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The Wieliczka salt mine, near Krakéw in southern Poland, is a world-famous historical and modern destination for both
geoscientists and tourists. Despite numerous publications, there is still a lack of consensus on the nature and origin of the
large-scale folds as well as whether the small-scale structures represent tectonic or soft-sediment deformation. In this pre-
liminary work, we offer new ideas on both aspects. At the large scale, we emphasize the mechanical stratigraphy of the lay-
ered evaporite sequence, which comprises a thin basal weak layer, a thin strong unit, a thicker weak layer, and a thicker
strong unit. We suggest that the inclined to recumbent folds and thrusts formed tectonically due to overthrust shear between
the basal detachment and the overriding Carpathian frontal thrust, with different structural styles decoupled by the thick weak
layer. At the small scale, we suggest that there was early extension directed toward the east to north-east, followed by con-
traction vergent toward the north. We infer that there was early, syndepositional gravity gliding down a topographic slope dip-
ping into the coeval Gdéw depocenter to the east, and that subsequent north-directed Carpathian shortening generated the

small-scale contractional structures as the larger folds were developing.
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INTRODUCTION

The Wieliczka salt mine, located just 12 km south-east of
the centre of Krakéw, Poland, is a world-famous cultural site
that was added to UNESCO'’s World Heritage List in 1978
(https://whc.unesco.org/en/list/), just after the list was estab-
lished. It has long been regarded as a classic geologic locality,
with excellent exposures of fold structures within Miocene
evaporites deposited in the Carpathian Foredeep. Under-
ground operations at Wieliczka salt mine started in the 13th
century. Since then, >300 km of shafts, galleries, and corridors
have been excavated in the mine, including chambers located
within gigantic, cathedral-size boulders of almost pure halite.

Wieliczka has appeared relatively frequently in the litera-
ture of previous centuries. In the second half of the 16th cen-
tury a poem was published in Latin that was entirely devoted to
the Wieliczka “abyss” (Schroter, 1564; cf. Maslankiewicz,
1965). lllustrations of salt crystals from Wieliczka were pub-
lished by Ulisse Aldrovandi, often referred to as a father of
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studies of natural history (Aldrovandi, 1648). Soon after, a
travelogue by a “Curious Gentleman of Germany” that con-
tained some remarks on the types of salt appeared in the
Philosophical Transactions of the Royal Society (Anonym,
1670). A large, beautifully executed cross-section of the sur-
face and subsurface salt works was included in the 7th volume
of the famous Encyclopedia edited by Denis Diderot and Jean
le Rond d’Alembert (Bénard, 1768).

Centuries of active exploitation of salt resulted in the expo-
sure of numerous underground outcrops where various com-
plex salt structures could be observed. The first publication that
contained illustrations of these structures and their description,
including some proto-geological remarks regarding the types of
salt and an overall structural style, was published by Schober
(1750; see also Boczkowski, 1843; Zejszner, 1843; Siemion,
1991). His descriptions of lithological variations and structural
styles of the salt and surrounding rocks are very accurate, and
his sketches depict structures that can be still admired in the
mine (Fig. 1A, B). He also focused his attention on the nature of
the salt layers, linking the origin of rock salt to marine conditions
as suggested by occurrences of remnants of marine organisms.

Intense mining in the late 18th and early 19th centuries re-
sulted in the accumulation of considerable data on the spatial
location and orientations of various salt layers, salt boulders,
and interbedded barren rocks. This allowed for construction of
fairly detailed cross-sections depicting the general structure of
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Fig. 1. Historical drawings of the Wieliczka salt mine

A — sketch of rotated and faulted boudins of strong layer within halite matrix (Schober, 1750); B — sketch of broad fold on right, overlapping
boudins left of centre, and disharmonically folded boudinaged layers at the left (Schober, 1750); C — cross-section showing surface features
and the subsurface structure (north to the left) with folded stratified salt and overlying isolated blocks of halite (Hrdina and Hrdina, 1842)
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the Carpathian Foredeep in the Wieliczka area (Hrdina and
Hrdina, 1842; Zejszner, 1843; cf. Maslankiewicz, 1965; Po-
borski, 1965). The beautifully executed cross-section by Hrdina
and Hrdina (1842), depicting not only the subsurface geology
but also the surface morphology and key buildings of Wieliczka,
is illustrated in Figure 1C. It clearly shows three slivers with re-
peated sequences of key rock types — a common feature of
most modern cross-sections across Wieliczka as well. In the
second half of the 19th century, Niedzwiedzki (1883-1886)
published a series of papers on rock-bearing deposits of the
Carpathian Foredeep together with several geological cross-
sections that were, however, considerably less detailed than
those by Hrdina and Hrdina and Zejszner (cf. Maslankiewicz,
1965; Poborski, 1965).

The mine has also been the subject of intensive study in
more recent times, with most of the research devoted to strati-
graphic and structural aspects (e.g., Totwinski, 1956; Gawet,
1962; Poborski and Skoczylas-Ciszewska, 1963; Szybist,
1975; Garlicki, 1979; Wiewiorka, 1979, 1988; Kolasa and
Slaczka, 1985a, b; Tarka et al., 1988; Tarka, 1992; Slaczka 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 Formation is a layered evaporite se-
quence (LES) comprising halite, anhydrite, and siliciclastic
rocks. Note that we use the term salt to denote the entire LES,
analogous to a salt diapir denoting a body of rock comprising a
mixture of evaporites and non-evaporite stringers (e.g., Rowan
et al.,, 2019 and many others). In contrast, we use halite and
anhydrite to refer to beds or clasts comprised mostly/entirely of
NaCl or CaSO,, respectively. Thus, when we use the term
“intrasalt” deformation, we refer to structures affecting any part
of the LES, not solely to folds and shear zones within the halite
beds.

The layers within the LES are characterized by widely vary-
ing structural styles at a variety of scales, including folds,
thrusts, extensional faults, boudins, veins, and joints (Fig. 1; cf.
e.g., Tarka et al., 1988; Tarka, 1992; Burliga et al., 2018). The
origin of the deformation is the subject of ongoing debate, with
two key aspects still unresolved. First, what is the detailed ge-
ometry of the large-scale deformation of the entire LES and
how did it develop? The various published cross-sections show
the predominance of asymmetric folds, but as yet there is no
satisfactory explanation of their genesis and the role of the me-
chanical stratigraphy in controlling the structural style, and de-
pictions of the deep geometry are rare. Second, how much of
the small-scale deformation is tectonic in origin and how much
is the result of soft-sediment deformation during deposition of
the LES? There is evidence for both, but can we distinguish be-
tween the two processes?

The goal of this paper is to address both these issues from a
primarily structural perspective. We first summarize the existing
literature on the regional tectonic setting, the lithostratigraphy of
the salt and encasing rocks, and the small-scale deformation.
We then illustrate the observed structural styles in a small area
within the upper portion of the mine before turning to the analy-
sis of the geometries. At the large scale, we evaluate the pub-
lished cross-sections — effectively an interpretation of existing
interpretations — and identify the Wieliczka Formation as a
multilayer (a sequence of strata with different thicknesses and
competencies) subjected to overthrust shear, with folds and
thrusts controlled by the mechanical stratigraphy between two
diverging shear detachments. At the small scale, we suggest
that there was early extension due to gravity-driven sediment
remobilization down an east- to northeast-dipping topographic
slope into the “Gdéw Embayment”, followed by north-directed
contractional deformation related to emplacement of the

Carpathian frontal thrust nappe. We emphasize that these re-
sults are preliminary, in that they are based only on limited data,
and need to be tested and refined with further data collection
and analysis. Thus, we outline several avenues of possible fu-
ture research that might be undertaken in order to better under-
stand the structure and evolution of the Wieliczka segment of
the frontal Carpathian orogenic wedge. Since the Wieliczka salt
mine is one of the “natural wonders of the world”, any further
work is surely warranted.

