom i nantly siliciclastic rocks is
bounded above and be low by thicker ha lite-dom i nant lay ers
(Bukowski, 1997), we re fer to it in for mally here as the Intrasalt
Clastic Unit. Above is the Green Strat i fied Salt, con sist ing of
four ha lite beds sep a rated by thin se quences of siltstone,
anhydritic claystone, and anhydrite. The low est of these four
units (Green Strat i fied Salt IV) is at least partly a brec cia com -
pris ing claystone and blocks of the Old est Salt (Wiewiórka,
1974; Brudnik et al., 2000; Wiewiórka et al., 2008). Above the
Green Strat i fied Salt are the Shaft Salt, lower Spiza Salt, and
up per Spiza Salt, which are like wise sep a rated by anhydritic
claystones, with the up per Spiza Salt hav ing thin lay ers of sand -
stone and salty con glom er ate near its top. All lay ers de scribed
above are part of the Strat i fied Salt Mbr. (SSM). Con form ably
above the SSM is the Salt Brec cia Mbr., also termed the Boul -
der Salt, a thick suc ces sion of claystones and salty claystones
with blocks of dif fer ent types of ha lite up to >100 m across.

De tailed stud ies (Garlicki, 1979; Kolasa and Ślączka,
1985a, b; Ślączka and Kolasa, 1997; Gonera et al., 2012) dem -
on strate that al though some of the ha lite lay ers are orig i nal pre -
cip i tates, many rep re sent re de pos ited salt. The remobilized
evaporites and interbedded siliciclastics rep re sent de po si tion
by a com bi na tion of de bris flows, tur bid ity cur rents, fluidized
flow, storm re work ing, and slump ing (Połtowicz, 1977; Kolasa
and Ślączka, 1985a, b; Ślączka and Kolasa, 1997; Bukowski,
1997, 2011; Gonera et al., 2012). Sim i lar in ter pre ta tions have
been made in other parts of the Carpathian Foredeep salt bas -
ins (e.g., Peryt and Kovalevich, 1997). Even the Salt Brec cia
Mbr., with its large olistostromes of ha lite, is in ter preted as a
mega-debrite with a depositional rather than tec tonic or i gin (al -
though there are dis sent ing in ter pre ta tions, e.g., Garlicki, 1979;
Tarka et al., 1988; Tarka, 1992). The re ported ob ser va tions
sug gest there was a sig nif i cant slope to the depositional pro file
dur ing the BSC. This was prob a bly re lated to ad vance ment of
the fron tal Carpathian nappe as in di cated by the greater prev a -
lence and thick ness of coarser-grained siliciclastics, in clud ing
clasts of Carpathian flysch, in the south ern part of the evaporite
ba sin (Kolasa and Ślączka, 1985a; Ślączka and Kolasa, 1997).

The Wieliczka LES forms a multilayer com pris ing lay ers
with dif fer ent com po si tions, rheologies, and thick nesses. Thus,
there are sig nif i cant vari a tions in rel a tive strength that are in di -
cated in Fig ure 5. Pure ha lite is the weak est rock and coarse -
-grained siliciclastics form the stron gest lay ers (see e.g., Urai et
al., 1986; Weijermars et al., 1993; Ro wan et al., 2019). Other
beds are ex pected to have in ter me di ate strength that dif fers de -
pend ing on the rel a tive pro por tions of claystone, anhydrite, and
other lithologies, but the de tails of this are un known. Thus, the
ab so lute and rel a tive strengths de picted in Fig ure 5 are sche -
matic. In any case, the key ho ri zons that de lin eate units of sig -
nif i cantly dif fer ent strength and thus me chan i cal be hav iour are
in ter preted to be: the base of the Old est Salt, the top of the Old -
est Salt, the base of the Green Strat i fied Salt, and the top of the
Spiza Salt. The re sult ing me chan i cal stra tig ra phy is ex pected to 
vary spa tially as the thick nesses and com po si tions of in di vid ual
lay ers change.

STRUCTURAL GEOMETRY

The large-scale struc ture of the Wieliczka area com prises a
se ries of asym met ric folds and/or thrusts vergent to ward the

Fig. 4. Wieliczka area within the Zgłobice tri an gle zone

In ter pre ta tion in which the Zgłobice Unit, in clud ing the area of the Wieliczka salt mine, is a tri an gle zone
bounded by three de tach ments (red lines) just north of the fron tal Carpathian thrust; mod i fied from 

Krzywiec and Vergés (2007), it self af ter a cross-sec tion by Tołwiński (1956)
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fore land in the north (Figs. 4 and 6). Most pub lished cross-sec -
tions show vari a tions on this theme (Pusch, 1824; Hrdina  and
Hrdina, 1842; Tołwiński, 1956; Gaweł, 1962; Poborski and
Skoczylas -Cisze wska, 1963; Tarka, 1992; Burliga et al., 2018).
Se rial sec tions by Gaweł (1962) show that backlimbs are sub -
horizontal to gently south-dip ping (max i mum ~30°), whereas
forelimbs are gen er ally shorter, slightly steeper, and over turned 
(Fig. 6B). Hav ing said that, it is un clear how much is just fold ing
and how much is thrust rep e ti tion, some thing we re turn to be -

low. Also, there are ex am ples of superposed fold -
ing, where the tight struc tures are re folded in
larger-scale, open, up right folds (Fig. 6B). The folds
trend E–W to ESE–WNW and the en tire com plex
gen er ally plun ges to the W.

Re search ers have noted for cen tu ries the small -
- scale struc tures, both duc tile and brit tle, within the
Wieliczka salt mine (e.g., Fig. 1A, B). Fold ing oc -
curs at a va ri ety of scales (met ric to millimetric) in
both the weaker halites and stron ger siliciclastics,
and in cludes largely har monic folds, disharmonic
and polyharmonic folds, and super posed folds; brit -
tle struc tures in clude thrust faults, extensional
faults, boudinage, joints, and veins (e.g., Schober,
1750; Pusch, 1824; Gaweł, 1962; Kolasa and
Ślączka, 1985b; Tarka et al., 1988; Tarka, 1992;
Ślączka and Kolasa, 1997; Cyran, 2008; Burliga et
al., 2018). It is of ten as sumed that, since the trends
and vengence of the small-scale struc tures are sim -
i lar to those of the large-scale struc ture, the or i gin is
also the orogenic north-vergent thrust ing. How ever, 
the rec og ni tion of clear sed i men tary re work ing and
slump ing (Kolasa and Ślączka, 1985a, b; Ślączka
and Kolasa, 1997; Go nera et al., 2012) sug gests
that at least some of the small-scale struc tures
might rep re sent soft-sed i ment de for ma tion. Burliga
et al. (2018) pro posed that early syn sedi mentary
struc tures, both exten sio nal and contra ctional, were 
over printed by the tec tonic de for ma tion. But they
also warned that the su per po si tion and sim i lar ori -
en ta tions (N-dip ping depositional slope and N-di -
rected thrust ing) make it dif fi cult to dif fer en ti ate be -
tween the dif fer ent or i gins and pro cesses.

