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Abstract: Salt deposits in the Wieliczka area (Wieliczka Salt Deposit  – WSD) in southern Poland comprise salt-
rich strata belonging to an evaporite succession that originated in the Carpathian Foredeep basin in the Middle 
Miocene Badenian (Serravallian) times, ca 13.81–13.45 Ma. Although they have been mined since the 13th century 
and decades of investigations provided abundant data on their origin and structure, some aspects of their geo-
logical evolution are still not fully understood. This study presents current concepts on the lithostratigraphy and 
tectonics of the WSD.

The salt-bearing facies developed near to the southern basin margin, delineated by the Carpathian orogenic 
front. Such a location triggered the redeposition of sediments and gravity-driven deformation followed by tec-
tonic deformation related to the forelandward advancement of the Carpathian thrusts. As a result, the WSD con-
sists of folds and slices composed of two main salt members: (1) the stratified salt member, with intercalating salt, 
sulphates and siliciclastics, and (2) the boulder salt member, built of clays with large, isolated blocks of salt. The 
stratified member contains abundant meso-scale tectonic structures recording the soft-sediment deformation 
and deformation related to the northward tectonic push exerted by the advancing Carpathian thrust wedge. The 
boulder member originated due to the syntectonic erosion of evaporites along the basin margins and their redep-
osition during progressive northward migration of the Carpathian front. Recent interpretations of seismic data 
imply that the WSD constitutes the core of a triangle zone developed at the contact of the Carpathian orogenic 
wedge with the backthrust-displaced foredeep sedimentary fill. Meso-scale examples of sedimentary and tectonic 
structures in the salt-bearing succession exposed in the underground Wieliczka Salt Mine are described and their 
formation modes discussed.
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INTRODUCTION
The structural style of deformation of sedimen-
tary rock complexes depends primarily on their 
tectonic setting and lithological variation. The key 
role in the deformation is played by weak rock lay-
ers such as rock salt and shale. These lithological 

types promote the development of décollements, 
detachments, thrusts and folds due to their spe-
cific rheological and physical properties (relative-
ly low density and viscosity, and high water con-
tent), which significantly differ from those related 
to other sedimentary rock types. Thrust-and-fold 
belts affected by actively involved rock salt and 
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shale packages are known both from contrac-
tional provinces, such as orogenic belts (e.g. Da-
vis & Engelder 1985, Sans & Vergés 1995, Callot 
et  al. 2012, Bahroudi & Koyi 2014, Carillo et  al. 
2017), and from continental margin environ-
ments which originated in response to extension 
(Weimer & Buffler 1992, Cobbold et al. 1995, Mor-
ley & Guerin 1996, Rowan et al. 2004, Cartwright 
et al. 2012, Rowan et al. 2012). In the latter case, 
the gravity-triggered deformation of sediments is 
dual in style: extensional structures develop over 
steeper segments of the slope and contractional 
thrust-and-fold belts form over areas of dimin-
ishing slope angle. There are also provinces where 
orogenic belts override adjacent foreland sedimen-
tary basins, in which the extensional basin-stage 
tectonic structures are superposed by orogenic 
belt-derived contractional ones. Such cases have 
been studied e.g. in Himalayan, Zagros, Pyrene-
an and Carpathian foreland basins (Vergés et al. 
1985, Lillie et al. 1987, Puigdefàbregas et al. 1992, 
Oszczypko 1998, Oszczypko et al. 2006, Bahroudi 
& Koyi 2014, Carillo et al. 2017). It has long been 
known that salt bearing rock complexes may be 

piled up at the front of orogenic belts, however, it 
is only during the last few decades that it has been 
realized that they can constitute the cores of tri-
angle zones which developed on a  regional scale 
along the frontal contacts of orogenic wedges with 
the sedimentary fill of their foredeeps (cf. e.g. 
Krzywiec & Vergés 2007 and references therein). 

The majority of tectonic structures occurring 
in such geological settings are recognized only 
as large-scale events, based on seismic sections 
and/or borehole and surface data interpretations. 
Relatively little information has been published 
to date on the detailed structural style of salt-rich 
complexes deformed either on sedimentary basin 
slopes or in thrust-fold belts. This mostly results 
from the lack of appropriate exposures. In fact, 
the only locations where such a deformation can 
be studied are underground salt mines. A unique 
opportunity to study in detail many aspects of the 
structure and tectonics of salt-bearing strata de-
formed in a foreland basin overridden by an oro-
genic wedge is afforded by the ancient Wieliczka 
Salt Mine located at the very thrust front of the 
Carpathian orogenic belt (Fig. 1). 

Fig. 1. Salt deposits in the Polish Carpathian Foredeep and location of the study area. WSD  – Wieliczka Salt Deposit; BSD  – 
Bochnia Salt Deposit. Distribution of evaporites after Bukowski (2011)



73

Geology, Geophysics and Environment, 2018, 44 (1): 71–90

Salt tectonics in front of the Outer Carpathian thrust wedge in the Wieliczka area (S Poland) and its exposure in the underground salt mine  

This paper introduces the reader to the geolog-
ical setting and overall tectonics of the Wielicz-
ka Salt Deposit (WSD)  – a belt of salt-rich rocks 
trending along the Carpathian edge in the vicin-
ity of the town of Wieliczka. It gives an overview 
of the current state of knowledge about the origin, 
structure and evolution of this Miocene salt-bear-
ing evaporite succession. Subsequently, it offers 
a  more detailed description of exemplary phe-
nomena illustrating the geology and tectonics of 
the WSD on a meso-scale, exposed in the under-
ground galleries and chambers of the Wieliczka 
Salt Mine. 