GEOLOGIC SETTING

REGIONAL STRUCTURE AND TECTONICS

The frontal Carpathian nappes extend from the Czech Re-
public, Slovakia and Poland in the west, into Ukraine, and
curve around into Romania (see e.g., Roure et al., 1993;
Neméok et al., 2006; and Slaczka et al., 2006 for detailed
overviews and numerous further references). In southern Po-
land, the fold-and-thrust belt has an overall E-W trend and is
bounded to the north by the Carpathian Foredeep (Figs. 2 and
3). The outer nappes, comprising primarily Cretaceous and
Paleogene flysch deposits, were thrust to the north during the
Miocene (see Oszczypko et al., 2006 for a review and further
references). Coeval development of a foreland basin gradually
shifted to the north in front of and beneath the advancing
nappes due primarily to thrust loading but also to depositional
loading. The foredeep was filled with uppermost Oligocene to
Middle Miocene mostly marine siliciclastic successions, in-
cluding the Middle Miocene Wieliczka Formation during the
so-called “Badenian Salinity Crisis” (BSC), a time of basin iso-
lation caused by a major fall in sea level and climatic cooling
(Oszczypko et al., 2006; Peryt, 2006; de Leeuw et al., 2010).
The synorogenic sediments progressively onlapped the sub-
stratum toward the north (e.g., Oszczypko, 1997, 1998; Krzy-
wiec, 2001; Oszczypko et al., 2006).

The floor of the foredeep was an erosional unconformity un-
derlain by Mesozoic and Paleozoic rocks of the North European
Platform. This surface had significant topographic relief that
took three forms. First, there was a general deepening to the
south due to loading by the Carpathian nappes, as in any fore-
land basin. Second, there were more local lows that formed due
to basement faulting and tectonic subsidence associated with
the loading-induced flexure of the crust. One such example is
the so-called Gdéw Embayment, an area between the Wie-
liczka and Bochnia salt mines (Fig. 2) filled with an abnormally
thick sequence of the presalt Skawina Formation (Alexandro-
wicz, 1965; Garlicki, 1971; Krzywiec et al., 2012). Third, a series
of narrower lows in the unconformity represent N-S to NW-SE
trending palaeovalleys, deepening toward the south, incised
into the underlying basement (e.g., Jucha, 1974; Krzywiec,
2001; Krzywiec et al., 2004, 2008, 2014; Gluszynski and
Aleksandrowski, 2016; Gedl and Worobiec, 2020). Whatever
the origin of the topographic relief, it influenced evaporite depo-
sition, with halite-dominated facies in the lows and anhydrite-
-dominated facies on higher, marginal areas of the salt basin
(e.g., Garlicki, 1979; Peryt, 2006; Krzywiec et al., 2008; Buko-
wski, 2011; Gluszynski and Aleksandrowski, 2016). The distri-
bution of evaporite facies in turn impacted thrust geometries of
the frontal Carpathian orogenic wedge (e.g., Poltowicz, 1994,
2004; Krzywiec, 2001; Krzywiec et al., 2014; Gluszynski and
Aleksandrowski, 2016).

The Wieliczka salt mine is located directly in front (north) of
the surface expression of the Carpathian thrust front (Figs. 2
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Fig. 2. Simplified geologic map showing distribution of Miocene evaporite facies

Thrust boundary (red) between Carpathian nappes (“outer flysch”) and foreland basin (yellow in map inset) in
south-central Poland; predominant evaporite facies indicated in the foredeep to the north of the frontal thrust, with
the location of the Wieliczka and Bochnia salt mines indicated; modified from Krzywiec et al. (2014), itself
adapted from Bukowski (2011)
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Fig. 3. Simplified cross-section across the frontal Carpathian thrust

Section shows the Carpathian nappes (without internal details) thrust over the Miocene foreland basin,
which sits unconformably above Mesozoic and older “basement”; the Wieliczka salt mine is located along-strike directly
in front of the exposed thrust front; simplified from Zytko et al. (1989), location indicated on Figure 2

and 3), where it comprises part of the Zgtobice Unit of deformed
foredeep strata. Although this unit has been interpreted as a
gravity-driven nappe (Pottowicz, 1977, 2004), it is envisioned
by most as north-directed thrusting due to compression (e.g.,
Tolwinski, 1956; Poborski and Skoczylas-Ciszewska, 1963).
Following a suggestion by Jones (1997), however, seismic data
were used to interpret the Zgtobice Unit as a triangle zone in ar-
eas to the east of the Bochnia salt mine (Krzywiec et al., 2004,
2014). Similarly, it was proposed by Krzywiec and Verges
(2007) that the Wieliczka salt mine occupies the core of a trian-
gle zone bounded by the north-vergent frontal Carpathian
thrust, a basal thrust, and a south-vergent backthrust to the
north of the mine (Fig. 4).

STRATIGRAPHY

Widespread evaporites were deposited in large parts of the
central Paratethys during the BSC. The Badenian was defined
as a regional stage of the Middle Miocene in the central
Paratethys by Papp et al. (1978). During the BSC, there was
widespread halite and gypsum deposition in the Carpathian
Foredeep, the Transylvanian, Transcarpathian, and East-
Slovakian basins (Peryt, 2006), and the area of the Mid-Hun-
garian shear zone (Baldi et al., 2017). Dating of interbedded
tuffs shows that the onset of evaporite deposition was at 13.81
+0.08 Ma (de Leeuw et al., 2010; Bukowski et al., 2010) and
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Fig. 4. Wieliczka area within the Zgtobice triangle zone

Interpretation in which the Zgtobice Unit, including the area of the Wieliczka salt mine, is a triangle zone
bounded by three detachments (red lines) just north of the frontal Carpathian thrust; modified from
Krzywiec and Verges (2007), itself after a cross-section by Totwinski (1956)

cessation occurred prior to 13.32 +0.07 Ma (de Leeuw et al.,
2018). Thus, deposition spanned a maximum of 0.5 My during
the Early Serravalian (Middle Miocene). The LES is bounded
below by older Middle Miocene siliciclastics of the Skawina Fm.
(predominantly claystones at Wieliczka) and above by younger
middle Miocene siliciclastics of the Chodenice Beds, part of the
Machow Formation (Fig. 5).

The Wieliczka Formation refers to the halite-rich areas of
the Middle Miocene evaporites; where halite is absent or mini-
mal at the margins of the basin and on topographic highs, the
equivalent anhydrite-dominated evaporites are named the
Krzyzanowice Formation (Alexandrowicz et al., 1982; Garlicki,
1994). The LES of the Wieliczka Formation encountered in the
mine is illustrated in Figure 5 and described below (from
Wiewiorka, 1979, 1988; Garlicki, 1979; SIapzka and Kolasa,
1997; Bukowski, 1997; Wiewiorka et al., 2008; Gonera et al.,
2012; Burliga et al., 2018; Bukowski et al., 2019). The thick-
nesses used are primarily from Wiewiorka (1988) but are
known to vary regionally and even within the mine.

Above a basal anhydrite with minor mudstone is the Oldest
Salt with thin intercalations of claystone, siltstone, and sand-
stone, although this unit is relatively poorly known. This is over-
lain by a layer variously called the Sub-salt Sandstone or
Mid-salt Sandstone (although it locally includes conglomerate),
and then an unnamed sequence of anhydrite-bearing clay-
stone, minor siltstone and sandstone, and rare halite. Because
this entire section of predominantly siliciclastic rocks is
bounded above and below by thicker halite-dominant layers
(Bukowski, 1997), we refer to it informally here as the Intrasalt
Clastic Unit. Above is the Green Stratified Salt, consisting of
four halite beds separated by thin sequences of siltstone,
anhydritic claystone, and anhydrite. The lowest of these four
units (Green Stratified Salt IV) is at least partly a breccia com-
prising claystone and blocks of the Oldest Salt (Wiewiorka,
1974; Brudnik et al., 2000; Wiewiorka et al., 2008). Above the
Green Stratified Salt are the Shaft Salt, lower Spiza Salt, and
upper Spiza Salt, which are likewise separated by anhydritic
claystones, with the upper Spiza Salt having thin layers of sand-
stone and salty conglomerate near its top. All layers described
above are part of the Stratified Salt Mbr. (SSM). Conformably
above the SSM is the Salt Breccia Mbr., also termed the Boul-
der Salt, a thick succession of claystones and salty claystones
with blocks of different types of halite up to >100 m across.