OBSERVATIONS

Be cause this pa per ad dresses both the large-
 scale and small-scale struc tures within the Wie -
liczka salt mine, our dataset like wise is at two
scales. For the over all ge om e try of the folded/thru -
sted multilayer, we did no map ping or mea sur ing
our selves. In stead, we re lied on pub lished cross-
 sec tions and maps, pri mar ily those of Gaweł
(1962), who pro duced the most de tailed il lus tra tions 
of the three-di men sional ge om e try (Fig. 6) through
a se ries of eight maps at the dif fer ent cor ri dor lev els
(roughly 20–40 m apart) and twelve cross-sec tions
with a spac ing of be tween 150 and 650 m. Note that 
the fo cus of the map ping was on the eco nom i cally
most valu able salt lev els, so that the older por tions
of the se quence are not as well-de fined. In any
case, we eval u ated the ge om e tries in these and
other pub lished sec tions from the per spec tive of the 
me chan i cal stra tig ra phy of the multilayer shown in
Fig ure 5.

For the anal y sis of the small-scale de for ma tion, we stud ied
only a small area within the Spiza Salt on Level II Lower in and
around the Franciszek cor ri dors (Fig. 6). The po si tion is on the
backlimb of one of the ma jor folds, al though there are also
meso-scale folds within the area. We ex am ined meso- to
small-scale folds, thrust faults, exten sional faults, and boudins,
but did not in clude joints, veins, or enterolithic folds. Be cause
both extensional and contractional struc tures over lap spa tially
(e.g., folds of boudinaged lay ers), we fo cused on de ter min ing

Fig. 5. Stra tig ra phy of the Wieliczka area

Lithostratigraphy and thick nesses from Wiewiórka (1988); no men cla ture within the 
salt se quence is that es tab lished for the Wieliczka area, with the ex cep tion of the
Intrasalt Clastic Unit, which is an in for mal name that in cludes the Mid/Sub -salt
Sand stone; blue colours for the Green Strat i fied Salt through Salt Brec cia Mem ber
are those used in Fig. 6, whereas other colours are those used in Fig. 12; me chan i -
cal stra tig ra phy shows the in ter preted ap prox i mate rel a tive strength of the dif fer ent 
lay ers, with the thick red lines mark ing the key me chan i cal bound aries
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the rel a tive tim ing where pos si ble. Ori en ta tions were mea sured
any where within the study area where fea tures ob served on a
cor ri dor wall (two-di men sional cut) could be traced onto the roof 
so that the three-di men sional ori en ta tions could be de ter mined. 
This in her ent lim i ta tion, com bined with the small size of the
study area, re sulted in rel a tively few mea sure ments, mostly of
larger struc tures.

CONTRACTIONAL STRUCTURES

As cited above, the large-scale fold ge om e tries are char ac -
ter ized by long, gently south-dip ping backlimbs and shorter,
steeper to over turned forelimbs (Fig. 6B). Ex ist ing in ter pre ta -
tions show that the ge om e tries are cuspate-lobate, typ i cal of
folds de vel oped in multilayers with low to mod er ate com pe -
tency con trasts (see Ramsay, 1982; Ramsay and Huber,
1987). Spe cif i cally, the Intrasalt Clastic Unit usu ally forms
lobate anticlines while the over ly ing salt lay ers form pointed,
cuspate syn clines (Fig. 6: lo ca tions 1); con versely, al though not 
as clear and sys tem atic, the Salt Brec cia Mbr. of ten forms tight
but lobate syn clines and the un der ly ing Spiza Salt sticks up as
pointed anticlines into the brec cia (Fig. 6: lo ca tions 2). The
over all pat tern is di ag nos tic of two more com pe tent lay ers en -
cas ing a less com pe tent unit. In this case, the weaker salt se -
quence (Spiza, Shaft, and Green Strat i fied salts) is sur rounded
by the stron ger Salt Brec cia Mbr. and Intrasalt Clastic Unit (Fig.
5), a multilayer com pe tency con trast that strongly in flu enced
the fold ge om e tries.

Meso-scale folds have a sim i lar form to the large-scale
struc tures, with elon gate, gently dip ping backlimbs and shorter,
steeper forelimbs (Fig. 7A). The forelimbs may dip to the north
(Fig. 7A) or be ver ti cal to over turned (Fig. 7B), and they may be

thrusted (Fig. 8B) or, more rarely, sheared and thinned dra mat i -
cally (Fig. 7C). Fold ing ranges from har monic to disharmonic to
polyharmonic, with thin ner se quences of strong lay ers hav ing
shorter-wave length folds (Figs. 7A and 8B, C). Hinge zones
and forelimbs are of ten thick ened rel a tive to backlimbs and
char ac ter ized by more in tense de for ma tion of the strong lay ers
(Figs. 7B and 8C). Ha lite ac com mo dates the dif fer ent ge om e -
tries be tween se quences of stacked strong lay ers.

Fold limbs and hinge zones con tain smaller-scale contra -
ctional struc tures (Figs. 7 and 8). These typ i cally in volve
boudina ged lay ers, but we fo cus here on the con trac tion and re -
turn to the boudinage be low. The small-scale de for ma tion in -
cludes har monic to disharmonic folds, thrusted lay ers, and
boudins, and more cha otic pat terns in forelimbs and hinge
zones. The style is per haps best il lus trated in Fig ure 7C: in
some places, the slightly thicker, light grey layer and the rel a -
tively thin ner, darker-grey layer are gently folded to gether; but in 
most parts of the struc ture, they be have more in de pend ently,
each with its own se ries of thrusts and folds. Ha lite fills the in ter -
ven ing spaces cre ated by the disharmonic de for ma tion.

Whereas some parts of the study area con tain meso- to
small-scale struc tures, oth ers ap pear to be un af fected. Halites
may shorten lo cally by pure-shear and as so ci ated sim ple thick -
en ing, and thus ap pear undeformed, but the vari able amount of
short en ing also ap pears to be the case for the anhydritic clay -
stones and the sand stones. For ex am ple, in the transect of Fig -
ure 8A, there is a panel of ap par ently undeformed strata be tween 
the de tailed pho tos of Fig ure 8B, D. How ever, this is mis lead ing:
the up per part of the se quence forms the thrust hang ing wall in
Fig ure 8B, and the low est part is folded right at the top of the cor -
ri dor wall (Fig. 8D, up per right). Al though larger ar eas of ex po -
sure would al low a more ac cu rate anal y sis, it is un clear from the
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Fig. 6. Map and cross-sec tion show ing lo ca tion of study area

A – map of Wieliczka mine Level II Lower, lo cated at 133.5 m a.s.l. (~120 m b.g.l.); B – cross-sec tion through study area, 
lo cated in and near the Franciszek cor ri dors; both fig ures mod i fied from Gaweł (1962); �salt clays� is equiv a lent 

to the Intrasalt Clastic Unit used in this study; num bers in cir cles in di cate lo ca tions dis cussed in the text



lim ited ex po sures whether in di vid ual se quences have the same
or dif fer ent amounts of in ter nal short en ing. 

