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Abstract
The small stalactites found on the ceiling at level I near the Sutoris shaft in the thirteenth-century historic salt mine in Bochnia,
Poland, are mainly composed of mirabilite (Na2SO4·10H2O) followed by blödite (Na2Mg(SO4)2·4H2O). The unique presence of
these two minerals in only one location in this old underground mine is attributed to contemporary precipitation from percolating
solutions. This can be caused by a combination of at least two factors: a specific and stable microclimate (characterised by a low
temperature, high humidity, and relatively strong air circulation which accelerates the processes of evaporation and
crystallisation) and the specific chemical composition of the leaking solution (contains a low carbonate and high sulphate content,
and characterised by acidic pH (4.8) and intermediate-mineralisation (174,308 mg/L)). The microclimate specified above can be
linked to the long distance from the ventilation shaft that pumps the air from the surface to the mine, while the composition of the
leaking solution as well as the hydrochemical modelling results obtained with PHREEQC can be directly related to the top
anhydrite layer and the overlying secondary cap consisting mainly of claystone, anhydrite, and gypsum. In this study, the
challenges underlying the preservation of mirabilite in the underground environment of the salt mine are discussed, in terms
of both nature and mining law. Based on the results of detailed geological, mineralogical, and chemical research, appropriate
solutions that can be practically applied for the management, preservation, and protection of the mirabilite efflorescence are
proposed. The presence of this intriguing mineral, with appropriate protection, can be another geological attraction for tourists
visiting this thirteenth-century UNESCO-recognised salt mine.
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Introduction

Mirabilite, also known as Glauber’s salt, is a hydrous salt of
sodium sulphate (Na2SO4·10H2O). This is a relatively rare min-
eral that forms under certain conditions through the evaporation
of brines rich in Na and SO4. It is found in the sodium sulphate
deposits in the Northern Great Plains of Canada, on the surface
of playa lakes in Central and Northeast Spain and on the dry

shores of the Aral Sea (Valero-Garcés et al. 2000; Kelley and
Holmden 2001; Crétaux et al. 2009; Cabestrero et al. 2018).
However, the crystallisation of mirabilite due to the moisture
present in the pores in masonry is regarded as a harmful process
resulting from salt precipitation on building materials (Ruiz-
Agudo et al. 2007; Marszałek et al. 2019). It has been identified
that the precipitation of mirabilite and other similar salts is
provoked by the freezing processes that occur in the glacial or
subglacial bodies of water in Antarctica (Liu et al. 2015). In
recent years, the hydrated sulphates of magnesium and sodium
as well as their phase transition processes have been intensively
studied because it is considered that their presence can indicate
the availability of water on the surface of other planets
(Vaniman et al. 2004; Dalton III and Pitman 2012; De Waele
et al. 2017; Rapin et al. 2019).

The contemporary findings of rare mirabilite precipitates in
caves and underground excavations are quite attractive and
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may become the subject of interest in a special sector of tour-
ism–geotourism. Since most geological processes and phe-
nomena take place under the surface of the earth, open-
access subterranean objects, which are natural or man-made,
are commonly considered to offer a unique geological expe-
rience to the visitors (Garofano and Govoni 2012; Liso et al.
2020). Mirabilite efflorescence is a manifestation of both
leaching of chemical components from the rock mass by cir-
culating water and secondary precipitation of minerals.
Therefore, the occurrence of rare minerals in an underground
system, as a result of recent evolution, can increase its
geodiversity, and consequently further strengthen the
geotourism potential.

Mirabilite precipitates have been described in theMurra-el-
elevyn Cave in Western Australia, in the Mammoth Cave in
the USA, in the Gamslöcher-Kolowrat Cave in Austria, and in
the Gortani Cave in Italy (Bridge 1973; Kennedy and Watson
1997; Bieniok et al. 2011, Forti 2017). In Poland, the occur-
rence of mirabilite was first reported in 1971 in the historic
underground salt mine in Wieliczka (Wiewiórka 1971); how-
ever, this part of the mine is not accessible to the public
(d’Obyrn 2012). In 2014, similar efflorescences and encrusta-
tions were identified in the old underground salt mine in
Bochnia, Poland (Dudek et al. 2014). Nevertheless, its poten-
tial for geotourism development, as well as the protection and
conservation of this rare mineral, has not been well
researched. This requires immediate investigation since
mirabilite is an unstable mineral and exhibits a strong tenden-
cy to undergo dehydration and transition to a more stable
anhydrous phase called thenardite (Na2SO4). Such transition
can be induced by changes in temperature and relative humid-
ity (RH) of the surrounding environment. Therefore, only
thenardite has been pointed out as the predominant sodium
sulphate in the geological records (Ortí et al. 2002; Herrero
et al. 2015), which makes the recent finding of mirabilite in
the Bochnia Salt Mine even more interesting and valuable.