A BRIEF HISTORY OF SALT MINING  
AND GEOLOGICAL RECOGNITION  
OF THE WSD 

Salt deposits in the Wieliczka area in southern Po-
land were excavated from at least the 13th century, 
when the first documented shaft was construct-
ed, and this had been preceded by the produc-
tion of evaporated salt, dating back to Neolithic 
times, ~3300–2500 BC (Jodłowski, 1988, d’Oby-
rn & Przybyło 2010). The early development of 
salt mining in the area was facilitated by the local 
structural conditions, where Miocene salt-bear-
ing strata had been tectonically squeezed out from 
below the advancing thrust sheet wedge, dis-
placed and piled up at shallow subsurface along 
the Carpathian orogenic front. The oldest pre-
served maps by M. German (1645, fide d’Obyrn 
& Przybyło 2010) documenting the salt works in 
Wieliczka show that there were already three min-
ing levels at Wieliczka in the 17th century. In the 
1730-ies, the first cross-section across the WSD 
was published by Borlach (fide d’Obyrn & Przy-
było 2010). Relatively modern structural research 
and exploration of the salt deposits began in the 
19th century. At that time, the first realistic geolog-
ical cross-sections were published and the occur-
rence of thrusting phenomena was documented 
(Hrdina 1842, Zejszner 1844). A  comprehensive 
description of the surface and subsurface geology 
showing the evaporite succession was published 
by Niedźwiedzki (1883–1884). Over the next hun-
dred years of mining, dozens of shafts and more 
than 300 km of drifts and chambers were mined 
over nine levels. In 1996, salt extraction ended 

and since then the mining works have focused on 
the protection of this unique industrial and cul-
tural monument, inscribed on UNESCO’s World 
Heritage List in 1978. Although it became a  fa-
mous tourist attraction as early as at the end of the 
17th century, its potential as a unique geological at-
traction is still underappreciated. 

REGIONAL SETTING

The WSD occurs within an elongated belt of Mi-
ocene salt-bearing evaporite succession, deposit-
ed in the Carpathian Foredeep (Fig. 1). This was 
a  foreland basin developing in front of the Car-
pathian orogeny, which, at present, stretches over 
a distance of ~1300 km, from Vienna in Austria, 
through Czechia, Poland and Ukraine, to Roma-
nia (e.g. Oszczypko et  al. 2006, Wysocka et  al. 
2016). The Polish segment of the Carpathian Fore-
deep (PCF) is ca 300 km long and, outside the 
Carpathians, varies in width from a few kilome-
ters near to Kraków, up to 90 km further east. The 
basin formed part of the Parathethys and was be-
ing filled with mostly clastic sediments in the Ear-
ly and Middle Miocene, the evaporites document-
ing only an episode of chemical sedimentation in 
the Middle Miocene (Badenian).

The PCF was overridden from the south, by 
up to 50 km, by the advancing Outer Carpathi-
an thrust wedge, which resulted in the partial in-
corporation of the PCF’s synorogenic Miocene fill 
in the thrust system (e.g. Oszczypko 1997, 1998, 
Krzywiec et al. 2004, 2014, Oszczypko et al. 2006, 
Głuszyński & Aleksandrowski 2016). This led to 
the subdivision of the PCF into two subunits: the 
inner PCF, which is situated beneath the Carpath-
ian nappes, and the outer PCF, extending north of 
the Carpathians’ margin (Oszczypko 1997, 1998, 
Oszczypko et al. 2006). 

Along the northern margin of the Outer Car-
pathians in Poland a zone of tectonized Miocene 
deposits crop out and this is distinguished as the 
Zgłobice Thrust Unit (ZTU, e.g. Kotlarczyk 1985, 
Połtowicz 1991, 2004, Krzywiec et al. 2004, 2014, 
Żelaźniewicz et  al. 2011, Głuszyński & Alek-
sandrowski 2016, and references therein). All the 
near-surface rock salt occurrences in the PCF, 
making a  chain of separated salt bodies, are lo-
cated within this tectonic unit. Salt-bearing strata 
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have also been documented in boreholes drilled 
in the autochthonous Miocene both north of the 
Carpathian margin and below the Carpathian 
thrust-sheets, in the inner part of the foredeep 
(Garlicki 1968, Bukowski 2011), however, their 
spatial relationships with the shallow salt deposits 
in the ZTU are still not fully recognized. 

The WSD defines the westernmost constituent 
of the salt chain in the ZTU. The salt bodies and 
salt-bearing strata extend there over a distance of 
ca 10 km and vary in width between a  few hun-
dred meters to ca 1.5 km, whereas the depth of 
their occurrence varies from several tens of me-
ters to 400 m below the ground surface. 

THE LITHOSTRATIGRAPHY  
OF THE SALT-BEARING SUCCESSION

The PCF was predominantly filled with synoro-
genic and postorogenic, mostly clastic, sediments 
in the Early and Middle Miocene. Their total 
thickness ranges between several hundred meters 
and ca 3.5 km in the outer part of the PCF and 
up to ca 1500 m in the inner part of the foredeep 
(Oszczypko 1998). The rock salt-bearing, evap-
orite succession was formed in the Middle Mio-
cene, following the extensive marine transgression 
of the Parathethys Sea into the Carpathian Fore-
deep, starting in the early Badenian (Oszczypko 
et al. 2006). The sedimentary fill of the PCF in the 
vicinity of Wieliczka rests on a Mesozoic substra-
tum and consists of three successive formations of 
uneven thickness, from base to top, being the Ska-
wina, Wieliczka and Machów formations (Fig. 2).