Within the small study area, the meso-scale folds re corded
by the strong lay ers are re mark ably cy lin dri cal con sid er ing they
are in evaporite-rich strata. The at ti tudes of bed ding, thrust
faults, ax ial planes, and fold axes all in di cate N–S di rected
short en ing with subhorizontal fold axes (Fig. 9A). This is com -
pat i ble with the large-scale tec tonic short en ing di rec tion re -
corded by the gen er ally E–W strik ing thrusts and folds of the
outer Carpathian nappes (Fig. 2), but slightly oblique to the
WNW–ESE strik ing large-scale folds of the Wieliczka salt mine
(Fig. 6A).

EXTENSIONAL STRUCTURES

As al ready noted and as shown in Fig ures 7 and 8, the
sand stones and anhydritic claystones, al though folded, are
also char ac ter ized by extensional faults and boudins. Gen er -
ally, thicker strong pack ages tend to be faulted and thin ner lay -
ers tend to be boudinaged (Fig. 10A, B). More over, sin gle thin -
ner lay ers en cased in ha lite may have sig nif i cant boudinage
(Fig. 10A, C: lo ca tions 1) while thicker se quences of strong lay -

ers with thin in ter ven ing ha lite have less extensional de for ma -
tion (lo ca tions 2). Dif fer ent lay ers, even when very close to each 
other, show un equal amounts of ex ten sion at the scale of ob -
ser va tion.

A key as pect of the ge om e try is that lay ers are ex tended
re gard less of struc tural po si tion on the contractional struc -
tures. Boudins and extensional faults are prac ti cally ubiq ui -
tous on gently south-dip ping backlimbs (Figs. 7, 8 and 10) but
also oc cur on forelimbs (Fig. 10C, D). It is dif fi cult to judge the
rel a tive amounts of ex ten sion in these two struc tural po si tions
be cause many of the boudins also dis play un quan ti fi able
amounts of con trac tion; for ex am ple, the orig i nal spac ing be -
tween the two boudins that are now over lapped in Fig ure 10F
is un known. More over, there are many pieces of lay ers that
are thrust over each other (Fig. 10C, D, F), but it is not al ways
clear whether these were orig i nally boudins or were con tin u -
ous prior to thrust ing.

Be cause most extensional struc tures are con fined to in di -
vid ual lay ers or are boudins, there are few ex am ples where they 
can be traced onto the roof so that the three-di men sional ori en -
ta tion can be de ter mined. Nev er the less, mea sure ments of five
slightly larger faults off set ting thicker strong pack ages (e.g.,
those in Fig. 10B) yield trends that are dis tinct from those of the
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Fig. 7. Contractional struc tures in the Spiza Salt shown by boudinaged stron ger siliciclastic lay ers (light grey)
 interbedded with ha lite (dark grey)

A – photo mo saic show ing steep forelimb be tween two backlimbs, with smaller-scale disharmonic folds in synclinal hinge zone; dashed red
boxes show the lo ca tions of other fig ures and the red as ter isk in di cates a prob lem in the photo stitch ing; B – asym met ric fold pair with short,
thick ened forelimb com pris ing con torted boudins; C – iso cli nal fold of two lay ers of anhydritic claystone (one light, one dark), with the lower,
over turned limb stretched and at ten u ated by shear (white ar rows)



contractional struc tures (Fig. 9B). In one area, two faults strike
NW–SE, and in an other, three faults strike closer to N–S. Al -
though few in num ber, these data sug gest ex ten sion in a di rec -
tion mod er ately to highly oblique to that of short en ing. This is
true re gard less of whether the ex ten sion hap pened af ter con -
trac tion (solid lines) or prior to short en ing (dashed lines).

INTERPRETATION

In the fol low ing sec tions, we of fer our pre lim i nary in ter pre ta -
tion of the intrasalt de for ma tion at the Wieliczka salt mine. First,
we of fer a model for the ge om e try and de vel op ment of the

large-scale struc ture us ing the me chan i cal stra tig ra phy and a
con text of overthrust shear be tween the basal salt de tach ment
and the over rid ing Carpathian thrust sheet. Sec ond, we eval u -
ate the rel a tive tim ing of meso- to small-scale extensional and
contractional struc tures and pro pose a model that ex plains our
ob ser va tions.

LARGE-SCALE GEOMETRY

We of fer be low a com plete cross-sec tion through the Wie -
liczka salt mine that at tempts to: 
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Fig. 8. Vari a tions in struc tural style along a transect in the Spiza Salt

A – sketch of ge om e tries along a roughly 16 m transect on the backlimb of a larger fold; dashed red boxes in di cate pho tos in other parts of fig -
ure; B – thrusted thicker strong layer with disharmonic smaller-scale folds in over ly ing thin ner-bed ded units (lo ca tion and in ter pre ta tion
shown in A); C – thick ened an ti cli nal hinge zone of boudinaged anhydritic claystones above equiv a lent, thin ner backlimb (lo ca tion and in ter -
pre ta tion shown in A); D – se quence of anhydritic claystones, each boudinaged, with har monic to disharmonic thrusts and folds within gently
folded meso-scale limb with disharmonic fold above (lo ca tion shown in A)



– hon our the me chan i cal stra tig ra phy and re sul tant struc tural
styles; 

– pro vide an ex pla na tion for the ob served ge om e tries of the
large-scale folds; 

– fill the space in the core of the large-scale struc ture, i.e., be -
tween the mine cor ri dors and the deep de tach ment. 

To do this, we first ad dress key as pects of the me chan i cal
stra tig ra phy, then in tro duce the pro cess of de for ma tion in over -
thrust shear, and fi nally pres ent our model cross-sec tion.

MECHANICAL STRATIGRAPHY

As shown in Fig ure 5, the Wieliczka For ma tion forms a
multilayer with a dis tinct me chan i cal stra tig ra phy. We di vide the
LES into four se quences of con trast ing rheologies:

– a thin basal ha lite-dom i nated layer that is weak (Old est
Salt); 

– a thin beam of rel a tively com pe tent, mostly siliciclastic rocks 
(Intrasalt Clastic Unit); 

– a thicker ha lite-dom i nated pack age that is weak but in ter -
nally vari able due to the com plex interbedding with thin
claystones and other stron ger rocks (Green Strat i fied,
Shaft, and Spiza salts); 

– a thick unit of un cer tain but prob a ble in ter me di ate strength
(Salt Brec cia Mbr.).

Thus, the Old est Salt is likely to be the basal de tach ment
and the main salt se quences should de cou ple de for ma tion in
the bound ing stron ger units.