Detailed studies (Garlicki, 1979; Kolasa and Slaczka,
1985a, b; Slaczka and Kolasa, 1997; Gonera et al., 2012) dem-
onstrate that although some of the halite layers are original pre-
cipitates, many represent redeposited salt. The remobilized
evaporites and interbedded siliciclastics represent deposition
by a combination of debris flows, turbidity currents, fluidized
flow, storm reworking, and slumping (Pottowicz, 1977; Kolasa
and Slaczka, 1985a, b; Slaczka and Kolasa, 1997; Bukowski,
1997, 2011; Gonera et al., 2012). Similar interpretations have
been made in other parts of the Carpathian Foredeep salt bas-
ins (e.g., Peryt and Kovalevich, 1997). Even the Salt Breccia
Mbr., with its large olistostromes of halite, is interpreted as a
mega-debrite with a depositional rather than tectonic origin (al-
though there are dissenting interpretations, e.g., Garlicki, 1979;
Tarka et al., 1988; Tarka, 1992). The reported observations
suggest there was a significant slope to the depositional profile
during the BSC. This was probably related to advancement of
the frontal Carpathian nappe as indicated by the greater preva-
lence and thickness of coarser-grained siliciclastics, including
clasts of Carpathian flysch, in the southern part of the evaporite
basin (Kolasa and Slaczka, 1985a; Slaczka and Kolasa, 1997).

The Wieliczka LES forms a multilayer comprising layers
with different compositions, rheologies, and thicknesses. Thus,
there are significant variations in relative strength that are indi-
cated in Figure 5. Pure halite is the weakest rock and coarse-
-grained siliciclastics form the strongest layers (see e.g., Urai et
al., 1986; Weijermars et al., 1993; Rowan et al., 2019). Other
beds are expected to have intermediate strength that differs de-
pending on the relative proportions of claystone, anhydrite, and
other lithologies, but the details of this are unknown. Thus, the
absolute and relative strengths depicted in Figure 5 are sche-
matic. In any case, the key horizons that delineate units of sig-
nificantly different strength and thus mechanical behaviour are
interpreted to be: the base of the Oldest Salt, the top of the Old-
est Salt, the base of the Green Stratified Salt, and the top of the
Spiza Salt. The resulting mechanical stratigraphy is expected to
vary spatially as the thicknesses and compositions of individual
layers change.

STRUCTURAL GEOMETRY

The large-scale structure of the Wieliczka area comprises a
series of asymmetric folds and/or thrusts vergent toward the


https://gq.pgi.gov.pl/article/view/7868/pdf_168
https://gq.pgi.gov.pl/article/view/7868/pdf_168
https://gq.pgi.gov.pl/article/view/7868/pdf_168
https://gq.pgi.gov.pl/article/view/7868/pdf_168

824 Mark G. Rowan, Piotr Krzywiec, Krzysztof Bukowski and Jerzy Przybyto

Lithostratigraphy

we

Mechanical
kstratigraphy
al

low. Also, there are examples of superposed fold-
ing, where the tight structures are refolded in
larger-scale, open, upright folds (Fig. 6B). The folds

strong

(m] Chodenice Beds (Machow Fm.)

80—

Salt Breccia Member
70

60

upper

50—

Spiza Salt

40

lower

Wieliczka Fm.

Shaft Salt

30 I
=all
| Green Stratified Salt

Stratified Salt Member
I

= v

Intrasalt Clastic Unit

,:‘*Mid/Sub—Salt Sandstone|

10

trend E-W to ESE-WNW and the entire complex
generally plunges to the W.

Researchers have noted for centuries the small-
-scale structures, both ductile and brittle, within the
Wieliczka salt mine (e.g., Fig. 1A, B). Folding oc-
curs at a variety of scales (metric to millimetric) in
both the weaker halites and stronger siliciclastics,
and includes largely harmonic folds, disharmonic
and polyharmonic folds, and superposed folds; brit-
tle structures include thrust faults, extensional
faults, boudinage, joints, and veins (e.g., Schober,
1750; Pusch, 1824; Gawet, 1962; Kolasa and
Slaczka, 1985b; Tarka et al., 1988; Tarka, 1992;
Slqczka and Kolasa, 1997; Cyran, 2008; Burliga et
al., 2018). It is often assumed that, since the trends
and vengence of the small-scale structures are sim-
ilar to those of the large-scale structure, the origin is
also the orogenic north-vergent thrusting. However,
the recognition of clear sedimentary reworking and
slumping (Kolasa and Slaczka, 1985a, b; Slaczka
and Kolasa, 1997; Gonera et al., 2012) suggests
that at least some of the small-scale structures
might represent soft-sediment deformation. Burliga
et al. (2018) proposed that early synsedimentary
structures, both extensional and contractional, were
overprinted by the tectonic deformation. But they
also warned that the superposition and similar ori-
entations (N-dipping depositional slope and N-di-
rected thrusting) make it difficult to differentiate be-
tween the different origins and processes.

OBSERVATIONS

Oldest Salt

Because this paper addresses both the large-
scale and small-scale structures within the Wie-

——] Skawina Fm.

liczka salt mine, our dataset likewise is at two
scales. For the overall geometry of the folded/thru-

% halite anhydritic claystone
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Fig. 5. Stratigraphy of the Wieliczka area

E sandstone
marly claystone
with sandstone

sted multilayer, we did no mapping or measuring
ourselves. Instead, we relied on published cross-
sections and maps, primarily those of Gawet
(1962), who produced the most detailed illustrations
of the three-dimensional geometry (Fig. 6) through
a series of eight maps at the different corridor levels
(roughly 20-40 m apart) and twelve cross-sections

Lithostratigraphy and thicknesses from Wiewiérka (1988); nomenclature within the
salt sequence is that established for the Wieliczka area, with the exception of the
Intrasalt Clastic Unit, which is an informal name that includes the Mid/Sub-salt
Sandstone; blue colours for the Green Stratified Salt through Salt Breccia Member
are those used in Fig. 6, whereas other colours are those used in Fig. 12; mechani-
cal stratigraphy shows the interpreted approximate relative strength of the different
layers, with the thick red lines marking the key mechanical boundaries

with a spacing of between 150 and 650 m. Note that
the focus of the mapping was on the economically
most valuable salt levels, so that the older portions
of the sequence are not as well-defined. In any
case, we evaluated the geometries in these and
other published sections from the perspective of the

foreland in the north (Figs. 4 and 6). Most published cross-sec-
tions show variations on this theme (Pusch, 1824; Hrdina and
Hrdina, 1842; Tolwinski, 1956; Gawet, 1962; Poborski and
Skoczylas-Ciszewska, 1963; Tarka, 1992; Burliga et al., 2018).
Serial sections by Gawet (1962) show that backlimbs are sub-
horizontal to gently south-dipping (maximum ~30°), whereas
forelimbs are generally shorter, slightly steeper, and overturned
(Fig. 6B). Having said that, it is unclear how much is just folding
and how much is thrust repetition, something we return to be-

mechanical stratigraphy of the multilayer shown in
Figure 5.