The lowermost, Skawina Formation represents 
siliciclastic deposits, interpreted as deep sea sedi-
ments (Peryt 2006). They are overlain by an evap-
orite succession, itself comprising two, laterally 
equivalent formations (Alexandrowicz et al. 1982, 
Garlicki 1994): the Wieliczka Formation, domi-
nated by chloride facies with interlayers of gyp-
sum, anhydrite, claystones, shales and minor sand-
stones, and the Krzyżanowice Formation built of 
sulphate facies, i.e. mainly gypsum and anhydrite 
with interlayers of siliciclastic rocks (claystones, 
mudstones, sandstones and locally limestones). The 
increasing eastward total thickness of the Wielicz-
ka Formation is estimated to vary between ~40 m 
and more than 200  m (Garlicki  2008), with the 

thickness increasing eastwards. The thickness of 
the Krzyżanowice Formation is between ~60 m in 
the marginal segments of the PCF and ~10–20 m 
in its central part (Pawłowski et al. 1985). Garlic-
ki (1979) distinguished altogether five cycles of the 
Badenian saliferous deposition in the PCF, annotat-
ed as I to V and the proposed models of their evo-
lution. These cycles are, however, well distinguish-
able mainly in sediments of the autochthonous, 
outer part of the foredeep. A model of sulphate fa-
cies development was presented by Bąbel (2007 and 
references therein) as well as by Bąbel & Boguski 
(2007). The models for both facies were also recent-
ly discussed by Bukowski (2011) and Głuszyński & 
Aleksandrowski (2016). The two evaporitic forma-
tions are roughly coeval, although the sulphate for-
mation is interpreted to have been deposited con-
tinuously since the beginning of the Paratethyan 
Badenian salinity crisis until its end, whereas the 
chloride facies were formed during the peak stag-
es of the crisis and became mostly distributed in 
the southern part of the PCF (Garlicki 1979, Peryt 
2006, Śliwiński et  al. 2012). The time span of the 
evaporite succession deposition has been reliably 
determined with radiometric dating of rhyolite 
and andesite tuffs which underlie, are interlayered 
with and overlie the evaporate-bearing strata (de-
tails and references in Bukowski 2011 and Śliwiń-
ski et al. 2012). The investigations by de Leew et al. 
(2010) show that the salinity crisis in the PCF must 
have postdated 13.81 ± 0.08  Ma and the chloride 
precipitation started around 13.60 ± 0.07 Ma. The 
chemical deposition and the Badenian salinity cri-
sis ended before 13.45 ± 0.06 (de Leew et al. 2013), 
although Śliwiński et  al. (2012) interpreted the 
duration of evaporite precipitation to continue 
till ca. 13.06 ± 0.11 Ma. Thus, the Wieliczka and 
Krzyżanowice formations are Serravallian in age 
and correlate with the lower part of Nannoplankton 
Zone 6 (NN 6) in the Mediterranean (de Leew et al. 
2010, 2013, Śliwiński et al. 2012, Bojar et al. 2018). 

The evaporite formations are overlain by the 
siliciclastic-marly Machów Formation (Alexand-
rowicz et  al. 1982). In the southern part of the 
present-day surface extent of the PCF, close to 
the Carpathian front, the basal part of the forma-
tion is distinguished as the Chodenice Beds and is 
composed of 200–300 m-thick series of claystones 
with interlayers of fine sandstones and marlstones. 
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Above them, the Grabowiec Beds occur, which is 
another 200–350 m thick, though coarser-grained 
clayey-marly-sandy series (Porębski & Oszczypko 
1999).

A detailed lithological profile of the salt-bear-
ing succession in the vicinities of Wieliczka is 
shown in Figure 2. This is a local subdivision, in-
corporating historical terms originating over the 
course of centuries of mining. The salt-bearing 
deposits are traditionally divided into two main 
members (Gaweł 1962). The lower member, called 
stratified or bedded salt, is represented by various 
types of rock salt interlayered with anhydritic or 

salty claystones and siltstones, where the beds, al-
though tectonized, maintain their original strati-
graphic arrangement within large-scale tectonic 
structures. The upper member is termed boulder 
salt and predominantly consists of a  mixture of 
claystones and salty claystones (the so called zu-
ber) with blocks of rock salt, altogether not dis-
playing visible stratification at the meso-scale. 

There are five main rock salt litostratigraphic 
units within the stratified deposits (Fig. 2): (a) old-
est salts (typically porphyric rock salt, with ad-
mixture and intercalations of clay, silt and sand), 
(b) green layered salts (consisting of five rock salt 

Fig. 2. Litostratigraphy of the WSD (after Wiewiórka et al. 2008, compiled after Gaweł 1962, Garlicki 1979, Wiewiórka 1988, 
Bukowski 2011)
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layers annotated as I–V, with anhydritic clay-
stone intercalations), (c) shaft salt (relatively pure, 
coarse-grained rock salt, locally containing hy-
drocarbon inclusions), (d) lower- and (e) upper 
spiza salts, both coarse-grained rock salts, with 
intercalations of sandy anhydritic claystones. The 
oldest and green layered salts are separated by 
mid-salt sandstones, anhydritic claystones and 
siltstones, whereas the green layered salts, shaft 
salt, lower and upper spiza salts are separated pre-
dominantly by anhydritic claystones. The strata 
underlying and overlying the salt-bearing succes-
sion consist of anhydritic claystones and siltstones 
with intercalations of sandstones. According to 
Garlicki (2008), the bottom part of the succession, 
including the oldest salts, originated during the 
evaporite cycles I and II, the green layered, shaft 
and lower spiza salts formed during the cycle III, 
and the upper spiza salt during the cycle IV. The 
rock salt succession in the vicinity of Wieliczka is 
underlain by the topmost part of the Skawina For-
mation, built of claystones and referred to as sub-
salt claystones (Gaweł 1962, Garlicki 1979).