The thick nesses are crit i cal in sev eral ways. First, the style
of salt-de tached short en ing de pends in large part on the thick -
ness and fric tional char ac ter of the décollement layer (Da vis
and Engelder, 1985; Stew art, 1999). Thick salt leads to more
sym met ric de for ma tion dom i nated by de tach ment folds, with
the salt fill ing an ti cli nal cores. In con trast, thin or welded salt,
due to its more fric tional char ac ter, leads to thrust-dom i nated
de for ma tion that is vergent to ward the fore land. Whether such
thrusted struc tures ini ti ated as de tach ment folds, with the faults
break ing out through one of the fold limbs (break-thrust folds of
Wil lis, 1893; Fischer et al., 1992), or as source-fed thrusts
(Hudec and Jack son, 2006), salt would have been car ried up in
the hang ing walls to shal lower lev els (Ro wan, 2020). Sec ond,
the thick ness of a com pe tent layer is the pri mary fac tor in con -
trol ling the wave length of struc tures, with thicker su pra- or
intrasalt strong lay ers form ing lon ger-wave length folds or more
widely spaced thrusts, and thin ner lay ers gen er at ing short -
-wave length struc tures (Ramberg, 1960; Biot, 1961). In short,
and by com bin ing these fac tors, the Intrasalt Clastic Unit is ex -
pected to have rel a tively closely spaced thrusts be cause both it
and the un der ly ing salt de tach ment are thin (Fig. 5), as seen in
the cross-sec tion by Poborski and Skoczylas-Ciszewska
(1963). The Salt Brec cia Mbr., how ever, should form lon ger -
-wave length folds due to the thick ness of both it and the main
salt se quence be neath it (e.g., Tołwiński, 1956; Garlicki, 1968).

There are, of course, com pli cat ing fac tors that in flu ence the
struc tural style. Other vari ables such as strain rate can play a
role, and both rheologies and thick nesses can vary from hin ter -
land to fore land and along strike. For ex am ple, the fans of both
the intra-Spiza siliciclastic layer and the Intrasalt Clastic Unit are 
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Fig. 9. Lower-hemi sphere, equal-area stereonet plots of small-scale struc tures

A – contractional fea tures (folded bed ding, thrust faults, ax ial planes, and fold axes) show ing cy lin dri cal na ture of folds in the
study area; red line is best-fit great cir cle to poles to bed ding, with cal cu lated fold axis in di cated by the red square per pen dic u lar to 
it; B – extensional faults shown with both their cur rent at ti tudes and the at ti tudes af ter un fold ing the strata to hor i zon tal; in the leg -
end, �n� – num ber of data points



thick est in the cen tre of the Wieliczka mine (Ślączka and
Kolasa, 1997; Bukowski, 1997; Gonera et al., 2012). In con -
trast, the debrites of the Salt Brec cia Mem ber and Green Strat i -
fied Salt IV both thicken to the east (e.g., Szybist, 1975; Gonera
et al., 2012).

OVERTHRUST SHEAR

The fold ge om e tries de picted in ex ist ing pub lished cross-
 sec tions of the Wieliczka area are rem i nis cent of those ob -
served in fold-and-thrust belts such as the Variscides of SW
Eng land, the Helvetic Nappes of the Swiss Alps, and the South -

ern Ap pa la chians of the USA (San der son, 1979; Ramsay et al.,
1983; Gib son and Gray, 1985). These set tings are char ac ter -
ized by cas cad ing sets of asym met ric folds with a mod er ately
dip ping or even curved fold en ve lope, with the hin ter land folds
perched above and be hind more fron tal, deeper, and more re -
cum bent struc tures (cf. Fig. 6B). They are in ter preted to form by 
overthrust shear, in which the folds de velop be tween two over -
lap ping thrust de tach ments (Ghosh, 1966; Manz and Wick ham, 
1978; San der son, 1979; Casey and Huggenberger, 1985;
Dietrich and Casey, 1989; Ro wan and Kligfield, 1992). We
know of no other pro cess that gen er ates this par tic u lar struc -
tural style.
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Fig. 10. Small-scale extensional struc tures within the Spiza Salt

A – strong siliciclastic lay ers with dif fer ent styles (extensional faults and boudins) and mag ni tudes of ex ten sion on backlimb of larger fold; B – 
photo mo saic of de coup led ex ten sion in thick and thin strong lay ers (red as ter isk in di cates an ap par ent thrust that is an ar ti fact of the photo
stitch ing); C – sim ple anticline with vari ably boudinaged anhydritic claystones on both limbs; note large amount of ex ten sion of deep est,
more iso lated layer (lo ca tion shown in Fig. 7A); D – disharmonically folded lay ers of boudins on north-dip ping forelimb of meso-scale fold,
with boudins some times thrusted or over lap ping (lo ca tion shown in Fig. 7A); E – photo mo saic show ing oblique cut through gently folded
strong lay ers with extensional faults and boudins; F – photo mo saic of over lap ping and folded boudins on backlimb of meso-scale anticline;
num bers in cir cles in di cate fea tures dis cussed in the text
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In overthrust shear, the bound ing thrusts may be par al lel or
di ver gent to ward the fore land. Bed ding orig i nally ori ented at an
an gle to the de tach ments first forms sym met ric buckle folds
(Fig. 11A). With in creas ing sim ple shear be tween the two
thrusts, the folds ro tate and be come asym met ric, pri mar ily by
ro ta tion of the forelimbs and ax ial sur faces and less by ro ta tion
of the backlimbs (Fig. 11B). Even tu ally, the forelimbs ro tate

past ver ti cal to over turned (Fig. 11C). The fold en ve lope (the
sur face con nect ing an ti cli nal or synclinal hinges) ro tates from
subhorizontal to ever steeper dips to ward the fore land. If sim ple
shear is un evenly dis trib uted, as is com mon, the fold en ve lope
de vel ops cur va ture (Fig. 11D). Note that there is no squeez ing
of the wedge be tween the thrusts; in stead, there is slip on both
thrusts and shear of the rocks in be tween.

The fi nite strain el lipse in overthrust shear is ori ented
obliquely to the bound ing thrusts and ro tates over time to closer
to the dip of the de tach ments (Fig. 11). This has sev eral im pli ca -
tions for smaller-scale de for ma tion. First, backlimbs are gen er -
ally aligned in the ex ten sion di rec tion and thus may lengthen,
pro duc ing extensional struc tures even in an over all contra ctional
set ting. Forelimbs have a more com plex his tory: when dip ping to -
ward the fore land (Fig. 11A, B), they are in the contractional do -
main and thus may shorten and thicken; but as they ro tate to
over turned ori en ta tions (Fig. 11C, D), they even tu ally en ter the
extensional do main and thus may de velop extensional fea tures
that over print ear lier contractional struc tures.