For the analysis of the small-scale deformation, we studied
only a small area within the Spiza Salt on Level Il Lower in and
around the Franciszek corridors (Fig. 6). The position is on the
backlimb of one of the major folds, although there are also
meso-scale folds within the area. We examined meso- to
small-scale folds, thrust faults, extensional faults, and boudins,
but did not include joints, veins, or enterolithic folds. Because
both extensional and contractional structures overlap spatially
(e.g., folds of boudinaged layers), we focused on determining


https://gq.pgi.gov.pl/article/view/7868/pdf_168

Nature and origin of large-scale and intrasalt deformation within the Wieliczka salt mine, Poland 825

gallery

Salt Breccia Member
with blocks of halite

uper and lower
Spiza salts
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Shaft Salt and
Green Stratified Salt

“salt clays”
(sandstone in yellow)

Fig. 6. Map and cross-section showing location of study area

A — map of Wieliczka mine Level Il Lower, located at 133.5 m a.s.l. (~120 m b.g.l.); B — cross-section through study area,
located in and near the Franciszek corridors; both figures modified from Gawet (1962); “salt clays” is equivalent
to the Intrasalt Clastic Unit used in this study; numbers in circles indicate locations discussed in the text

the relative timing where possible. Orientations were measured
anywhere within the study area where features observed on a
corridor wall (two-dimensional cut) could be traced onto the roof
so that the three-dimensional orientations could be determined.
This inherent limitation, combined with the small size of the
study area, resulted in relatively few measurements, mostly of
larger structures.

CONTRACTIONAL STRUCTURES

As cited above, the large-scale fold geometries are charac-
terized by long, gently south-dipping backlimbs and shorter,
steeper to overturned forelimbs (Fig. 6B). Existing interpreta-
tions show that the geometries are cuspate-lobate, typical of
folds developed in multilayers with low to moderate compe-
tency contrasts (see Ramsay, 1982; Ramsay and Huber,
1987). Specifically, the Intrasalt Clastic Unit usually forms
lobate anticlines while the overlying salt layers form pointed,
cuspate synclines (Fig. 6: locations 1); conversely, although not
as clear and systematic, the Salt Breccia Mbr. often forms tight
but lobate synclines and the underlying Spiza Salt sticks up as
pointed anticlines into the breccia (Fig. 6: locations 2). The
overall pattern is diagnostic of two more competent layers en-
casing a less competent unit. In this case, the weaker salt se-
quence (Spiza, Shaft, and Green Stratified salts) is surrounded
by the stronger Salt Breccia Mbr. and Intrasalt Clastic Unit (Fig.
5), a multilayer competency contrast that strongly influenced
the fold geometries.

Meso-scale folds have a similar form to the large-scale
structures, with elongate, gently dipping backlimbs and shorter,
steeper forelimbs (Fig. 7A). The forelimbs may dip to the north
(Fig. 7A) or be vertical to overturned (Fig. 7B), and they may be

thrusted (Fig. 8B) or, more rarely, sheared and thinned dramati-
cally (Fig. 7C). Folding ranges from harmonic to disharmonic to
polyharmonic, with thinner sequences of strong layers having
shorter-wavelength folds (Figs. 7A and 8B, C). Hinge zones
and forelimbs are often thickened relative to backlimbs and
characterized by more intense deformation of the strong layers
(Figs. 7B and 8C). Halite accommodates the different geome-
tries between sequences of stacked strong layers.

Fold limbs and hinge zones contain smaller-scale contra-
ctional structures (Figs. 7 and 8). These typically involve
boudinaged layers, but we focus here on the contraction and re-
turn to the boudinage below. The small-scale deformation in-
cludes harmonic to disharmonic folds, thrusted layers, and
boudins, and more chaotic patterns in forelimbs and hinge
zones. The style is perhaps best illustrated in Figure 7C: in
some places, the slightly thicker, light grey layer and the rela-
tively thinner, darker-grey layer are gently folded together; butin
most parts of the structure, they behave more independently,
each with its own series of thrusts and folds. Halite fills the inter-
vening spaces created by the disharmonic deformation.

Whereas some parts of the study area contain meso- to
small-scale structures, others appear to be unaffected. Halites
may shorten locally by pure-shear and associated simple thick-
ening, and thus appear undeformed, but the variable amount of
shortening also appears to be the case for the anhydritic clay-
stones and the sandstones. For example, in the transect of Fig-
ure 8A, there is a panel of apparently undeformed strata between
the detailed photos of Figure 8B, D. However, this is misleading:
the upper part of the sequence forms the thrust hanging wall in
Figure 8B, and the lowest part is folded right at the top of the cor-
ridor wall (Fig. 8D, upper right). Although larger areas of expo-
sure would allow a more accurate analysis, it is unclear from the
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 halite

"

anhydritic claystone

sheared, attenuated forelimb

Fig. 7. Contractional structures in the Spiza Salt shown by boudinaged stronger siliciclastic layers (light grey)
interbedded with halite (dark grey)

A — photo mosaic showing steep forelimb between two backlimbs, with smaller-scale disharmonic folds in synclinal hinge zone; dashed red
boxes show the locations of other figures and the red asterisk indicates a problem in the photo stitching; B — asymmetric fold pair with short,
thickened forelimb comprising contorted boudins; C —isoclinal fold of two layers of anhydritic claystone (one light, one dark), with the lower,

overturned limb stretched and attenuated by shear (white arrows)

limited exposures whether individual sequences have the same
or different amounts of internal shortening.

Within the small study area, the meso-scale folds recorded
by the strong layers are remarkably cylindrical considering they
are in evaporite-rich strata. The attitudes of bedding, thrust
faults, axial planes, and fold axes all indicate N-S directed
shortening with subhorizontal fold axes (Fig. 9A). This is com-
patible with the large-scale tectonic shortening direction re-
corded by the generally E-W striking thrusts and folds of the
outer Carpathian nappes (Fig. 2), but slightly oblique to the
WNW-ESE striking large-scale folds of the Wieliczka salt mine
(Fig. 6A).

EXTENSIONAL STRUCTURES

As already noted and as shown in Figures 7 and 8, the
sandstones and anhydritic claystones, although folded, are
also characterized by extensional faults and boudins. Gener-
ally, thicker strong packages tend to be faulted and thinner lay-
ers tend to be boudinaged (Fig. 10A, B). Moreover, single thin-
ner layers encased in halite may have significant boudinage
(Fig. 10A, C: locations 1) while thicker sequences of strong lay-

ers with thin intervening halite have less extensional deforma-
tion (locations 2). Different layers, even when very close to each
other, show unequal amounts of extension at the scale of ob-
servation.

A key aspect of the geometry is that layers are extended
regardless of structural position on the contractional struc-
tures. Boudins and extensional faults are practically ubiqui-
tous on gently south-dipping backlimbs (Figs. 7, 8 and 10) but
also occur on forelimbs (Fig. 10C, D). Itis difficult to judge the
relative amounts of extension in these two structural positions
because many of the boudins also display unquantifiable
amounts of contraction; for example, the original spacing be-
tween the two boudins that are now overlapped in Figure 10F
is unknown. Moreover, there are many pieces of layers that
are thrust over each other (Fig. 10C, D, F), but it is not always
clear whether these were originally boudins or were continu-
ous prior to thrusting.

Because most extensional structures are confined to indi-
vidual layers or are boudins, there are few examples where they
can be traced onto the roof so that the three-dimensional orien-
tation can be determined. Nevertheless, measurements of five
slightly larger faults offsetting thicker strong packages (e.g.,
those in Fig. 10B) yield trends that are distinct from those of the
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Fig. 8. Variations in structural style along a transect in the Spiza Salt

A - sketch of geometries along a roughly 16 m transect on the backlimb of a larger fold; dashed red boxes indicate photos in other parts of fig-
ure; B — thrusted thicker strong layer with disharmonic smaller-scale folds in overlying thinner-bedded units (location and interpretation
shown in A); C — thickened anticlinal hinge zone of boudinaged anhydritic claystones above equivalent, thinner backlimb (location and inter-
pretation shown in A); D — sequence of anhydritic claystones, each boudinaged, with harmonic to disharmonic thrusts and folds within gently
folded meso-scale limb with disharmonic fold above (location shown in A)

contractional structures (Fig. 9B). In one area, two faults strike
NW-SE, and in another, three faults strike closer to N-S. Al-
though few in number, these data suggest extension in a direc-
tion moderately to highly oblique to that of shortening. This is
true regardless of whether the extension happened after con-
traction (solid lines) or prior to shortening (dashed lines).