The salt mines of Bochnia and Wieliczka, both of which
are located in southern Poland near Kraków, belong to the
thirteenth century. These famous historic mines are
recognised as the UNESCOWorld Heritage Sites and operate
as tourist destinations. The deposit exposed in these mines
comprises salt-rich strata belonging to an evaporite succession
that originated in the Carpathian Foredeep in an epicontinental
sea, which existed between the Early Oligocene and late
Middle Miocene (Peryt 2013). In response to the growing
public interest focused on exploring the natural and raw inte-
rior of the mine, intensified efforts have beenmade in Bochnia
Salt Mine in the last two decades to ensure that mine workings
of high geological value are available to the tourists. In gen-
eral, old mines are considered excellent sites for fieldwork in
earth science education (López-García et al. 2011; Madziarz
2013; Hellqvist 2019). For this reason, a total of 27 interesting
geological outcrops of the Bochnia salt deposit have already

been brought under legal protection, with the relevant loca-
tions labelled as documentary sites. However, many second-
ary geological formations, resulting from natural phenomena
induced by human activities, are yet to be subjected to legal
protection.

This work focuses on the mineralogical characteristics of
mirabilite efflorescence recently discovered in the Bochnia
underground salt mine as well as the preservation of this frag-
ile and unstable mineral in the mine. Adaptation of the
mirabilitic site for tourism is in line with the current trend of
interdisciplinary integration of the tourist offer currently pro-
vided by the mine (basedmore on the history of industry) with
a particular emphasis on geological heritage. Since this under-
groundmine is open to tourists, it is highly important to ensure
that this rare mineral is conserved and legally protected.
Despite general knowledge about the formations of mirabilite,
there remains a need to understand the challenges underlying
the conservation and protection of such fragile mineral in an
underground mine, including the form of protection within the
legal system—both nature and mining law—and the adapta-
tion of such demanding environment for tourism.

Description of the Bochnia Salt Mine

Tourist Attraction

The beginning of rock salt mining in Bochnia dates back to the
first half of the thirteenth century. Salt production in the
Bochnia Salt Mine ended in 1990. Rock salt mining lasted
almost 750 years in the mine, which makes it a unique natural
and technical monument in the world, which presents all the
historical developmental stages of the mining industry from
the thirteenth to the twentieth century (UNESCO 2013). At
the same time, mining work carried out over these years has
exposed the interesting geological features of the deposit.

After the end of its industrial operations, the Bochnia Salt
Mine focused on tourism and recreation. At the beginning of
the 1990s, the first tourists visited the mine under the super-
vision of the miners. Initially, only around 1500 tourists vis-
ited the mine each year. Since 1995, the tourist traffic has been
effectively organised and supervised by professional guides.
This, together with the adaptation of additional corridors for
the purpose of tourism, resulted in a steady increase in the
number of visitors. In 2000, about 90,000 people visited the
mine. Then, the most valuable and unique mine workings
were gradually opened to the public. The adaptation works
led to the discovery of interesting geological structures and
valuable remnants of historic excavations. The present exten-
sive spatial structure of the historic mine consists of nine mine
galleries constituting a total length of about 60 km
(Wiewiórka et al. 2009). A significant part of the excavations
is included in the tourist trails (Puławska et al. 2021). In 2017,
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the number of tourists visiting the Bochnia mine exceeded
190,000 and has remained at a high level since then.

Currently, the mine has a very wide tourist offer. The vis-
itors can choose from three different tourist routes, including
an underground multimedia exhibition. Due to the unique
microclimate in the salt excavations, overnight stays and ac-
commodation as well as special events are also organised in
the mine (Fig. 1).

With the view of increased interest in nature tourism, the
Bochnia Salt Mine focuses on interdisciplinary integration of
the current tourist offer (basedmore on the history of industry)
with a particular emphasis on geological heritage. It is well
known that the presence of appropriate geosites, combined
with other tourist attractions, may significantly increase the
number of tourists visiting a given area (Gordon 2018).
Therefore, a new tourist route called ‘Nature Route’ was cre-
ated in 2016 by extending the existing route to include the
geological significance of the mine and exposed minerals
forming the salt deposits. The growing public interest in ex-
ploring the natural and raw interior of the mine also prompted
the idea of opening an additional route that leads to the oldest
pits from levels I to IV.