MODEL

To dis play our pro posed cross-sec tional ge om e try, we use
cross-sec tion 8 of Gaweł (1962), lo cated 400 m west of the sec -
tion in Fig ure 6B, as a frame work for sev eral rea sons. First, it is
in the cen tral area where there are cor ri dors lo cated along or
near the line at nine lev els, so that the ge om e try is rel a tively well 
con strained. Sec ond, there are other sec tions by Gaweł lo cated 
~170 m to ei ther side so that along-strike vari a tions in ge om e try
can be eval u ated. Third, we have thick ness trends in the cen tral 
part of this area for both the Intrasalt Clastic Unit (Bukowski,
1997) and the Green Strat i fied Salt (Gonera et al., 2012). And
fourth, sec tion 8 shows some of the key fea tures of Wieliczka,
in clud ing the three ma jor shal low folds/thrusts and some of the
deeper re peats of sec tion.

We use only the known data along the cor ri dors and in for -
ma tion from nearby ar eas as de picted on Gaweł’s sec tions and
maps. How ever, com par i son of Gaweł’s sec tion 12, in the east -
ern part of the mine, with that of Brudnik et al. (2000) in the
same area, shows some sig nif i cant dif fer ences in in ter pre ta tion
in the deeper parts of the stra tig ra phy. Spe cif i cally, one body of
Spiza Salt in Gaweł (1962) was iden ti fied as the Green Strat i -
fied Salt IV in Brudnik et al. (2000), and sev eral ar eas of older
“salt clays” of Gaweł (1962) were re in ter preted by Brudnik et al.
(2000) as the Green Strat i fied Salt IV with smaller out crops of
the “undersalt” siliciclastics (our Intrasalt Clastic Unit). In ad di -
tion, ac cord ing to Gonera et al. (2012), the Old est Salt is very
sim i lar to the up per parts of the Spiza Salt, with which it has
been con fused. Thus, we have re in ter preted some of the ge om -
e tries de picted in Gaweł’s sec tion at the deeper lev els and have 
fo cused on re peats of sand stone within the “salt clays” in his
sec tions and maps. More over, we have lumped to gether the
Spiza, Shaft, and Green Strat i fied salts to em pha size the pri -
mary me chan i cal stra tig ra phy de scribed above and shown in
Fig ure 5.

The big gest un knowns are, first, the geo met ric re la tion ship
be tween the Carpathian nappes and the Wieliczka For ma tion
just south of the mine (cor ri dors have crossed from the Salt
Brec cia Mbr. into the flysch) and, sec ond, how to fill the space
be tween the deep est mine lev els and the basal de tach ment.
The de tach ment is some what con strained by bore holes drilled
be neath the west ern part of the mine, which en coun tered
claystone and anhydrite, pre sum ably of the Krzyżanowice For -
ma tion (the equiv a lent to the Wieliczka For ma tion), and then
the presalt Skawina For ma tion at ~100 m b.s.l. (from un pub -
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Fig. 11. Fold de vel op ment dur ing overthrust shear be tween
di verg ing thrusts

A – orig i nally hor i zon tal bed forms sym met ric buckle folds (thick
line) and hor i zon tal fold en ve lope (thin-dashed lines); B – folds am -
plify and be gin to de velop asym me try as fold en ve lope ro tates; C –
asym me try and fold-en ve lope dip both in crease as forelimbs be -
come over turned; D – curved fold en ve lope and deeper re cum bent
folds if sim ple shear is con cen trated in lower part of wedge; move -
ment rel a tive to basal de tach ment not shown; el lipse shows ap -
prox i mate fi nite strain el lipse for each stage, with black and white
in di cat ing contractional and extensional fields, re spec tively;
adapted from San der son (1979) and Ro wan and Kligfield (1992)
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lished mine ar chives). Since there are no deep data in the area
of the cross-sec tion, we con sider sev eral con cep tual end-mem -
ber pos si bil i ties to fill the space be tween this de tach ment and
the cor ri dors: 

– with de formed Skawina beds, but this would re quire a
deeper de tach ment be neath the salt; 

– with thrusted and/or folded strata of the Intrasalt Clastic
Unit; 

– with over turned or re peated Green Strat i fied, Shaft, and
Spiza salts and even the Salt Brec cia Mbr. Al though
Skawina beds have been re ported from the cor ri dors, these
are likely just re worked clasts, just as there are clasts of
older parts of the LES and even of Carpathian flysch. 
Thus, we opted for a com bi na tion of the last two op tions,

namely both re peated/over turned strat i fied salts and brec cia as 
well as short ened Intrasalt Clastic Unit beds. We em pha size,
though, that the de picted ge om e try be neath the mine cor ri dors
is mostly un con strained and thus sche matic.

The large-scale ge om e try de picted in Fig ure 12 is most sim -
i lar to that shown by Poborski and Skoczylas-Ciszewska
(1963). We spec u late, based on the bore holes that en coun -
tered the deep de tach ment level, that the de for ma tion was lo -
cal ized by an abrupt tran si tion across a base ment fault from
strat i fied salts of the Wieliczka For ma tion to equiv a lent an hyd -
rites and claystones of the Krzyżanowice For ma tion (Fig. 12),
al though any such fea ture is prob a bly lo cated far ther south than 
shown. The over all form of the de formed LES is that of
overthrust shear with en hanced shear near the base of the di -
ver gent wedge (Fig. 11D). Within the wedge, the struc tural style 
is de pend ent on the me chan i cal stra tig ra phy of the multilayer

(Fig. 12). The thin, com pe tent Intrasalt Clastic Unit forms thrust
im bri cates de tached on the equally thin Old est Salt (Fig. 13).
The im bri cates form sev eral du plexes at three lev els that are
thrust into the Green Strat i fied, Shaft, and Spiza salts, as shown 
in the deep est cor ri dor lev els. Be cause some of the Old est Salt
is car ried up in the hang ing walls of the thrusts (Fig. 13), it over -
rides the youn ger salts in places and might have been tec toni -
cally mixed due to shear ac com mo dat ing the em place ment,
thereby com pli cat ing the task of strati graphic iden ti fi ca tion of
dif fer ent salt lay ers. This may have oc curred at the Green Strat -
i fied Salt IV level, where the thrusts first emerge into the salt
over ly ing the Intrasalt Clastic Unit, or higher in the stra tig ra phy.
In con trast to the thrust-dom i nated deeper de for ma tion, the
thicker Salt Brec cia Mbr. forms in clined to re cum bent iso cli nal
anticlines cored by nar row spines of the Spiza Salt. The in ter -
ven ing syn clines of the Salt Brec cia Mbr. are lobate, ex tend ing
down into the un der ly ing salt. It is the main salt se quence, com -
pris ing the Green Strat i fied, Shaft, and Spiza salts, that ac com -
mo dates the very dif fer ent ge om e tries above and be low. It is
un clear, how ever, how much of the salt be neath the du plexes is
over turned or right-side-up.