The boulder deposits above the stratified mem-
ber contain blocks of different types of rock salt 
in clay mass. The rock salt in the blocks varies 
in grain size from fine- to coarse-grained, being 
laminated or with no visible lamination, display-
ing various shades of greenish, whitish or greyish 
colors. There are also blocks built of aggregates of 
large halite crystals mantled by clays, with some 
crystals containing a distinct chevron type struc-
ture. The size of blocks ranges from a  few centi-
meters to tens of meters in diameter; they depict 
sharp boundaries with clays and are commonly 
rounded. The largest known block of rocks salt is 
estimated to be over 100,000 m3 in volume (Tarka 
1992). In case the lamination is visible in clays, it 
may be either concordant or discordant with the 
layering in salt blocks. Boulder deposits are in-
terpreted as originally shallow mudflat clay and 
salt sediments redeposited to a deeper part of the 
basin (Kolasa & Ślączka 1985, Bukowski 1994, 
2011, Ślączka & Kolasa 1997). Redeposition and 
soft-sediment deformation was also document-
ed in the stratified salt member and the effects of 
those processes are evidenced, among others, by 
the occurrence of salt conglomerates and brec-
cias, liquefaction phenomena in clastic sediments, 

slumps, marlstone pebbles in salt layers, and ad-
mixture of carbonized flora material of terrestrial 
origin (Ślączka & Kolasa 1997, Wagner et al. 2010, 
Bukowski 2011). 

There exists some controversy as to the nature 
of the contact between the stratified and boul-
der members of the salt-bearing succession and 
the origin of the latter member. Kolasa & Ślącz-
ka (1985) provided arguments in favor of a sedi-
mentary origin of this deposit and of its bound-
ary with the stratified member (e.g. the presence 
of redeposited material, with rock salt originated 
in various environments as well as cobbles and 
pebbles of Carpathian flysch rocks). On the other 
hand, Tarka (1992) documented small-scale tec-
tonic structures and slickensides along this bor-
der in some locations and claimed the tecton-
ic origin of the boundary and, thus, arguing for 
the tectonic origin of the whole boulder member. 
A tectonic origin for the boulder deposits was also 
postulated in earlier studies by Gaweł (1962), Po-
borski & Skoczylas-Ciszewska (1963) and Połto-
wicz (1977).

THE STRUCTURE OF THE WSD

The tectonic deformation effects in the salt depos-
its of the Wieliczka area are not uniform in style. 
In the west, within the Barycz salt field, a folded 
salt series is thrust over the autochthonous salt at 
the front of the Carpathian flysch thrust wedge 
and, therefore, the salt deposits in this section are 
built of both autochthonous and allochthonous 
salts (Fig. 3). Along the westernmost section they 
are overridden by the Carpathians thrust sheets 
(i.e. tectonically overlain by the Carpathian flysch 
strata), whereas further east, the WSD is situated 
at the immediate front of the thrust sheets. Thus, 
the Outer Carpathian flysch front trends oblique-
ly in this area to that of the salt deposit belt. The 
salt-bearing thrust unit is predominantly built of 
folded sequence, and thrusts are not distinctive in 
the tectonic structure. Another characteristic fea-
ture of the western segment of the WSD is that it 
is mostly composed of the stratified member and 
the boulder member is relatively thin in it (Gaweł 
1962, Poborski & Skoczylas-Ciszewska 1963, 
Połtowicz 1977 and references therein, Wiewiór-
ka 1988). 
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The historical mining was concentrated in the 
central part of the WSD, in the direct vicinity of 
the town of Wieliczka, and, therefore, this part of 
the deposit is best recognized. The most compre-
hensive study on internal tectonic structure of the 
salt-bearing succession was carried out by Gaweł 
(1962), who presented numerous detailed maps 
and sections across the deposit (Fig. 4). In the fol-
lowing years, also other authors contributed to 
further recognition of both the internal struc-
ture and tectonic evolution of the WSD (Pobor-
ski & Skoczylas-Ciszewska 1963, Garlicki 1968, 
1979, Połtowicz 1977, Kolasa & Ślączka 1985, Tar-
ka 1992, Bukowski 1994, Ślączka & Kolasa 1997, 
Cyran 2008). Based on those studies, it is known 
that the stratified portion of the salt deposit hosts 
three major thrusts: the northern, central and 
southern ones, separated by siliciclastic rock beds 
of the underlying Skawina Formation (Figs. 4, 5). 
The thrusts are, in general, southerly inclined at 
a  moderate angle (~25°), concordantly with the 
Carpathian frontal thrust (Tarka 1992). 

Although the boulder member does not pos-
sess distinctive stratification, the elongated blocks 
of rock salt in clays do show a preferred orienta-
tion. Their longer diameters typically trend con-
cordantly with the boundary with the stratified 

member and display variable plunge between 45° 
and 75° (Gaweł 1962, Cyran 2008). In the Wie-
liczka mine area, the thickness of the boulder 
and stratified members is generally comparable, 
whereas towards the east the boulder deposits 
become the main component of the salt-bearing 
succession (Szybist 1974, fide Cyran 2008).

The key problem which remained under dis-
cussion for a long time was the genetic relation-
ship between the folded and overthrust strati-
fied member and the overlying boulder member. 
According to the published cross-sections (e.g. 
Figs. 3–5), the boulder deposits are at least part-
ly involved in the thrust-folding pattern of the 
stratified deposits. The salt-rich deposits of the 
stratified member apparently intrude the boul-
der member as tongue-like (sheath?) folds and 
the thrusts seem to propagate into or terminate 
within them. Because the boulder deposits are 
also folded in a  similar style together with sul-
phate rocks above the rock salt-bearing units 
(Figs. 3–5), all these observations imply that the 
boulder member is a product of sedimentary pro-
cesses, as interpreted by Kolasa & Ślączka (1985) 
and it was deformed simultaneously with the 
stratified member due to the Carpathians push-
ing from the rear during the final overthrusting 