Protection and Conservation of Natural and Cultural
Heritage

The Bochnia Salt Mine was first listed as a local monument in
1981. In 2000, it was recognised as a National Historical
Monument, which prevented its liquidation. At the beginning
of the twenty-first century, intensive efforts were made to
ensure that mine workings of high geological value are avail-
able to the tourists. The original damaged excavations of the
mine and the mining corridors were cleaned, an appropriate
drainage system was installed, ceilings and side walls of the
mine were secured with wooden supports and anchors, the
airflow system was adjusted, and communication routes were
reconstructed. To preserve the geological heritage exposed in
mining excavations for future generations, 27 areas of geolog-
ically valuable salt deposit have been taken under legal pro-
tection as ‘documentary sites’ since 2005 (Wiewiórka et al.
2008). Thirteen of these areas are located on the tourist trails,
while access to the remaining 14 unique geological objects is
restricted for safety reasons and requires special consent and
supervision. Each documentary site carries an information
board that explains its geological features (Fig. 2). The

Fig. 1 Examples of the use and adaptation of old mining excavations to
tourist activities in the Bochnia Salt Mine. a A multimedia display in a
former horse stable. b A multimedia display integrated with a historic

water wheel. c A basketball court. d A bedroom with 250 seats (photos:
Adam Brzoza)
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adaptation works undertaken for the opening of the new tour-
ist routes will enable safe access to three of the 14 difficult-to-
access documentary sites (Fig. 2). The new route will start
with the Sutoris shaft up to level I, leading through the place
where the mirabilite efflorescence is located.

The legal recognition of the historical and natural heritage
was a milestone in the inclusion of the Bochnia Salt Mine in

the UNESCOWorld Heritage List in 2013 (as an extension of
the entry of the nearbyWieliczka Salt Mine in 1978). Situated
close to each other, both mines were worked since the thir-
teenth century until the late twentieth century, constituting one
of the first and most important European industrial operations
of those times (UNESCO 2013). Apart from their well-
recognised cultural heritage, the salt mines of Bochnia and

Fig. 2 a Documentary site comprising the Stanetti Chamber (level II); its
narrow and high shape result from the characteristic steep layers of
middle salts located in the higher parts of the deposit. b An example of
a geological information board. c The occurrence of fluorescent halite,

which will soon be made available to the tourists as a geological
attraction. d An example of level III documentary site comprising
northern salts (photos: Adam Brzoza)
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Wieliczka have specific characteristics due to their
geodiversity and are thus being considered for a UNESCO
Geopark (Alexandrowicz and Alexandrowicz 2004;
Alexandrowicz et al. 2009; Alexandrowicz and Miśkiewicz
2016). These two mines offer a unique and complementary
experience to the visitors.

Challenges for Mirabilite Preservation in the
Underground Space of the Salt Mine

The presence of such a rare and intriguing mineral can signif-
icantly enhance the image of the mine as a geotourist facility.
The unique geological and educational value of this geosite
could allow extending the existing network of protected doc-
umentary sites in the Bochnia Salt Mine. Moreover, the grow-
ing number of documentary sites in the mine will consequent-
ly increase its geodiversity. The data available in the docu-
mentation sites may later be used in applications for the nom-
ination of Polish Geoparks.

However, due to the Geological and Mining Law which
states that the safety of people underground should be en-
sured, interesting geological excavations cannot always be left
exposed. Several documentary sites or exposures have to be
covered with the use of mining supports due to poor
geomechanical properties of the rocks posing a risk of col-
lapse. The protected outcrops shall not be destroyed, but must
at least be partially covered if necessary. For these reasons, the
existing legal system of nature conservation is only partially
applicable to the protection and preservation of the newly
discovered mirabilite precipitates. This might also be relevant
to other emerging geosites in Poland (Głowacki 2019). It is
obvious that only an easily accessible and visible display of
mirabilite stalactites can serve the purposes of education and
tourism. Therefore, an individual approach is needed to devel-
op an appropriate practical solution for the preservation and
protection of mirabilite stalactites. As specific environmental
conditions are required for the crystallisation of mirabilite in
underground excavations, the preservation of these fragile
minerals seems to be dependent on the attitude and awareness
of the mine management than solely on the nature of the
protection system.