The cross-sec tion (Fig. 12) was drawn so that the amount of 
short en ing is bal anced for the top of the thrusted Intrasalt
Clastic Unit and the base of the folded Brec cia Mbr. Each level
has ~2.1 km of short en ing, not in clud ing the amount of dis -
place ment on the basal de tach ment. How ever, it is not un rea -
son able that some short en ing might have been on go ing dur ing
de po si tion of the Wieliczka For ma tion, so that the deep lev els
should ac tu ally have more short en ing. Af ter all, the ad vanc ing
Carpathian nappes were shed ding eroded sed i ment into the
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Fig. 12. Sim pli fied cross-sec tion through the area of the Wieliczka salt mine

Cross-sec tion based on: 1 – mapped re la tion ships of cross-sec tion 8 of Gaweł (1962), it self based on ob ser va tions from mine
cor ri dors (hor i zon tal solid and dashed black lines where on or close to, re spec tively, the line of sec tion; Ro man num bers in di cate
mine lev els), 2 – the me chan i cal stra tig ra phy of the Wieliczka For ma tion LES, and 3 – thick ness vari a tion in the Salt Brec cia Mbr.
and Intrasalt Clastic Unit (e.g., Bukowski, 1997); the level of the basal anhydrite layer is con strained by deep bore holes some -
what west of the sec tion, but the base ment fault and deep fold/thrust ge om e tries be low and to the south of the mine are spec u la -
tive; lo ca tion of cross-sec tion in di cated on Fig ure 6A



evaporite ba sin, and sed i men tary re work ing of the evaporites
them selves show that there was a depositional slope. For ex -
am ple, the Mid/Sub-salt Sand stone is in ter preted as a sub ma -
rine fan de posit sourced from the south (Bukowski, 1997). The
pres ence of a slope dur ing evaporite de po si tion sug gests that
the south ern part of the salt ba sin was be ing up lifted, pos si bly
by early de for ma tion within the Wieliczka For ma tion it self. More 
early short en ing could be in tro duced into Fig ure 12 by in creas -
ing the num ber and com plex ity of the im bri cate thrusts.

The most fron tal shal low ge om e tries do not show any ev i -
dence of hav ing been in flu enced by the over ly ing tri an gle-zone
backthrust (Fig. 4). In stead, the folds are all strongly asym met -
ric to ward the fore land (Fig. 12). The backthrust may have been 
a dis crete de tach ment, with out any as so ci ated shear de for ma -
tion in its footwall, it may have post dated much of the de for ma -
tion in the Wieliczka area, or it is sim ply too far to the north for its 
ef fects to be seen in the vi cin ity of the mine. The sec ond pos si -
bil ity would be com pat i ble with on go ing de for ma tion dur ing and
af ter evaporite de po si tion but is pure spec u la tion.

We in ter pret the large-scale ge om e try as be ing en tirely due
to the re gional tec ton ics for sev eral rea sons. First, the struc ture
is par al lel to the Carpathian thrust front, and pub lished sec tions
show the south ern most part of the Wieliczka struc ture in volved
in Carpathian thrust im bri cates (e.g., Poborski and Skoczylas -

-Ciszewska, 1963; Garlicki, 1968). Sec ond, it is part of a tri an gle 
zone, which is a com mon fron tal fea ture of fold-and-thrust belts. 
Third, dif fer ent lev els ap pear to have roughly the same amount
of short en ing, which would not be ex pected for soft- sed i ment
de for ma tion. And fourth, the ge om e tries and likely or i gin in
overthrust shear im ply a pro gres sive de for ma tion his tory, not a
sud den event or se ries of events. None of these proves the tec -
tonic or i gin but, when taken to gether, they sug gest that a tec -
tonic or i gin is the in ter pre ta tion of least as ton ish ment and co in -
ci dence.

SMALL-SCALE DEFORMATION

ORIGIN AND RELATIVE TIMING OF EXTENSION 
AND CONTRACTION

The Green Strat i fied, Shaft, and Spiza salts ex pe ri enced net
short en ing along with su pra- and subjacent lay ers. They also
flowed dif fer en tially to ac com mo date dif fer ences in fold ge om e -
tries above and be low, thereby thin ning in places and thick en ing
in oth ers. Al though this com plex de for ma tion is not readily ap par -
ent in the ha lite beds them selves, it is re corded in the meso- to
small-scale struc tures that are nicely ex posed in the interbedded
siliciclastics of the mine (Figs. 7, 8 and 10). Again, how ever, a
long-stand ing de bate con cerns whether all these fea tures, even
if the large-scale de for ma tion was tec tonic, were also tec tonic or
whether at least some of them could have been caused by
soft-sed i ment de for ma tion dur ing evaporite de po si tion.

Whereas the large- and meso-scale fea tures are en tirely
contractional, the small-scale struc tures are both contractional
and extensional. Extensional struc tures can readily de velop
dur ing short en ing, es pe cially in overthrust shear (Ramsay et al., 
1983). As shown by the fi nite strain el lip ses in Fig ure 11,
backlimbs are in the extensional field dur ing much of the his tory, 
but forelimbs en ter the extensional field only if they ro tate to
over turned ori en ta tions. In our small study area in the Wieliczka 
salt mine, all limbs, re gard less of ori en ta tion, dis play boudinage
and extensional faults. Crit i cally, forelimbs dip ping to ward the
fore land, which have al ways been in the contractional field and
are there fore com monly thick ened (Fig. 7B), have plen ti ful
small-scale extensional struc tures (Figs. 7A, B and 10C–E).
Thus, al though overthrust shear may have con trib uted to some
of the small-scale ex ten sion, it can not ex plain all the ob served
cases.

An other mech a nism for de vel op ing extensional struc tures
dur ing short en ing is com mon for com pe tent lay ers em bed ded
in duc tile ha lite (Ro wan et al., 2019). Al though strong lay ers
main tain their co her ency at low val ues of strain, in creased
short en ing leads to bed dis rup tion and boudinage. How ever,
this is con cen trated be neath syn clines and in the cores of
anticlines, while fold limbs are gen er ally char ac ter ized by co her -
ent, al beit folded, lay ers. In the ana lysed area at Wieliczka,
boudinage is prac ti cally ubiq ui tous (Figs. 7, 8 and 10), sug gest -
ing that, again, al though this pro cess may have con trib uted to
the de for ma tion, it can not by it self ac count for all the ob served
ex ten sion.

The ques tion of or i gin ul ti mately co mes down to de ter min -
ing whether the contractional and extensional struc tures were
co eval or part of sep a rate de for ma tion events. A sep a rate or i gin 
is im plied by the very dif fer ent ori en ta tions of the two types of
struc tures. Whereas the meso- to small-scale contractional
struc tures have es sen tially iden ti cal ori en ta tions and asym met -
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Fig. 13. Thrust du pli ca tion of old est Wieliczka For ma tion  
se quences

Sketch of ob served fea tures in shaft drilled from Level VIII in the
west ern part of the mine (Wiewiórka, 1974, unpubl. data); thrust fault 
car ies thin sliver of Old est Salt in hang ing wall, in ad di tion to the
Intrasalt Clastic Unit (and WT-3 tuff; see Wiewiórka, 1979) and low -
er most Green Strat i fied Salt; unit colours are those of Fig ure 5
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ric ge om e tries (vergent to ward the north) as the large-scale
folds, the lim ited num ber of nor mal faults mea sured im plies ex -
ten sion in an ENE–WSW di rec tion (Fig. 9). Dis tinct or i gins and
tim ing are also sug gested by the ar gu ments cited above, in
which the ubiq ui tous dis tri bu tion of boudinage can not be ex -
plained by ei ther short en ing in overthrust shear or layer dis rup -
tion dur ing con trac tion.