INTERPRETATION

In the following sections, we offer our preliminary interpreta-
tion of the intrasalt deformation at the Wieliczka salt mine. First,
we offer a model for the geometry and development of the

large-scale structure using the mechanical stratigraphy and a
context of overthrust shear between the basal salt detachment
and the overriding Carpathian thrust sheet. Second, we evalu-
ate the relative timing of meso- to small-scale extensional and
contractional structures and propose a model that explains our
observations.

LARGE-SCALE GEOMETRY

We offer below a complete cross-section through the Wie-
liczka salt mine that attempts to:
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® poles to bedding (n = 16)
* poles to axial planes (n = 5)

= poles to thrust faults (n = 6)
A measured fold axes (n = 3)

--- extensional faults
(rotated about bedding)

— extensional faults (n = 5)
® calculated eigenvectors

Fig. 9. Lower-hemisphere, equal-area stereonet plots of small-scale structures

A — contractional features (folded bedding, thrust faults, axial planes, and fold axes) showing cylindrical nature of folds in the
study area,; red line is best-fit great circle to poles to bedding, with calculated fold axis indicated by the red square perpendicular to
it; B — extensional faults shown with both their current attitudes and the attitudes after unfolding the strata to horizontal; in the leg-

end, “n” — number of data points

— honour the mechanical stratigraphy and resultant structural
styles;

— provide an explanation for the observed geometries of the
large-scale folds;

— fill the space in the core of the large-scale structure, i.e., be-
tween the mine corridors and the deep detachment.

To do this, we first address key aspects of the mechanical
stratigraphy, then introduce the process of deformation in over-
thrust shear, and finally present our model cross-section.

MECHANICAL STRATIGRAPHY

As shown in Figure 5, the Wieliczka Formation forms a
multilayer with a distinct mechanical stratigraphy. We divide the
LES into four sequences of contrasting rheologies:

— a thin basal halite-dominated layer that is weak (Oldest
Salt);

— athin beam of relatively competent, mostly siliciclastic rocks
(Intrasalt Clastic Unit);

— a thicker halite-dominated package that is weak but inter-
nally variable due to the complex interbedding with thin
claystones and other stronger rocks (Green Stratified,
Shaft, and Spiza salts);

— a thick unit of uncertain but probable intermediate strength
(Salt Breccia Mbr.).

Thus, the Oldest Salt is likely to be the basal detachment
and the main salt sequences should decouple deformation in
the bounding stronger units.

The thicknesses are critical in several ways. First, the style
of salt-detached shortening depends in large part on the thick-
ness and frictional character of the décollement layer (Davis
and Engelder, 1985; Stewart, 1999). Thick salt leads to more
symmetric deformation dominated by detachment folds, with
the salt filling anticlinal cores. In contrast, thin or welded salt,
due to its more frictional character, leads to thrust-dominated
deformation that is vergent toward the foreland. Whether such
thrusted structures initiated as detachment folds, with the faults
breaking out through one of the fold limbs (break-thrust folds of
Willis, 1893; Fischer et al., 1992), or as source-fed thrusts
(Hudec and Jackson, 2006), salt would have been carried up in
the hanging walls to shallower levels (Rowan, 2020). Second,
the thickness of a competent layer is the primary factor in con-
trolling the wavelength of structures, with thicker supra- or
intrasalt strong layers forming longer-wavelength folds or more
widely spaced thrusts, and thinner layers generating short-
-wavelength structures (Ramberg, 1960; Biot, 1961). In short,
and by combining these factors, the Intrasalt Clastic Unit is ex-
pected to have relatively closely spaced thrusts because both it
and the underlying salt detachment are thin (Fig. 5), as seen in
the cross-section by Poborski and Skoczylas-Ciszewska
(1963). The Salt Breccia Mbr., however, should form longer-
-wavelength folds due to the thickness of both it and the main
salt sequence beneath it (e.g., Totwinski, 1956; Garlicki, 1968).

There are, of course, complicating factors that influence the
structural style. Other variables such as strain rate can play a
role, and both rheologies and thicknesses can vary from hinter-
land to foreland and along strike. For example, the fans of both
the intra-Spiza siliciclastic layer and the Intrasalt Clastic Unit are
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Fig. 10. Small-scale extensional structures within the Spiza Salt

A - strong siliciclastic layers with different styles (extensional faults and boudins) and magnitudes of extension on backlimb of larger fold; B —
photo mosaic of decoupled extension in thick and thin strong layers (red asterisk indicates an apparent thrust that is an artifact of the photo
stitching); C — simple anticline with variably boudinaged anhydritic claystones on both limbs; note large amount of extension of deepest,
more isolated layer (location shown in Fig. 7A); D — disharmonically folded layers of boudins on north-dipping forelimb of meso-scale fold,
with boudins sometimes thrusted or overlapping (location shown in Fig. 7A); E — photo mosaic showing oblique cut through gently folded
strong layers with extensional faults and boudins; F — photo mosaic of overlapping and folded boudins on backlimb of meso-scale anticline;

numbers in circles indicate features discussed in the text

thickest in the centre of the Wieliczka mine (Slaczka and
Kolasa, 1997; Bukowski, 1997; Gonera et al., 2012). In con-
trast, the debrites of the Salt Breccia Member and Green Strati-
fied Salt IV both thicken to the east (e.g., Szybist, 1975; Gonera
etal., 2012).

OVERTHRUST SHEAR

The fold geometries depicted in existing published cross-
sections of the Wieliczka area are reminiscent of those ob-
served in fold-and-thrust belts such as the Variscides of SW
England, the Helvetic Nappes of the Swiss Alps, and the South-

ern Appalachians of the USA (Sanderson, 1979; Ramsay et al.,
1983; Gibson and Gray, 1985). These settings are character-
ized by cascading sets of asymmetric folds with a moderately
dipping or even curved fold envelope, with the hinterland folds
perched above and behind more frontal, deeper, and more re-
cumbent structures (cf. Fig. 6B). They are interpreted to form by
overthrust shear, in which the folds develop between two over-
lapping thrust detachments (Ghosh, 1966; Manz and Wickham,
1978; Sanderson, 1979; Casey and Huggenberger, 1985;
Dietrich and Casey, 1989; Rowan and Kligfield, 1992). We
know of no other process that generates this particular struc-
tural style.
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Fig. 11. Fold development during overthrust shear between
diverging thrusts

A — originally horizontal bed forms symmetric buckle folds (thick
line) and horizontal fold envelope (thin-dashed lines); B — folds am-
plify and begin to develop asymmetry as fold envelope rotates; C —
asymmetry and fold-envelope dip both increase as forelimbs be-
come overturned; D — curved fold envelope and deeper recumbent
folds if simple shear is concentrated in lower part of wedge; move-
ment relative to basal detachment not shown; ellipse shows ap-
proximate finite strain ellipse for each stage, with black and white
indicating contractional and extensional fields, respectively;
adapted from Sanderson (1979) and Rowan and Kligfield (1992)

In overthrust shear, the bounding thrusts may be parallel or
divergent toward the foreland. Bedding originally oriented at an
angle to the detachments first forms symmetric buckle folds
(Fig. 11A). With increasing simple shear between the two
thrusts, the folds rotate and become asymmetric, primarily by
rotation of the forelimbs and axial surfaces and less by rotation
of the backlimbs (Fig. 11B). Eventually, the forelimbs rotate

past vertical to overturned (Fig. 11C). The fold envelope (the
surface connecting anticlinal or synclinal hinges) rotates from
subhorizontal to ever steeper dips toward the foreland. If simple
shear is unevenly distributed, as is common, the fold envelope
develops curvature (Fig. 11D). Note that there is no squeezing
of the wedge between the thrusts; instead, there is slip on both
thrusts and shear of the rocks in between.