Fig. 3. Cross-section across the western part of the WSD (interpretation by Szybist, redrawn from Batko 1973, modified):  
1  – Jurassic, 2  – Carpathian flysch, 3  – Skawina Formation, 4  – non-salt rocks in the salt succession (Krzyżanowice and Wie-
liczka formations), 5  – stratified salt member of the salt succession (Wieliczka Formation), 6  – boulder member of the salt suc-
cession (Wieliczka Formation), 7  – Chodenice Beds (Machów Formation), 8  – Quaternary, 9  – faults
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Fig. 4. Cross-section across the central part of the mining area in the WSD showing the distribution of selected rock salt types 
and excavated bodies of salt in the boulder salt member (after Gaweł 1962, modified): 1  – green layered salts, 2  – mid-salt sand-
stone, 3  – shaft salt, 4  – spiza salts, 5  – excavated blocks of salt in boulder salt member. White color for non-salt deposits. An-
notations I–VI  – mining levels

Fig. 5. Cross-section across the central part of the WSD (after Poborski 1965, fide Kuc 2016, modified): 1  – Jurassic, 2  – Car-
pathian flysch, 3  – sulphate rocks in Skawina, Krzyżanowice and Wieliczka formations, 4  – other rocks of Skawina Formation, 
5  – stratified salt member of the salt succession (Wieliczka Formation), 6  – boulder member of the salt succession (Wieliczka 
Formation), 7  – Chodenice Beds (Machów Formation), 8  – Grabowiec Beds (Machów Formation), 9  – gypsum-clayey cap rock, 
10  – Quaternary, 11  – faults

episode. The slickensides documented along the 
contact of the two members by Tarka (1992) point 

to the local activation of this lithological and, thus, 
a mechanical boundary during the thrusting. 
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Since the stratified member is lithologically 
heterogeneous and well stratified, being composed 
of alternating salts, claystones and sulphate rocks, 
abundant meso-scale tectonic structures have de-
veloped in this multilayer system in the course of 
tectonic deformation. These structures include 
folds of various dimensions and geometry (also 
superposed folds), thrusts and various systems of 
normal and reverse faults, boudinage, joints and 
veins (Gaweł 1962, Tarka 1992, Cyran 2008). Most 
of them display spatially consistent geometry and 
orientation of structural elements, indicative of 
evolution under roughly stable stress field condi-
tions and consistently N–S oriented direction of 
tectonic contraction (Tarka 1992, Cyran 2008). 
This direction is in line with that of the final stage 
of thrusting at the Carpathian orogenic front and, 
therefore, the tectonic structures in the salt-bear-
ing succession can be interpreted as developed 
due to the push from the advancing Carpathian 
thrust wedge. However, as demonstrated original-
ly by Kolasa & Ślączka (1985) and Ślączka & Kola-
sa (1997), there is a reliable record of gravity-driv-
en redeposition and soft-sediment deformation 
preserved in the WSD. Although still related to 
the Carpathian orogenic wedge advancement, the 
direct factors responsible for the gravity-sliding, 
sediment redeposition and soft sediments defor-
mation in front of the wedge were the topographic 
gradient at the sedimentary basin margin and in-
creasing sediment load due to enhanced erosion of 
stacking sediments at the front of the Carpathians 
thrust sheets. These factors must have triggered 
the redeposition of Miocene sediments, their liq-
uefaction, development of slumps and slides and 
a broad spectrum of deformation structures, such 
as slump folds, boudinage related to layer glid-
ing and compressive tectonic structures in areas 
of slope gradient change. These early deformation 
structures were later superimposed by tecton-
ic structures which developed during the thrust-
ing and folding due to the compression exerted 
directly by the overthrusting Carpathian thrust 
sheets at the rear. 

The salt-bearing succession also contains a re-
cord of brittle tectonic deformation, represented 
by joints, organized in spatially regular sets, and 
veins of epigenetic minerals (gypsum/anhydrite 

and halite), as well as effects of deformation relat-
ed to phase transition between gypsum and anhy-
drite after sediment burial. The superposition of 
deformational structures, which originated at dif-
ferent evolutionary stages of the salt-bearing suc-
cession under the influence of various key factors, 
makes it quite challenging to distinguish between 
their particular generations. This seems to be the 
primary cause of variable interpretations and ar-
guments on the WSD origin, structure and defor-
mation.

For decades, one of the subjects of both study 
and discussion has been the mechanical role 
played by the Miocene PCF evaporites during 
the final phases of thrusting of the Outer Car-
pathians (e.g. Tołwiński 1956, see Krzywiec et al. 
2004, 2012, 2014 for more detailed description). 
The Miocene foredeep strata became folded and 
thrust-faulted adjacent to the Carpathian front 
during that deformation stage, forming the mar-
ginal ZTU, where décollement and detache-
ment surfaces were located in evaporite horizons 
(Oszczypko et al. 2006, Sieniawska et al. 2010). The 
forelandward advance of the orogenic wedge also 
led to the gradual northward shifting of the dep-
ocenter in the Miocene foredeep basin, and thus, 
coevally with the thrusting, a thick succession of 
synorogenic sediments accumulated in the outer 
PCF. At present, the WSD is piled up between the 
Carpathian front and the autochthonous deposits 
of the outer PCF.

Earlier tectonic models, prepared using drill-
hole and surface geological data, assumed a dom-
inant role of the northward-directed thrusting in 
piling and pushing up the evaporites. A recent in-
terpretation of high-quality seismic sections from 
the area located east of the WSD proved that with-
in the zone characterized by the presence of rel-
atively thick Miocene evaporites, including also 
rock salt, the Carpathian orogenic front is dom-
inated by wedge tectonics, including backthrust-
ing and the development of triangle zones (Krzy-
wiec et al. 2004, 2012, 2014, Bukowski et al. 2010, 
Głuszyński 2014, Głuszyński & Aleksandrows-
ki 2014, 2015). By comparison with these seismic 
data, a similar tectonic model involving a triangle 
zone might be applied to the WSD (Fig. 6), follow-
ing an earlier opinion of Jones (1997). 
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The thick mass of salt rocks in the WSD must 
have accumulated not only through squeezing the 
salt from below the northward thrusting Carpath-
ian flysch wedge but also in response to loading 
the foreland with a thick synorogenic sedimentary 
succession of the Chodenice and Grabowiec for-
mations, which eventually disabled the foreland-
ward propagation of the Carpathian thrusts, and 
triggered the backthrusting of the Miocene strata. 
The thick mass of rock salt-bearing evaporites of 
the WSD constitutes the core of the thus formed 
triangle zone at the front of the Carpathian thrust 
belt. The validity of such an interpretation is sup-
ported by results of analyses of seismic sections in 
other parts of the PCF and by analogue modelling 
(e.g. Sieniawska et  al. 2010, Głuszyński & Alek-
sandrowski 2016). 