This suggests that detailed geological, mineralogical, and
chemical knowledge of the formation of mirabilite may be
essential to propose guidelines on the management and con-
servation of such rare mineralogical objects in an underground
space.

Geological Setting

The Bochnia salt deposit represents a fragment of the marine
sediments of the Miocene salt-bearing formation. It is located
in the southern part of the Carpathian Foredeep (Fig. 3).

Studies have reported that the uplift of the Carpathians in the
Late Miocene resulted in the folding, local tectonic thicken-
ing, and uplifting of the Badenian evaporites (Poborski 1952;
Garlicki 1979). The Miocene salt-bearing formation primarily
consists of the Skawina Beds, the series of evaporites with salt
deposit, and the Chodenice Beds (Fig. 4). The Skawina Beds
have a thickness ranging from a few metres to 150 m and
contain marly claystone and marly clayey shales, while the
Chodenice Beds are 100- to 1000-m thick and are composed
of sandy, marly, and clayey shales (Garlicki 2008).

The local accumulation of salt is caused by large-scale
folding. In Bochnia, two principal folds have been recognised
(Fig. 4a), of which the main one is called the Bochnia
Anticline. The salt mine is located in the northern limb of this
fold, while the second fold called the Uzbornia Anticline is to
the south. The axial parts are dominated by the flysch forma-
tions, and the Badenian salt-bearing formations can be seen on
the limbs of the folds. Halite is mostly present in the Bochnia
Anticline, while the Uzbornia Hill predominantly consists of
sulphate evaporites, including alabaster and fibrous gypsum.

The tectonically uplifted Bochnia salt deposit underwent
destructive corrosion in the past. Subsequently, during the
Pleistocene, the salt-bearing formation was covered by loess
and clays. At the top portion of the deposit where the salt was
eroded, a clay-gypsum cap was formed (Poborski 1952;
Wiewiórka et al. 2008). The evaporite series of the Bochnia
deposit is represented by rock salt comprising claystone, an-
hydrite, mudstone, and zuber interbeds. The overall thickness
of the deposit is estimated at approximately 70 m (Fig. 4b).

Fig. 3 The extent of Miocene marine deposits in Poland (after Garlicki
2008; modified)
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Seepage of water is strictly monitored and is observed to be
minimal in the excavations of Bochnia Salt Mine. Water pen-
etrates slowly from the Quaternary layers present above, the
top anhydrite layer, and the nearby clay-gypsum cap, as well
as from the water-permeable zones of the Chodenice and
Skawina Beds surrounding the salt deposit. Old operations,
abandoned shafts, and remnants of mining activities carried
out over hundreds of years might have led to the formation of
the conduits which enabled the solutions to penetrate the
mostly impermeable rocks. The karst features have been ob-
served locally, in particular within the sulphates in the upper
part of the deposit. The total volume of water infiltration into
the mine is calculated at approximately 0.45 m3/h. Mirabilite
is found at level I, which is the most waterlogged region. The
underground effluents are captured in sumps constructed at
the footwall of mine excavations. Crystallisation of the sec-
ondary formations is often observed at the spots of seepage,
discharge, or dripping, which include the sponge-shaped salt
efflorescences, thin salt tubes, coatings, and stalactites (Fig.

5). These formations are mainly composed of sodium chloride
(halite), sporadically found associated with sulphates.

Fig. 4 a Schematic geological cross-section of the Bochnia salt deposit
(after Poborski 1952; Garlicki 2008, simplified). b Example of the struc-
ture of Bochnia salt deposit shown as a cross-section of the Sutoris shaft

(according to Poborski 1952; Wagner et al. 2010, modified) with a
lithostratigraphic profile of salt succession (according to Poborski 1952,
modified)

Fig. 5 Attractive halite precipitation associated with occasional
underground brine leaks in the Bochnia Salt Mine (photo: Janina Wrzak)
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Characteristics of Mirabilite from Bochnia

Mirabilite Location

Among the several dozen leaks and dripstone formations ob-
served in the Bochnia Salt Mine, hydrated sodium sulphates
are present in only one formation, which is seen in the eastern
part of the mine, near the mediaeval Sutoris shaft at level I
(Fig. 4). The Sutoris shaft was deepened during the second
half of the thirteenth century, but is still fully operational and
in use. The new planned tourist route begins from the descent
of the shaft and runs through level I, thus providing an oppor-
tunity to present this rare mineral to the visitors.