Sev eral ob ser va tions in di cate that ex ten sion pre dated
short en ing and had a non-tec tonic or i gin. First, lay ers in close
prox im ity to each other dis play very dif fer ent amounts of ex ten -
sion, with some lay ers barely ex tended and oth ers hav ing large
gaps be tween boudins (Fig. 10A, C). This is com pat i ble with an
ep i sodic pro cess dur ing de po si tion but is un likely if the ex ten -
sion was later and orogenic in na ture. Sec ond, there are many
ex am ples of boudins that are now over lapped, pre sum ably due
to short en ing af ter for ma tion (Fig. 10D, F). When com bined
with the ubiq ui tous dis tri bu tion and dif fer ent ori en ta tions, the
ev i dence is fairly strong that early ex ten sion was fol lowed by
later con trac tion. Hav ing said that, there are also cases, al -
though rel a tively rare, where late ex ten sion ap pears to have
mod i fied short en ing struc tures. For ex am ple, the small
extensional faults in Fig ure 10E were not ro tated by fold ing.
Thus, there was likely some com po nent of synorogenic ex ten -
sion, pos si bly due to limb ex ten sion dur ing overthrust shear.

MODEL

The di rec tion of the palaeo-slope is gen er ally as sumed to
have been to ward the north due to the to pog ra phy gen er ated by 
the Carpathian thrust front (e.g., Ślączka and Kolasa, 1997;
Burliga et al., 2018), al though there may have been lo cal vari a -
tions due to fan mor phol ogy. How ever, there are no pub lished
ori en ta tion data for struc tures clearly as so ci ated with sed i ment
re work ing. Mea sured at ti tudes are for fea tures in ter preted as
tec tonic, which do show roughly north-di rected move ment
(Tarka, 1988; Cyran, 2008; see also Fig. 9A).

Here, how ever, we doc u ment a lim ited num ber of exten -
sional faults that are highly oblique to the main tec tonic struc -
tures. More over, we ar gue that the boudinage and exten sional
faults ob served in the study area mostly pre dated the orogenic
de for ma tion and were caused by syndepositional grav ity glid -
ing. Thus, the ori en ta tions of the extensional faults, cor rected
for later orogenic fold ing (dashed lines, Fig. 9B), in di cate that
move ment prior to short en ing was to ward the east and north -
east. One in ter pre ta tion is that this was the di rec tion of the
palaeo-slope. In ter est ingly, to the east and south-east of Wie -
liczka is the Gdów Embayment, so named be cause of the
reentrant in the fron tal Carpathian thrust. In fact, this was a sig -
nif i cant depocenter just prior to evaporite de po si tion
(Alexandro wicz, 1965; Garlicki, 1971; Krzywiec et al., 2012),
with up to at least 1000 m of Skawina For ma tion strata that
were later in verted. This is con sis tent with the Skawina For ma -
tion be neath the Wieliczka salt mine thick en ing from 45 m in the 
west to 350 m in the east, to ward the Gdów Embayment
(Wiewiórka, 1988).

Even if there was no on go ing tec tonic sub si dence dur ing
evaporite de po si tion, the Gdów Embayment would have re -
mained a depocentre dur ing the sa lin ity cri sis due to load ing
sub si dence and dif fer en tial com pac tion alone (Krzywiec et al.,
2012). This is com pat i ble with pub lished stud ies of parts of the
Wieliczka For ma tion First, the Green Strat i fied Salt IV is in ter -
preted as pre dom i nantly a slump de posit that thick ens to ward
the east (Gonera et al., 2012). Sec ond, the Salt Brec cia Mem -
ber is also a mass-wast ing de posit (Ślączka and Kolasa, 1997)
that thick ens in the same di rec tion (e.g., Szybist, 1975). Third,

rip ples in intra-Spiza siliciclastics show con sis tent east to north -
east flow di rec tions (Ślączka and Kolasa, 1997); al though they
were in ter preted as re cord ing long shore cur rents, we sug gest
in stead that they might rep re sent downslope flow.

Where was the study area lo cated dur ing de po si tion?
Ślączka and Kolasa (1997) re ported 10 km of dis place ment of
Mid dle Mio cene rocks to ward the north dur ing the Late Mio -
cene. More over, the study area is in the up per, south ern por tion 
of the mine (Fig. 6B), which, af ter un fold ing of the ge om e tries in
our cross-sec tion (Fig. 12), would have been a fur ther 2 km to
the south. Given the lack of hard con straints, we place the study 
area a some what ar bi trary 10 km south of its cur rent lo ca tion
(Fig. 14). As sum ing that the Gdów depocentre was still ac tively
sub sid ing, as ex plained above, the re gional palaeo-slope would 
have been to ward the east or north-east. The early boudinage
and extensional faults sug gest that the area was in the exten -
sional prov ince of the grav i ta tional sys tem, i.e., in the up per por -
tions of the top o graphic slope. Sub se quent Carpathian fold ing
and thrust ing would have trans lated the area north ward to its
cur rent po si tion (Fig. 14). Dif fer ent es ti mates of the amount of
short en ing would not sig nif i cantly change the model sce nario.

If the small-scale extensional struc tures are syn sedimen -
tary, could not some of the small-scale contractional struc tures
in the study area have a sim i lar or i gin? Al though pos si ble, we
doubt this for two rea sons. First, grav ity-driven sys tems at any
given time are gen er ally sep a rated into extensional, trans -
lational, and contractional prov inces (see, e.g., Ro wan, 2020).
Thus, the co eval short en ing would have been lo cated far ther
downslope, i.e., in the deeper lev els of the east ern part of the
mine or even far ther east. Sec ond, it is un likely that grav -
ity-driven con trac tion would have over printed the ex ten sion.
Typ i cally it is just the op po site that oc curs: as the sed i ments
prograde and/or tec tonic up lift pro gresses to ward the fore land,
both the extensional and contractional prov inces would have
cor re spond ingly shifted in the same di rec tion (e.g., Ro wan,
2020). Thus, it is more likely to have early contractional struc -
tures over printed by ex ten sion, but we have ob served the op po -
site re la tion ship in our small study area.