CONCLUSIONS 

The WSD is composed of Miocene (Badenian/
Serravallian) evaporite-siliciclastic succession 
deposited in the Carpathian foreland basin and 
later variously affected by tectonism at the front 

of the approaching Carpathian thrust wedge. 
This neighborhood influenced both the syn-oro-
genic sedimentary facies development and dis-
tribution, as well as the subsequent deformation 
of the sediments. The effects of two main stages 
of deformation can be distinguished in the rocks 
exposed in the Wieliczka Salt Mine. These are 
the products of gravity-driven, soft-sediment 
deformation, and those of tectonic deformation 
related to the northward thrusting of the Car-
pathian orogenic wedge, superimposed on the 
former. Both are represented by abundant large- 
and small-scale tectonic structures developed in 
the salt-bearing strata. Since both the sediment 
gravity gliding leading to redeposition of sedi-
ments in the Carpathian foredeep and the thrust 
displacements of the Carpathian orogenic wedge 
were towards the north, the structures formed 
at different stages of tectonic evolution do not 
differ significantly in orientation, often making 
it difficult to distinguish between those origi-
nated at the early and those formed at the late 
evolutionary stages of the Carpathian foredeep  
margin.

A

B

Fig. 6. Comparison of the Outer Carpathian orogenic front (A) in the Pilzno area (from Krzywiec et al. 2014) and (B) in the 
Wieliczka area (cross-section redrawn from Tołwiński 1956, modified). In both cases, the presence of the Miocene evaporites 
triggered substantial backthrusting and the formation of the triangle zone 
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FIELD EXAMPLES

Below, selected problems of the WSD geology are 
reviewed in reference to exposures available in the 

Wieliczka salt underground mine level 2, which 
will be visited during the CETEG 16th Meeting 
field session. An approximate location of the par-
ticular field session sites is presented in Figure 7.

PROBLEM 1: Geology of the boulder salt member
Sites: 1, 2, 3, 4, 5, 7, 8
Location: 2nd mine level 

The discussion on the origin of the boulder salt 
member has focused on a question whether it had 
formed in response to tectonic (Gaweł 1962, Po-
borski & Skoczylas-Ciszewska 1963, Połtowicz 
1977, Tarka 1992) or sedimentary factors (Kola-
sa & Ślączka 1985, Bukowski 1994, 2011, Ślącz-
ka & Kolasa 1997). The member consists of clays 
and boulders of two dominant types of rock salt: 
the green boulder salt, typically layered, and so 

called stained glass salt  – with its name due to 
the fabric the salt displays, being made up of rel-
atively big (up to over 10 cm), pure halite crystals 
coated with clays (Fig. 8). The crystals in the lat-
ter salt type are subhedral, elongated to irregu-
lar, thus, the salt fabric cannot be unequivocal-
ly explained with any single geological process.  
However, since only some crystals depict a chev-
ron structure, with growth rims visible with a na-
ked eye (Fig. 8D), it can be concluded that this 
type of salt is a  mixture of halite that had crys-
tallized in various environments and subsequent-
ly became redeposited and mixed with clays.  

Fig. 7. Approximate location of phenomena discussed in the text on a sketch map of the Wieliczka mine level 2
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The salt layering in boulders is either consistent 
with or oblique to that in clays, and at some loca-
tions, a  veneer of epigenetic, granular or fibrous 
halite appears along the contact. Veins of epigen-
etic halite of various types (including fibrous) are 
common in clays. All these observations are in fa-
vor of the sedimentary origin of the boulder salt 
and its subsequent semi-brittle to brittle deforma-
tion due to compression in front of the approach-
ing Carpathian thrust wedge. However, open 
questions still remain: since the size of the largest 
boulders is measured in tens of meters (estimated 
e.g. in chambers dug out in single salt boulders, 
such as the famous Maria Teresa or Franciszek 
Karol chambers or the St. Kinga Chapel), what 
were the sedimentary environments and processes 

which made an accumulation of such a thick salt 
package possible, together with its subsequent dis-
integration into blocks, and what, if any, was the 
role of tectonics in it. 

PROBLEM 2: Stratified salt member  
and its boundary with boulder salt
Sites: 5, 6, 7, 10, 11, 13, 14, 15
Location: 2nd mine level 

There is also a  controversy about the origin of 
the stratified salt member and the nature of its 
contact with the boulder member. The stratified 
salt member consists of five lithostratigraphic 
salt units (Fig. 2), originated during cyclic evap-
oration in the Badenian (Garlicki 1979, 2008). 

Fig. 8. Geology of the boulder salt member: A) a contact between a green layered-salt boulder and claystone; B) a glass-stained 
salt boulder composed of large halite crystals coated by claystone; C) a contact between two boulders consisting of different salt 
types; D) an example of chevron halite in the glass-stained salt

A

C

B

D
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However, Kolasa & Ślączka (1985) and Ślączka & 
Kolasa (1997) showed evidence for redeposition of 
some lithified salt beds, and expressed and opin-
ion that the lower and upper spiza salts are rede-
posited sediments. The stratified salt member is 
mostly composed of various types of rock salt, 

interlayered with anhydritic claystones, shales and 
sandstones and it hosts a  wide range of tectonic 
structures, including folds and thrusts (Fig. 9). It 
is, therefore, contrastingly different in structure 
to the boulder member, which has led to mutually 
opposing interpretations of their contact. 