Mirabilite precipitates locally on the surface of the ceiling
at a few square metres, forming small stalactites (up to 15 cm
long) on the steel support present together with timber linings
(Fig. 6). The beige-to-brown efflorescences and encrustations
are formed of crystals measuring up to 1 cm. The mirabilite
mineral is originally white-yellow in colour, and the brown
colour is probably imparted by the impurities resulting from
the corrosion of the steel support (Sawłowicz et al. 2014). In
addition to the important field observations, it was necessary
to confirm the occurrence of this unique mineral in the

underground space through sample collection and laboratory
analyses.

Sampling Protocol and Analytical Methods

Mirabilite is a very unstable mineral that quickly dehydrates in
dry air transforming into other sulphates (usually as fine crys-
talline powders) within a few days of its removal from the
original location. During sample collection, the air tempera-
ture in the mirabilitic site was relatively low (13.6 °C) while
the RH was high (74%). Therefore, special care was taken
during the transport and preparation of samples to avoid their
exposure to elevated temperatures and dry air. Additionally, to
reduce damage to the unique geosite, only two stalactite sam-
ples (5 cm × 3 cm) of distinct colours and one specimen of dry
encrustation were collected. The prepared samples were
stored in a sealed container at – 5 °C, and laboratory analysis
was conducted within 1 h of storage.

Mineral identification was performed using two methods:
X-ray diffraction (XRD) and Raman spectroscopy. To identi-
fy the origin of percolating water in mirabilitic site by chem-
ical analysis, water samples were collected from the dripping
stalactites of mirabilite (samples D–S) as well as from several
other locations of seepage at level I of the mine for compari-
son. These locations are indicated in Fig. 7. Due to the strong
tendency of mirabilite to transition to another mineral phase
(thenardite), during changes in the temperature and RH of the
surrounding environment, these climatic parameters were also
examined in several locations of the mine. A detailed descrip-
tion of the analytical methods used is listed below.

Description of Analytical Methods

For mineralogical characterisation, fragments of brown and
white stalactites were gently ground in an agate mortar, and
the analyses were performed immediately after the specimen
was mounted. For the powder XRD procedure, the pulverised
sample was covered in an X-ray-transparent foil to minimise
its transformation. The diffraction patterns of the sample were
recorded with a Rigaku SmartLab diffractometer (Neu-
Isenburg, Tokyo, Japan), in the 2θ range of 2–75° with a step
size of 0.05°, using graphite-monochromatized Cu Kα as a
source of radiation. The phases were identified using the
ICCD database and XRAYAN software (Marciniak et al.
2006). The composition of both the stalactite samples and
water-insoluble fraction (brown stalactite) was analysed.

Raman spectroscopy was performed using a Thermo
Scientific DXR Raman microscope. The spectra of the sample
were recorded at room temperature using a green laser (λ =
532 nm, laser power = 1mW, slit aperture = 25μm, resolution
= 1.9 cm−1 in the range between 100 and 3580 cm−1). A total
of 10 exposures (3 s each) were averaged for each spectrum.

Fig. 6 Sample location. a Mirabilite efflorescence on the steel support
found in the form of stalactites and encrustations. b A close-up of
mirabilite stalactites (scale bar: 5 cm)
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The spectra were interpreted using the OMNIC for Dispersive
Raman software.

Water samples were collected in polyethylene containers
and analysed within a few days. The elemental composition of
these samples was determined by inductively coupled plasma-
optical emission spectrometry (ICP-OES) using a solid-state
detector (ELAN 6100; PerkinElmer).

Air temperature and RH were determined at levels I, III, IV,
andV of themine, whichwere in the direct vicinity of the Sutoris
shaft, while level II was excluded from the analysis as it does not
have any connection with the shaft. All the measurements were
taken using an Assmann psychrometer. The measurements were
repeated everyweek for a year (2018). The dry bulb andwet bulb
temperatures were recorded to calculate RH, of which the dry
bulb temperature represented the air temperature at the study
location. Additionally, the temperature and humidity of the site
were continuously monitored for a period of 1 week using a
portable probe with a data recorder. The obtained values con-
firmed the absence of short-term fluctuations.