The finite strain ellipse in overthrust shear is oriented
obliquely to the bounding thrusts and rotates over time to closer
to the dip of the detachments (Fig. 11). This has several implica-
tions for smaller-scale deformation. First, backlimbs are gener-
ally aligned in the extension direction and thus may lengthen,
producing extensional structures even in an overall contractional
setting. Forelimbs have a more complex history: when dipping to-
ward the foreland (Fig. 11A, B), they are in the contractional do-
main and thus may shorten and thicken; but as they rotate to
overturned orientations (Fig. 11C, D), they eventually enter the
extensional domain and thus may develop extensional features
that overprint earlier contractional structures.

MODEL

To display our proposed cross-sectional geometry, we use
cross-section 8 of Gawet (1962), located 400 m west of the sec-
tion in Figure 6B, as a framework for several reasons. First, it is
in the central area where there are corridors located along or
near the line at nine levels, so that the geometry is relatively well
constrained. Second, there are other sections by Gawet located
~170 m to either side so that along-strike variations in geometry
can be evaluated. Third, we have thickness trends in the central
part of this area for both the Intrasalt Clastic Unit (Bukowski,
1997) and the Green Stratified Salt (Gonera et al., 2012). And
fourth, section 8 shows some of the key features of Wieliczka,
including the three major shallow folds/thrusts and some of the
deeper repeats of section.

We use only the known data along the corridors and infor-
mation from nearby areas as depicted on Gawet's sections and
maps. However, comparison of Gawet's section 12, in the east-
ern part of the mine, with that of Brudnik et al. (2000) in the
same area, shows some significant differences in interpretation
in the deeper parts of the stratigraphy. Specifically, one body of
Spiza Salt in Gawet (1962) was identified as the Green Strati-
fied Salt IV in Brudnik et al. (2000), and several areas of older
“salt clays” of Gawet (1962) were reinterpreted by Brudnik et al.
(2000) as the Green Stratified Salt IV with smaller outcrops of
the “undersalt” siliciclastics (our Intrasalt Clastic Unit). In addi-
tion, according to Gonera et al. (2012), the Oldest Salt is very
similar to the upper parts of the Spiza Salt, with which it has
been confused. Thus, we have reinterpreted some of the geom-
etries depicted in Gawel's section at the deeper levels and have
focused on repeats of sandstone within the “salt clays” in his
sections and maps. Moreover, we have lumped together the
Spiza, Shaft, and Green Stratified salts to emphasize the pri-
mary mechanical stratigraphy described above and shown in
Figure 5.

The biggest unknowns are, first, the geometric relationship
between the Carpathian nappes and the Wieliczka Formation
just south of the mine (corridors have crossed from the Salt
Breccia Mbr. into the flysch) and, second, how to fill the space
between the deepest mine levels and the basal detachment.
The detachment is somewhat constrained by boreholes drilled
beneath the western part of the mine, which encountered
claystone and anhydrite, presumably of the Krzyzanowice For-
mation (the equivalent to the Wieliczka Formation), and then
the presalt Skawina Formation at ~100 m b.s.l. (from unpub-
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lished mine archives). Since there are no deep data in the area
of the cross-section, we consider several conceptual end-mem-
ber possibilities to fill the space between this detachment and
the corridors:

— with deformed Skawina beds, but this would require a
deeper detachment beneath the salt;

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

— with overturned or repeated Green Stratified, Shaft, and
Spiza salts and even the Salt Breccia Mbr. Although
Skawina beds have been reported from the corridors, these
are likely just reworked clasts, just as there are clasts of
older parts of the LES and even of Carpathian flysch.
Thus, we opted for a combination of the last two options,

namely both repeated/overturned stratified salts and breccia as
well as shortened Intrasalt Clastic Unit beds. We emphasize,
though, that the depicted geometry beneath the mine corridors
is mostly unconstrained and thus schematic.

The large-scale geometry depicted in Figure 12 is most sim-
ilar to that shown by Poborski and Skoczylas-Ciszewska
(1963). We speculate, based on the boreholes that encoun-
tered the deep detachment level, that the deformation was lo-
calized by an abrupt transition across a basement fault from
stratified salts of the Wieliczka Formation to equivalent anhyd-
rites and claystones of the Krzyzanowice Formation (Fig. 12),
although any such feature is probably located farther south than
shown. The overall form of the deformed LES is that of
overthrust shear with enhanced shear near the base of the di-
vergent wedge (Fig. 11D). Within the wedge, the structural style
is dependent on the mechanical stratigraphy of the multilayer

(Fig. 12). The thin, competent Intrasalt Clastic Unit forms thrust
imbricates detached on the equally thin Oldest Salt (Fig. 13).
The imbricates form several duplexes at three levels that are
thrust into the Green Stratified, Shaft, and Spiza salts, as shown
in the deepest corridor levels. Because some of the Oldest Salt
is carried up in the hanging walls of the thrusts (Fig. 13), it over-
rides the younger salts in places and might have been tectoni-
cally mixed due to shear accommodating the emplacement,
thereby complicating the task of stratigraphic identification of
different salt layers. This may have occurred at the Green Strat-
ified Salt IV level, where the thrusts first emerge into the salt
overlying the Intrasalt Clastic Unit, or higher in the stratigraphy.
In contrast to the thrust-dominated deeper deformation, the
thicker Salt Breccia Mbr. forms inclined to recumbent isoclinal
anticlines cored by narrow spines of the Spiza Salt. The inter-
vening synclines of the Salt Breccia Mbr. are lobate, extending
down into the underlying salt. It is the main salt sequence, com-
prising the Green Stratified, Shaft, and Spiza salts, that accom-
modates the very different geometries above and below. It is
unclear, however, how much of the salt beneath the duplexes is
overturned or right-side-up.

The cross-section (Fig. 12) was drawn so that the amount of
shortening is balanced for the top of the thrusted Intrasalt
Clastic Unit and the base of the folded Breccia Mbr. Each level
has ~2.1 km of shortening, not including the amount of dis-
placement on the basal detachment. However, it is not unrea-
sonable that some shortening might have been ongoing during
deposition of the Wieliczka Formation, so that the deep levels
should actually have more shortening. After all, the advancing
Carpathian nappes were shedding eroded sediment into the
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Fig. 12. Simplified cross-section through the area of the Wieliczka salt mine

Cross-section based on: 1 — mapped relationships of cross-section 8 of Gawet (1962), itself based on observations from mine
corridors (horizontal solid and dashed black lines where on or close to, respectively, the line of section; Roman numbers indicate
mine levels), 2 —the mechanical stratigraphy of the Wieliczka Formation LES, and 3 — thickness variation in the Salt Breccia Mbr.
and Intrasalt Clastic Unit (e.g., Bukowski, 1997); the level of the basal anhydrite layer is constrained by deep boreholes some-
what west of the section, but the basement fault and deep fold/thrust geometries below and to the south of the mine are specula-

tive; location of cross-section indicated on Figure 6A
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Fig. 13. Thrust duplication of oldest Wieliczka Formation
sequences

Sketch of observed features in shaft drilled from Level VIII in the
western part of the mine (Wiewiorka, 1974, unpubl. data); thrust fault
caries thin sliver of Oldest Salt in hanging wall, in addition to the
Intrasalt Clastic Unit (and WT-3 tuff; see Wiewiorka, 1979) and low-
ermost Green Stratified Salt; unit colours are those of Figure 5

evaporite basin, and sedimentary reworking of the evaporites
themselves show that there was a depositional slope. For ex-
ample, the Mid/Sub-salt Sandstone is interpreted as a subma-
rine fan deposit sourced from the south (Bukowski, 1997). The
presence of a slope during evaporite deposition suggests that
the southern part of the salt basin was being uplifted, possibly
by early deformation within the Wieliczka Formation itself. More
early shortening could be introduced into Figure 12 by increas-
ing the number and complexity of the imbricate thrusts.