Fig. 9. Geology of the stratified salt member and its contact with the boulder salt member: A) lithological heterogeneity of the 
stratified member enabled development of a wide variety of meso-scale structures, indicative of ductile and brittle mechanisms 
of deformations; B)–F) folds in rock salt, originated and shaped during progressive deformation; E, F  – a folded contact between 
the stratified salt (SSM) and boulder salt (BSM) members

A

C

E

B

D

F
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Slickensides documented e.g. by Tarka (1992) 
in now inaccessible galleries, were used as an ar-
gument for the tectonic nature of the contact. 
Currently, available sections show that the contact 
is locally folded and the rock salt intrudes into 
clayey salt as narrow folds with extremely thinned 
out noses, or along thrust planes (Fig. 9). Such an 
arrangement implies that the two members have 
deformed together and, thus, their boundary is of 
sedimentary origin. Epigenetic halite veins also oc-
cur locally along the contact, commonly depicting 
a fibrous structure, and therefore it is possible that 
casts of halite fibres were misinterpreted as slick-
ensides in other locations. However, the tectonic 
displacement along the contact could occur locally.

Meso-scale folds in rock salt display a variety of 
shapes and dimensions (Fig. 9). The axial planes of 
most folds are inclined concordantly with an over-
all inclination of strata, dipping mainly southward 
(and locally northward) at variable angles, between 
0° and 90°. This, together with varying bed strike 
in a map scale, points to control of large-scale tec-
tonic structures on meso-scale fold geometry. The 
majority of minor folds are tight, isoclinal and of-
ten of sheath-fold characteristics Box, fan and su-
perimposed folds also occur, the latter being most 
commonly open. Due to lithological heterogene-
ity and the variability of layer thickness, folds are 
dominantly disharmonic (Fig. 9).

PROBLEM 3: Carpathian flysch sediments  
in the salt succession
Site: 8
Location: 2nd mine level

The timing of deformation in the salt deposit has 
remained far from being precise. The main epi-
sodes of deformation took place in the late Bad-
enian during the deposition of the salt succession 
(primarily gravity driven deformation) and prob-
ably ended in the Sarmatian during or prior to the 
deposition of the Grabowiec Beds, since the latter 
unit is not involved in Carpathian thrusting and 
overlies the partly deformed Wieliczka Formation 
and Chodenice Beds. The presence of Carpathian 
flysch rock bodies within the boulder salt member 
(Fig. 10) suggests that the tectonization of the salt 
succession was contemporaneous with the north-
ward advancement of the nearby orogenic wedge. 

The structural geometry and dimensions of flysch 
bodies in the Wieliczka salt deposit are not known. 
These are mostly marls and clays, interpreted as 
olistoliths by Kolasa & Ślączka (1985) and Ślączka 
& Kolasa (1997) and containing Turonian-Cam-
panian foraminiferal assemblages (Machaniec & 
Zapałowicz-Bilan 2005). The accessible mine gal-
lery sections indicate that the flysch fragments be-
came deformed together with the boulder salt de-
posits (Fig. 10). 

The influence of the advancing orogenic wedge 
and northward migration of the southern ba-
sin margin is reflected in the lithology of the up-
permost spiza salt units. The rock salt is silt- and 
sand-rich and contains admixtures of coalified 
flora. The geochemical characteristics of the coals 
implies their wood fire origin (Wagner et al. 2008) 
and the coaly material highlights the folded inter-
nal structure of the salts (Fig. 10). The geometry of 
the folds is typical of flow folds with superposed 
shearing and they document soft-sediment de-
formation of water saturated sediments, probably 
representing slump folds. 

PROBLEM 4: Rheology of the salt complex  
during deformation
Sites: 6, 9, 10, 11, 12, 13, 14, 15
Location: 2nd mine level 

The most spectacular sets of deformation struc-
tures are developed in lithologically heteroge-
neous rock units, consisting of interlayering rock 
salts, anhydritic clays, shales and sandstones, 
i.e. in the green salt and upper and lower spiza 
salt units. In almost every exposure a  structur-
al record of both ductile and brittle deformation 
(folds, faults boudinage, veins, and joints) is en-
countered, indicative of changes in rheological 
properties of rocks during the structural evolu-
tion of the WSD structure. The style of deforma-
tion is obviously linked with competence or vis-
cosity contrasts between the layers, as well as with 
the layer thickness. However, even individual lay-
ers may display variable deformation along their 
extent. For example, relatively thick (from 1 cm 
to >100 cm) sandstone and anhydritic claystone 
layers embedded in salt, developed classical bou-
dinage, book shelf structures, boudins’ imbrica-
tion and folding of boudinaged layers (Figs. 9, 11). 
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The boudinage of anhydritic claystone layers 
in folded salts reveals complex patterns, with e.g. 
imbricated and folded boudins in fold limbs and 
hinges (Fig. 11). Typically, the colour of rock salt 
adjacent to boudins is whitish, suggesting that 
the salt is of secondary origin, free of clay and 
anhydrite admixtures. The reported observa-
tions indicate progressive deformation of layers, 
starting with boudinage developed due to layer 
stretching, then followed by shearing and fold-
ing. The boudinaged layers may then have un-
dergone thrusting and normal or reverse fault-
ing in other segments of the layers. The resultant 

structures can be traced both along the N–S sec-
tions, i.e. orthogonally to the layers’ strike (and 
in line with the gravity-driven and orogenic-re-
lated transport directions), as well as in the W–E 
sections, i.e. along-strike. The boudinaged lay-
ers traced in N–S sections display folding, im-
brication and piling up of boudins, dominantly 
in larger-scale folds’ hinges, with northward ver-
gence. The along-strike cross-sections reveal folds 
of boudinaged and faulted layers displaying flat-
tened elliptical or lenticular shapes, pinching out 
sideways and separated with layers without clear 
deformation features (Fig. 11E). 