Results and Discussion

Identification of Mirabilite

The mineralogical analysis (Fig. 8a) and comparison with the
standard patterns indicated that stalactite is composed of

crystalline mirabilite Na2SO4·H2O with a small amount of
other minerals. Admixtures of minerals containing iron tint
the stalactites to a rusty colour. Additionally, an analysis of
the insoluble residue resulting from stalactite dissolution in the
water proved the presence of minerals containing Fe and gyp-
sum (Fig. 8b).

The obtained results were further confirmed by micro-
Raman spectroscopy (Fig. 9). The Raman spectrumwas found
to be almost identical to the standard spectra of mirabilite
(Hamilton and Menzies 2010). Spectroscopic analysis was
run on the single crystal present at the surface of stalactite,
where no other minerals were detected. As expected,
mirabilite showed a very similar Raman spectrum as the free
sulphate anion in solution. The bands identified at 1677, 3282,
and 3441 cm−1 were derived from the water molecules, while
the positions of the remaining bands matched the reference
values of sodium sulphate in the structure of mirabilite.

Formation of Mirabilite

Small stalactites found on the ceiling at level I near the Sutoris
shaft consist of mirabilite along with other minerals, in a mi-
nor amount, which often occur together. This is the only lo-
cation where mirabilite can be seen in the Bochnia Salt Mine.
Thus, the unique geological value of this site was confirmed.

Mirabilite precipitates at a site characterised by a high RH
(between 72 and 88.5%) and a constant temperature (between

Fig. 7 A simplified sketch of level I with water seepages marked

Fig. 8 X-ray diffraction patterns. a Stalactite composed of mirabilite—
Na2SO4·H2O (triangles), standard no. 11-0647; blödite—
Na2Mg(SO4)2·4H2O (circles), standard no. 08-0098; lepidocrocite—γ-

FeO(OH) (diamonds), standard no. 19-1215. b An insoluble fraction
separated from the brown stalactite, composed of gypsum (squares) and
lepidocrocite (diamonds)
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13.6 and 14.0 °C). The lowest temperature and RH are ob-
served during the winter season. At most of the other locations
in the mine, RH is several percent lower, while the tempera-
ture is higher and annual fluctuations are larger (ca. 1 °C in the
case of temperature and 30–40% for RH; Fig. 10). Therefore,
the conditions at this location are favourable for the formation
of mirabilite. This area is one of the coldest locations of the
mine and has very high humidity. The effect of temperature
and humidity on the deliquescence of mirabilite and thenardite
is presented by a phase diagram in Fig. 11, in which the annual
variations of temperature and humidity at this location are
marked by a vertical bar. Despite the fluctuations of these
parameters, the climatic conditions at this location favour the
formation and stability of mirabilite for the whole year, which
is a unique feature of this mine. Moreover, this spot is the most
distant from the ventilation shaft that pumps the air from the
surface to the mine. During passage through the corridors, the
air achieves a constant temperature and characteristic humid-
ity regardless of the surface conditions. These conditions to-
gether favour the formation and preservation of mirabilite sta-
lactites in the mine throughout the year.

In addition to specific climatic conditions, water leaking at
this location is also characterised by unique chemical compo-
sition. Compared to the other seepages collected from various
locations at level I of the salt mine, water in this location has a
significantly higher concentration of SO4

2−, K+, and Mg2+,
but a lower concentration of Ca2+ and HCO3

− and an acidic
pH (Table 1). The Mg/SO4 molar ratio of 1 suggested that
various sulphates of magnesium and potassium are locally
present in the sediments and undergo dissolution in this part
of the deposit, and thus, the percolating waters have a unique
composition. The Na/Cl molar ratio indicated the presence of
a small amount of halite which acts as a dominating source of
these ions. The mirabilitic site is located next to the thirteenth-

Fig. 9 Raman spectrum of the single crystal apparent on the surface of
stalactite: all bands are consistent with those in the spectrum of mirabilite,
as reported by Hamilton and Menzies (2010)

Fig. 10 Average monthly temperature and relative humidity of each of the tested levels

Fig. 11 A simplified phase diagram of the Na2SO4–H2O system
(constructed based on the data presented by Hamilton and Menzies
(2010)). The blue line indicates the equilibrium between the mineral
phases and the solution. The green line shows the phase equilibrium
between mirabilite and thenardite. The vertical orange bar represents the
variations in temperature and humidity at the location of mirabilite in the
Bochnia Salt Mine
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century Sutoris shaft, which is the oldest in the mine.
Mediaeval mining was much different from the one known
today—the operation was irregular and carried out from the
shaft in various directions. Water infiltration from the sur-
rounding rocks having a relatively low permeability is driven
not only by the crevasses or karst of gypsum and anhydrite but
also by the network of cracks and discontinuities formed dur-
ing long-term mining operations. Though these are sealed, the
remnants of long-term mining activities may increase the per-
meability of the rock mass to water in this particular area
compared to the other parts of the mine.