The most frontal shallow geometries do not show any evi-
dence of having been influenced by the overlying triangle-zone
backthrust (Fig. 4). Instead, the folds are all strongly asymmet-
ric toward the foreland (Fig. 12). The backthrust may have been
a discrete detachment, without any associated shear deforma-
tion in its footwall, it may have postdated much of the deforma-
tion in the Wieliczka area, or itis simply too far to the north for its
effects to be seen in the vicinity of the mine. The second possi-
bility would be compatible with ongoing deformation during and
after evaporite deposition but is pure speculation.

We interpret the large-scale geometry as being entirely due
to the regional tectonics for several reasons. First, the structure
is parallel to the Carpathian thrust front, and published sections
show the southernmost part of the Wieliczka structure involved
in Carpathian thrust imbricates (e.g., Poborski and Skoczylas-

-Ciszewska, 1963; Garlicki, 1968). Second, itis part of a triangle
zone, which is a common frontal feature of fold-and-thrust belts.
Third, different levels appear to have roughly the same amount
of shortening, which would not be expected for soft-sediment
deformation. And fourth, the geometries and likely origin in
overthrust shear imply a progressive deformation history, not a
sudden event or series of events. None of these proves the tec-
tonic origin but, when taken together, they suggest that a tec-
tonic origin is the interpretation of least astonishment and coin-
cidence.

SMALL-SCALE DEFORMATION

ORIGIN AND RELATIVE TIMING OF EXTENSION
AND CONTRACTION

The Green Stratified, Shaft, and Spiza salts experienced net
shortening along with supra- and subjacent layers. They also
flowed differentially to accommodate differences in fold geome-
tries above and below, thereby thinning in places and thickening
in others. Although this complex deformation is not readily appar-
ent in the halite beds themselves, it is recorded in the meso- to
small-scale structures that are nicely exposed in the interbedded
siliciclastics of the mine (Figs. 7, 8 and 10). Again, however, a
long-standing debate concerns whether all these features, even
if the large-scale deformation was tectonic, were also tectonic or
whether at least some of them could have been caused by
soft-sediment deformation during evaporite deposition.

Whereas the large- and meso-scale features are entirely
contractional, the small-scale structures are both contractional
and extensional. Extensional structures can readily develop
during shortening, especially in overthrust shear (Ramsay et al.,
1983). As shown by the finite strain ellipses in Figure 11,
backlimbs are in the extensional field during much of the history,
but forelimbs enter the extensional field only if they rotate to
overturned orientations. In our small study area in the Wieliczka
salt mine, all limbs, regardless of orientation, display boudinage
and extensional faults. Critically, forelimbs dipping toward the
foreland, which have always been in the contractional field and
are therefore commonly thickened (Fig. 7B), have plentiful
small-scale extensional structures (Figs. 7A, B and 10C-E).
Thus, although overthrust shear may have contributed to some
of the small-scale extension, it cannot explain all the observed
cases.

Another mechanism for developing extensional structures
during shortening is common for competent layers embedded
in ductile halite (Rowan et al., 2019). Although strong layers
maintain their coherency at low values of strain, increased
shortening leads to bed disruption and boudinage. However,
this is concentrated beneath synclines and in the cores of
anticlines, while fold limbs are generally characterized by coher-
ent, albeit folded, layers. In the analysed area at Wieliczka,
boudinage is practically ubiquitous (Figs. 7, 8 and 10), suggest-
ing that, again, although this process may have contributed to
the deformation, it cannot by itself account for all the observed
extension.

The question of origin ultimately comes down to determin-
ing whether the contractional and extensional structures were
coeval or part of separate deformation events. A separate origin
is implied by the very different orientations of the two types of
structures. Whereas the meso- to small-scale contractional
structures have essentially identical orientations and asymmet-
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ric geometries (vergent toward the north) as the large-scale
folds, the limited number of normal faults measured implies ex-
tension in an ENE-WSW direction (Fig. 9). Distinct origins and
timing are also suggested by the arguments cited above, in
which the ubiquitous distribution of boudinage cannot be ex-
plained by either shortening in overthrust shear or layer disrup-
tion during contraction.

Several observations indicate that extension predated
shortening and had a non-tectonic origin. First, layers in close
proximity to each other display very different amounts of exten-
sion, with some layers barely extended and others having large
gaps between boudins (Fig. 10A, C). This is compatible with an
episodic process during deposition but is unlikely if the exten-
sion was later and orogenic in nature. Second, there are many
examples of boudins that are now overlapped, presumably due
to shortening after formation (Fig. 10D, F). When combined
with the ubiquitous distribution and different orientations, the
evidence is fairly strong that early extension was followed by
later contraction. Having said that, there are also cases, al-
though relatively rare, where late extension appears to have
modified shortening structures. For example, the small
extensional faults in Figure 10E were not rotated by folding.
Thus, there was likely some component of synorogenic exten-
sion, possibly due to limb extension during overthrust shear.

MODEL

The direction of the palaeo-slope is generally assumed to
have been toward the north due to the topography generated by
the Carpathian thrust front (e.g., Slaczka and Kolasa, 1997:
Burliga et al., 2018), although there may have been local varia-
tions due to fan morphology. However, there are no published
orientation data for structures clearly associated with sediment
reworking. Measured attitudes are for features interpreted as
tectonic, which do show roughly north-directed movement
(Tarka, 1988; Cyran, 2008; see also Fig. 9A).

Here, however, we document a limited number of exten-
sional faults that are highly oblique to the main tectonic struc-
tures. Moreover, we argue that the boudinage and extensional
faults observed in the study area mostly predated the orogenic
deformation and were caused by syndepositional gravity glid-
ing. Thus, the orientations of the extensional faults, corrected
for later orogenic folding (dashed lines, Fig. 9B), indicate that
movement prior to shortening was toward the east and north-
east. One interpretation is that this was the direction of the
palaeo-slope. Interestingly, to the east and south-east of Wie-
liczka is the Gdéw Embayment, so named because of the
reentrant in the frontal Carpathian thrust. In fact, this was a sig-
nificant depocenter just prior to evaporite deposition
(Alexandrowicz, 1965; Garlicki, 1971; Krzywiec et al., 2012),
with up to at least 1000 m of Skawina Formation strata that
were later inverted. This is consistent with the Skawina Forma-
tion beneath the Wieliczka salt mine thickening from 45 min the
west to 350 m in the east, toward the Gdéw Embayment
(Wiewidrka, 1988).

Even if there was no ongoing tectonic subsidence during
evaporite deposition, the Gdéw Embayment would have re-
mained a depocentre during the salinity crisis due to loading
subsidence and differential compaction alone (Krzywiec et al.,
2012). This is compatible with published studies of parts of the
Wieliczka Formation First, the Green Stratified Salt IV is inter-
preted as predominantly a slump deposit that thickens toward
the east (Gonera et al., 2012). Second, the Salt Breccia Mem-
ber is also a mass-wasting deposit (Slaczka and Kolasa, 1997)
that thickens in the same direction (e.g., Szybist, 1975). Third,

ripples in intra-Spiza siliciclastics show consistent east to north-
east flow directions (Slaczka and Kolasa, 1997); although they
were interpreted as recording longshore currents, we suggest
instead that they might represent downslope flow.