Fig. 10. Carpathian material in salt bearing strata in Wieliczka: A) flysch rocks (CF) in the boulder salt member; B) coaly mate-
rial (dark colour) in salt strata; C) coalified flora (dark colour) delineates layering in salt 
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Fig. 11. The role of rheological variation in the salt succession is demonstrated by the varying styles of deformation of layers, 
being primarily dependent on the competence or viscosity of individual layers and sets of layers, their thickness and location in 
large-scale tectonic structures: A) progressive deformation of a sandstone and claystone layers: they are both boudinaged, folded 
and thrusted over themselves; halite veins document the latest stages of deformation; B) boudins of anhydritic-claystone layers 
in a hinge of a fold in rocksalt; C) boudinage around a large-scale synform; D) overthrusting clay- and sand-rich layers in an 
along-strike view; E)–G) along-strike (relative to the extent of the WSD) view of deformational structures: E  – folds are elliptical 
in shape; F  – folds in intercalating layers of relatively low competence contrast depict subordinary flame-like folding in hinges; 
G  – domains with deformed layers typically display lenticular shape, resembling channel fills, slump or slide lobes in a cross-sec-
tion; H) imbricated boudins typically pile up in hinges of northward verging folds
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In case of layers with less contrasting compe-
tence, the elliptical and flattened folds are com-
plexly folded at sideway hinges, with minor folds 
resembling flame-like patterns at the contact with 
the adjacent rock salt (Fig. 11F). 

The properties of rock salt during deforma-
tion are enigmatic, as intensely folded layers of re-
crystallized halite may neighbour rock salt layers 
containing relics of primary sedimentary struc-
tures and textures. Large amplitude vs. width ra-
tios of folds in rock salt (in some cases the ratio 
exceeds 20) and the ability of salt to intrude the 
boulder salt member along thrusts planes, imply 
the high mobility of salt. Because there is no in-
dication of the deep burial of the salt deposits, the 
low viscosity of the rock salt must have been due 
to the high water content in the rock (cf. Talbot & 
Jarvis 1984, Talbot et  al. 2000, Urai et  al. 2008). 
Secondary crystallization of rock salt around an-
hydritic-claystone boudins or in fold hinges, as 
well as dewatering structures in sand-rich layers 
adjacent to salt layers confirm this conclusion. 
A high content of water in the sediments can also 
be inferred from irregular contacts of some rela-
tively pure salt layers with claystones or clay- and 
sand-rich rocksalt, being indicative of the partial 
dissolution of those pure salt layers and their em-
placement as slabs or slices into clayey or sandy 
sediments. Summing up the observations, the sets 
of mezo-scale tectonic structures point to the de-
formation of the salt succession under high water 
saturation and northward directed flow or gliding 
of beds. The lenticular geometry of deformed lay-
er stacks in along-strike sections of the mine gal-
leries implies that they have formed due to grav-
itational, downslope, progressive advancement of 
lobes of submarine slumps or slides. 

The flow of salt in sediments on basin slopes 
is documented in several locations worldwide, e.g. 
in the Gulf of Mexico and Red Sea (e.g. Hudec 
& Jackson 2006, Feldsen & Mitchell 2015). These 
modern environments may serve as equivalent 
settings both in respect to sedimentary and ear-
ly deformational evolution of the WSD. Howev-
er, since most of the observable meso-structures 
in the WSD are due to soft-sediment deforma-
tion, a  question arises: what is the meso-struc-
tural record of the tectonic strain related to the 
overthrusting Carpathians? Apart from overall 
reorientation of strata (from northward dipping 

to southward dipping) and thrusts and folds doc-
umented on cross sections at a map scale, the only 
apparent meso-scale tectonic structures are halite 
and anhydrite veins, and joints. The halite veins 
are fibrous or granular in texture and they either 
cross-cut earlier deformed strata or follow fault or 
thrust surfaces, thus possibly being related to their 
reactivation.

PROBLEM 5: Veins
Sites: 10, 15, 16
Location: 2nd and 3rd mine levels 

Anhydrite and halite veins developed at vari-
ous stages of deformation and they document 
changes in the geochemistry of fluids circulat-
ing in the WSD. The older sets of veins are built 
of fine-grained anhydrite. They are both oblique 
and parallel to layering. In many locations, these 
veins display apparent folding, with the style of 
folds resembling those of ptygmatic folds or, more 
commonly, enterolithic folds. Although the bed-
ding-parallel veins of anhydrite look like sedi-
mentary layering, their mineralogical purity and 
only local occurrence imply their epigenetic origin 
(Fig. 12). 

Fig. 12. Set of anhydrite veins internally deformed due to 
phase transition between anhydrite and gypsum
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The exposed surfaces of veins show cuspate-lo-
bate morphology. Thus, such a style of anhydrite 
veins must have resulted from the phase transition 
between anhydrite and gypsum, i.e. from the in-
crease in volume of hydrated anhydrite, by even 
up to 61% (Pettijohn 1975). Although which of 
the two sulphate minerals originally precipitated 
in the sedimentary basin is not known, the phase 
transition between them must have taken place at 
least twice, as at present the veins are built of an-
hydrite again. Therefore, the anhydrite veins also 
bear a  record of the progressive variation in the 
depth of burial of the WSD strata, due to loading 
with a thick synorogenic succession derived from 
the northward thrusting Carpathians followed by 
erosional unloading during the uplift and inver-
sion of the Miocene basin. 

Halite veins are typically fibrous, showing 
the antitaxial growth of fibres and their relative-
ly consistent orientation in similar sets of veins 
over large areas. Thus, the majority of halite veins 
must have developed during the latest stages of 
the WSD tectonic deformation. Less common are 
mineralogically composite veins with two or only 
one wall built of anhydrite and with fibrous halite 
in the core or aside, respectively.
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