To determine the geochemical process contributing to the
unique chemical composition of groundwater percolating into
the mirabilitic site, hydrochemical modelling of the chemical
composition of this water was carried out using the
PHREEQC computer code (Parkhurst and Appelo 1999).
The modelling results revealed that this solution is close to
saturation with respect to not only mirabilite and blödite (sat-
uration index (SI) = − 0.86 and − 2.5, respectively) but also
gypsum (SI = − 0.2), anhydrite (SI = − 0.3), and sulphates of
Na andMg (glauberite, SI = − 0.8; hexahydrate, SI = − 1.7), as
well as similar evaporite minerals. These suggested that this
leakage originates from the top anhydrite layer and the nearby
(overlying) secondary cap above the salt deposit, but not from
the pure salt. These formations consist mainly of claystone,
anhydrite, and gypsum, with hydrated sulphates of Na andMg
which often coexist in their vicinity. Thus, hydrochemical
modelling confirmed that the major process influencing the
chemical composition of water infiltrating into the mirabilitic
site is the dissolution of minerals forming the top anhydrite
layer and the secondary gypsum cap.

Preservation of Mirabilite Precipitates

In Poland, the formal protection of abiotic heritage within the
existing system of nature conservation is legally regulated by
the Nature Conservation Act (2004). The documentary sites
are a typical form of protection of underground geological
objects. Such legal protection prohibits destroying, damaging,
or transforming the protected objects. The legal framework
allows for the recognition of the unique mirabilite efflores-
cence in Bochnia mine as a protected documentary site.
However, underground mines are primarily regulated by
Geological and Mining Law, which requires, among other
things, the use of mining supports for excavations and their
periodic replacement depending on the technical condition
and safety issues. Based on the results obtained in this study,
appropriate practical solutions are proposed as follows for the
preservation and protection ofmirabilite efflorescence without
compromising safety.

1) Maintenance of the mine’s current ventilation system.
As shown in this report, the long air flow through the corridors
favours the formation of mirabilite. Therefore, any large
change in the direction of air flow (e.g. a change in the func-
tion of the Sutoris shaft from exhaust to inspiratory shaft) will
result in the dehydration and deterioration ofmirabilite. This is
extremely important because the Sutoris shaft previously (un-
til 2004) served as an inspiratory shaft and might possibly be
changed again. Due to the fact that some smaller changes in
the airflow direction are often necessary to ventilate the newly
opened tourist trails and routes, the temperature, RH, and air-
flow at the mirabilitic site should always be carefully
monitored.

Table 1 Composition of the water samples collected from the effluents at level I, Bochnia Salt Mine

Sample Sampling location Ca2+ Mg2+ Na+ K+ NH4
+ HCO3

− SO4
2− Cl− pH TDS Na/

Cl
Mg/
SO4

mg/L mg/L Molar ratio

Mirabilite
location

Dripping stalactite ofmirabilite 410 8948 48,552 1319 145 67 36,558 77,968 4.8 174,308 1.0 1.0

Sutoris shaft Shaft lining 12 53 17,074 308 0 1594 2742 22,086 9.0 44,536 1.2 0.1

D-1 Roof and floor 675 158 7187 133 3 360 4482 9853 7.0 22,857 1.1 0.1

D-2 Roof 648 100 2985 69 1 326 2889 3938 7.9 10,967 1.2 0.1

D-3 Roof 751 253 10,439 114 0 651 4426 15,235 7.8 31,868 1.1 0.2

D-4a Floor and sidewall 1097 803 89,960 444 37 376 3534 146,226 6.6 242,478 0.9 0.9