Where was the study area located during deposition?
Slaczka and Kolasa (1997) reported 10 km of displacement of
Middle Miocene rocks toward the north during the Late Mio-
cene. Moreover, the study area is in the upper, southern portion
of the mine (Fig. 6B), which, after unfolding of the geometries in
our cross-section (Fig. 12), would have been a further 2 km to
the south. Given the lack of hard constraints, we place the study
area a somewhat arbitrary 10 km south of its current location
(Fig. 14). Assuming that the Gdow depocentre was still actively
subsiding, as explained above, the regional palaeo-slope would
have been toward the east or north-east. The early boudinage
and extensional faults suggest that the area was in the exten-
sional province of the gravitational system, i.e., in the upper por-
tions of the topographic slope. Subsequent Carpathian folding
and thrusting would have translated the area northward to its
current position (Fig. 14). Different estimates of the amount of
shortening would not significantly change the model scenario.

If the small-scale extensional structures are synsedimen-
tary, could not some of the small-scale contractional structures
in the study area have a similar origin? Although possible, we
doubt this for two reasons. First, gravity-driven systems at any
given time are generally separated into extensional, trans-
lational, and contractional provinces (see, e.g., Rowan, 2020).
Thus, the coeval shortening would have been located farther
downslope, i.e., in the deeper levels of the eastern part of the
mine or even farther east. Second, it is unlikely that grav-
ity-driven contraction would have overprinted the extension.
Typically it is just the opposite that occurs: as the sediments
prograde and/or tectonic uplift progresses toward the foreland,
both the extensional and contractional provinces would have
correspondingly shifted in the same direction (e.g., Rowan,
2020). Thus, it is more likely to have early contractional struc-
tures overprinted by extension, but we have observed the oppo-
site relationship in our small study area.

Krakéw

Wieliczka

Bochnia

Gdow
Embayment

approximate position of
Wieliczka at time of deposition ‘ 0

10 km

Fig. 14. Proposed evolutionary model for the Wieliczka area

Small area of map in Figure 2 showing the location of Wieliczka,
Bochnia, the Carpathian thrust front, and the Gdéw Embayment
(colours and symbols as in Figure 2); the white star shows the ap-
proximate depositional position of Wieliczka relative to the foreland,
with the yellow arrow indicating ENE-directed downslope syndepo-
sitional gravity gliding into the deeper basin of the embayment and
the red arrow showing subsequent N-directed orogenic translation
of ~10 km
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DISCUSSION AND CONCLUSIONS

In this contribution, we have analysed the intrasalt struc-
tures within the Wieliczka salt mine at a range of scales. Our
goals have been several: first, to understand the large-scale ge-
ometries and determine their likely origin and development; and
second, to evaluate the meso- to small-scale structures and as-
certain whether they are tectonic or syndepositional in origin.

Numerous cross-sections through the Wieliczka area have
been published. Although most are somewhat to largely similar
in that they display a series of asymmetric, cascading folds,
they lack an adequate explanation of why the folds take the
form they do. We have attempted to provide a subregional con-
text, specifically suggesting that they formed due to overthrust
shear between two diverging thrust detachments, one at the
base of the salt sequence and one at the base of the overriding
Carpathian frontal nappe. This process generates folds that are
asymmetric and inclined at upper levels but become more re-
cumbent at lower levels. The overall deformed wedge is part of
a triangle zone developed during the Carpathian Orogeny.

An additional critical factor in determining the geometries is
the mechanical stratigraphy of the Wieliczka Formation LES.
Although complex at the small scale, it is relatively simple at the
large scale, comprising four dominant intervals with different
strengths and thicknesses (Fig. 5). The two basal units are thin
(roughly 10 m each), with a weak halite (Oldest Salt) overlain by
strong siliciclastics (Intrasalt Clastic Unit). This results in thrust
imbricates, with a relatively short spacing, comprising mostly
the strong layer but also a thin sliver of the salt (Fig. 13). The im-
bricates are largely decoupled from the thicker, upper strong
unit (Salt Breccia Mbr.) by a relatively thick sequence of weak,
halite-dominated layers (Green Stratified, Shaft, and Spiza
salts). Thus, the upper part of the deformed wedge consists of
long-wavelength cuspate-lobate folds, with the anticlines cored
by narrow spines of salt (Fig. 12).

Complex small-scale extensional and contractional struc-
tures are ubiquitous and best displayed by the siliciclastic layers
interbedded with the halite layers. They have been attributed in
the literature to either tectonics or soft-sediment deformation. We
are able to demonstrate, albeit only in a small area of the mine
and with limited data, that most of the extension predated the
shortening, and interpret that whereas the contractional struc-
tures were part of the north-vergent tectonic deformation, the
boudinage and extensional faulting were caused by gravity-
driven downslope movement during evaporite deposition. More-
over, we postulate that the palaeo-slope dipped toward the east
to north-east, into the Gdéw Embayment, which was a prominent
depocentre prior to, and likely during, evaporite deposition.

We emphasize that the results presented here are prelimi-
nary. Again, we conducted no mapping of the large-scale struc-
ture ourselves and we analysed the small-scale structures only
in a limited area of the mine. Thus our models and conclusions
should be taken as a starting point for further work. It is only by
additional analysis that our ideas can be tested, refined, or
disproven. Specifically, we highlight several avenues for contin-
ued research. First, some aspects of our large-scale cross-sec-
tion need to be investigated, for example: whether or not the

Oldest Salt is commonly emplaced above younger salts (Fig.
13); whether the Intrasalt Clastic Unit typically forms stacked
thrust imbricates (Fig. 13); and whether all instances of
Skawina Beds are indeed reworked. Second, the small-scale
structures need to be measured and evaluated in more areas,
ideally throughout the mine from west to east and from the most
hinterland, shallow levels to the deeper, frontal levels. Do the
extensional features maintain a consistent relative timing, distri-
bution, and orientation, or are there changes that could be re-
lated to variations in the palaeo-slope? Are there any early,
syndepositional contractional structures in areas that would
have been located farther down the palaeo-slope? Do the struc-
tures change style, intensity, or orientation from older to youn-
ger layers of the evaporite sequence? Third, similar analyses
should be conducted at the Bochnia salt mine because it is lo-
cated on the other side of the Gdéw Embayment, and any early
extensional structures might have been directed towards the
west and north-west into the depocentre. Finally, the results of
detailed structural studies should be combined with the wealth
of seismic and borehole data to build an integrated, three-di-
mensional model of the Miocene geometry and evolution of the
Zgtobice triangle zone in the area of the two salt mines and the
intervening Gdéw Embayment.

The results of this study should be of interest to those work-
ing not only on Wieliczka itself but also on the structure and
stratigraphy of the Miocene evaporite sequences throughout
the long arc of the Carpathians. But the findings could also have
wider application. Numerous foreland basin salt deposits have
similar depositional and deformational aspects. Probably the
closest analog is the Ebro Basin of the Southern Pyrenees
(e.g., Krzywiec and Vergeés, 2007). Not only are the Paleogene
evaporites involved in the frontal deformation, but they contain
interbedded siliciclastics and reworked/slumped evaporites
(e.g., Carrillo et al., 2014). Another analog is the Kuga Basin of
NW China, in the foothills of the Tien Shan Mountains, where
the frontal thrust is detached in Palaeogene LES that have sig-
nificant lateral and hinterland-to-foreland variations in the pro-
portions and facies of interbedded siliciclastics (e.g., Liu et al.,
2008; Izquierdo-Llavall et al., 2018).

Ultimately, a better understanding of the intrasalt structure
exposed within the Wieliczka salt mine is a worthy goal in and of
itself. This is a world-famous site with a long history not only of
exploitation but also of general wonder and awe at both the natu-
ral and man-made structures. Many of the visitors are geo-
scientists, whether they are there on field trips or just as tourists,
and any ideas that may increase our appreciation of the eva-
porite geology and stimulate further study are surely worthwhile.
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