Fig. 14. Pro posed evo lu tion ary model for the Wieliczka area

Small area of map in Fig ure 2 show ing the lo ca tion of Wieliczka,
Bochnia, the Carpathian thrust front, and the Gdów Embayment
(colours and sym bols as in Fig ure 2); the white star shows the ap -
prox i mate depositional po si tion of Wieliczka rel a tive to the fore land, 
with the yel low ar row in di cat ing ENE-di rected downslope syndepo -
sitional grav ity glid ing into the deeper ba sin of the embayment and
the red ar row show ing sub se quent N-di rected orogenic trans la tion
of ~10 km
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DISCUSSION AND CONCLUSIONS

In this con tri bu tion, we have an a lysed the intrasalt struc -
tures within the Wieliczka salt mine at a range of scales. Our
goals have been sev eral: first, to un der stand the large-scale ge -
om e tries and de ter mine their likely or i gin and de vel op ment; and 
sec ond, to eval u ate the meso- to small-scale struc tures and as -
cer tain whether they are tec tonic or syndepositional in or i gin.

Nu mer ous cross-sec tions through the Wieliczka area have
been pub lished. Al though most are some what to largely sim i lar
in that they dis play a se ries of asym met ric, cas cad ing folds,
they lack an ad e quate ex pla na tion of why the folds take the
form they do. We have at tempted to pro vide a sub re gion al con -
text, spe cif i cally sug gest ing that they formed due to overthrust
shear be tween two di verg ing thrust de tach ments, one at the
base of the salt se quence and one at the base of the over rid ing
Carpathian fron tal nappe. This pro cess gen er ates folds that are 
asym met ric and in clined at up per lev els but be come more re -
cum bent at lower lev els. The over all de formed wedge is part of
a tri an gle zone de vel oped dur ing the Carpathian Orog eny.

An ad di tional crit i cal fac tor in de ter min ing the ge om e tries is
the me chan i cal stra tig ra phy of the Wieliczka For ma tion LES.
Al though com plex at the small scale, it is rel a tively sim ple at the
large scale, com pris ing four dom i nant in ter vals with dif fer ent
strengths and thick nesses (Fig. 5). The two basal units are thin
(roughly 10 m each), with a weak ha lite (Old est Salt) over lain by 
strong siliciclastics (Intrasalt Clastic Unit). This re sults in thrust
im bri cates, with a rel a tively short spac ing, com pris ing mostly
the strong layer but also a thin sliver of the salt (Fig. 13). The im -
bri cates are largely de coup led from the thicker, up per strong
unit (Salt Brec cia Mbr.) by a rel a tively thick se quence of weak,
ha lite-dom i nated lay ers (Green Strat i fied, Shaft, and Spiza
salts). Thus, the up per part of the de formed wedge con sists of
long-wave length cuspate-lobate folds, with the anticlines cored
by nar row spines of salt (Fig. 12).

Com plex small-scale extensional and contractional struc -
tures are ubiq ui tous and best dis played by the siliciclastic lay ers
interbedded with the ha lite lay ers. They have been at trib uted in
the lit er a ture to ei ther tec ton ics or soft-sed i ment de for ma tion. We 
are able to dem on strate, al beit only in a small area of the mine
and with lim ited data, that most of the ex ten sion pre dated the
short en ing, and in ter pret that whereas the contractional struc -
tures were part of the north-vergent tec tonic de for ma tion, the
boudinage and extensional fault ing were caused by grav ity-
 driven downslope move ment dur ing evaporite de po si tion. More -
over, we pos tu late that the palaeo-slope dipped to ward the east
to north-east, into the Gdów Embayment, which was a prom i nent 
depocentre prior to, and likely dur ing, evaporite de po si tion.

We em pha size that the re sults pre sented here are pre lim i -
nary. Again, we con ducted no map ping of the large-scale struc -
ture our selves and we ana lysed the small-scale struc tures only
in a lim ited area of the mine. Thus our mod els and con clu sions
should be taken as a start ing point for fur ther work. It is only by
ad di tional anal y sis that our ideas can be tested, re fined, or
disproven. Spe cif i cally, we high light sev eral av e nues for con tin -
ued re search. First, some as pects of our large-scale cross-sec -
tion need to be in ves ti gated, for ex am ple: whether or not the

Old est Salt is com monly emplaced above youn ger salts (Fig.
13); whether the Intrasalt Clastic Unit typ i cally forms stacked
thrust im bri cates (Fig. 13); and whether all in stances of
Skawina Beds are in deed re worked. Sec ond, the small-scale
struc tures need to be mea sured and eval u ated in more ar eas,
ide ally through out the mine from west to east and from the most
hin ter land, shal low lev els to the deeper, fron tal lev els. Do the
extensional fea tures main tain a con sis tent rel a tive tim ing, dis tri -
bu tion, and ori en ta tion, or are there changes that could be re -
lated to vari a tions in the palaeo-slope? Are there any early,
syndepositional contractional struc tures in ar eas that would
have been lo cated far ther down the palaeo-slope? Do the struc -
tures change style, in ten sity, or ori en ta tion from older to youn -
ger lay ers of the evaporite se quence? Third, sim i lar anal y ses
should be con ducted at the Bochnia salt mine be cause it is lo -
cated on the other side of the Gdów Embayment, and any early
extensional struc tures might have been di rected to wards the
west and north-west into the depocentre. Fi nally, the re sults of
de tailed struc tural stud ies should be com bined with the wealth
of seis mic and bore hole data to build an in te grated, three-di -
men sional model of the Mio cene ge om e try and evo lu tion of the
Zgłobice tri an gle zone in the area of the two salt mines and the
in ter ven ing Gdów Embayment.

The re sults of this study should be of in ter est to those work -
ing not only on Wieliczka it self but also on the struc ture and
stra tig ra phy of the Mio cene evaporite se quences through out
the long arc of the Carpathians. But the find ings could also have 
wider ap pli ca tion. Nu mer ous fore land ba sin salt de pos its have
sim i lar depositional and deformational as pects. Prob a bly the
clos est an a log is the Ebro Ba sin of the South ern Pyr e nees
(e.g., Krzywiec and Vergés, 2007). Not only are the Paleogene
evaporites in volved in the fron tal de for ma tion, but they con tain
interbedded siliciclastics and re worked/slumped evaporites
(e.g., Carrillo et al., 2014). An other an a log is the Kuqa Ba sin of
NW China, in the foot hills of the Tien Shan Moun tains, where
the fron tal thrust is de tached in Palaeogene LES that have sig -
nif i cant lat eral and hin ter land-to-fore land vari a tions in the pro -
por tions and fa cies of interbedded siliciclastics (e.g., Liu et al.,
2008; Izquierdo-Llavall et al., 2018).

Ul ti mately, a better un der stand ing of the intrasalt struc ture
ex posed within the Wieliczka salt mine is a wor thy goal in and of
it self. This is a world-fa mous site with a long his tory not only of
ex ploi ta tion but also of gen eral won der and awe at both the nat u -
ral and man-made struc tures. Many of the vis i tors are geo -
scientists, whether they are there on field trips or just as tour ists,
and any ideas that may in crease our ap pre ci a tion of the eva -
porite ge ol ogy and stim u late fur ther study are surely worth while.
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