D-4b Floor 935 456 90,861 282 37 342 6022 144,507 6.4 243,442 1.0 0.3

D-5 Floor 1326 295 17,586 160 17 1697 4154 27,569 7.0 52,816 1.0 0.3

D-G Floor 706 704 113,008 413 105 94 4764 179,769 7.2 299,574 1.0 0.6

D-10 Floor 710 552 104,902 209 55 152 4561 167,987 7.4 279,127 1.0 0.5

D-11 Floor 733 553 110,861 186 40 190 4518 177,331 7.3 294,413 1.0 0.5

D-13 Roof 636 371 99,937 156 34 364 5482 157,826 7.1 264,807 1.0 0.3

D-B Floor 832 451 104,431 252 50 233 4878 164,466 7.2 275,594 1.0 0.4

D-15 Roof and floor 557 808 95,115 413 75 298 9005 150,112 7.6 256,383 1.0 0.4
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2) Exclusion of the mirabilitic zone from the rock mass
sealing. The presence of seepage solutions is another essential
factor for mirabilite crystallisation. However, penetration of
water into the underground salt mine may have a destructive
effect on the stability of rock mass. Lower salinity of the leaks
causes uncontrolled dissolution of the salt layers, which in
turn may damage the rock mass. Therefore, to stop the seep-
age, the rocks must be sealed sometimes by filling the gaps in
the rock mass with waterproof products, creating a watertight
barrier. Fortunately, the amount of solutions seeping at the
mirabilite site is very small (a few drops per minute) and stable
over time and thus does not pose a risk. Moreover, this leak-
age comes from the upper layers of the anhydrite and the
secondary cover, not from the salt layers, as evidenced by its
chemical composition. However, incorrect reinforcement and
sealing of the rock mass in close proximity to the mirabilite
exposurewould interfere with the natural crystallisation of this
rare mineral. Therefore, the narrow mirabilitic zone should be
excluded from works to protect against the influx of poorly
mineralised waters. For safety reasons, it is important to peri-
odically check the count of mirabilite stalactite droplets and
perform chemical analysis.

3) Replacing the mine casing with special care. Any re-
placement of the mine supports in the location of mirabilite
may result in its destruction. Therefore, it is necessary to de-
velop a compromise approach, considering the legal require-
ments in the field of mining, which would allow carrying out
repair works while maintaining the unique and valuable geo-
logical phenomena, in this case mirabilite crystallisation.
Replacement of supports should not interfere much with the
structure of the rock mass to preserve the existing water cir-
culation. This would allow mirabilite to crystallise again on
the new support. It is very difficult to predict the scale of future
mining works in such a protected area, but if possible, only the
most damaged part of the support should be replaced. To
ensure proper protection, the changes must be monitored
and recorded.

Potential for Geotourism Development

The new planned route run through level I, providing an ex-
cellent opportunity to present this rare mineral to the visitors
and thus serving the actual purpose of including the geological
processes to a large extent. As the new routes will pass
through the mirabilitic site, the inclusion of this point in the
programme would not incur high costs in the planned budget.
Moreover, these route is designed to include elements of an
interactive exhibition, for more accessible visualisation of
data.

So far, the sites of high geological value were marked by an
information board explaining their geological features via
photographs, sketches, profiles, and comprehensive descrip-
tions. However, such a presentation of the complex geology of

salt deposit might be understandable by specialists in the field
of geology. For a broad audience, including nature fascinators,
it can be unclear and unattractive. Therefore, to improve the
interpretation of geoheritage, the information should be pre-
sented in a more appropriate manner to non-professionals. In
recent years, digital technologies have been proven to be very
useful in the efficient representation of geological phenomena
and for communicating the scientific outcomes to a large num-
ber of tourists (Martin 2014; Santos et al. 2018; Melelli 2019).

Nevertheless, the introduction of certain modern technolo-
gies (multimedia presentations, strong lighting, etc.) to the
underground mirabilitic site may pose a threat to its microcli-
matic balance (e.g. heat emission). Therefore, the use of
boards remains the only appropriate option for presenting
the information. To ensure that the output is clear enough to
the public, only the essential features of mirabilite formation
should be presented. These include the current location of
mirabilite within the geological structure of the salt deposit
and within the underground excavation network, as well as
the specific path of brine percolation from this part of the
deposit through the network of cracks and discontinuities
formed during long-term mining operations. In addition, it is
very important to regulate the number of sightseers and the
time of their stay in the mirabilitic site, since intensive tourist
flow can also significantly change the temperature and RH in
the mine (Alexandrowicz 2000). This is also a key factor
determining the appropriate amount of information about
mirabilite to be presented to the tourists.

However, some ideas on information presentation on the
board can be provided. A great amount of geological, miner-
alogical, and chemical data collected in this study could be
extremely useful in digitalizing the process of mirabilite for-
mation and this phenomenonwithin the overall geological and
historical context of the Bochnia Salt Mine. Three-
dimensional images can be more easily and rapidly assimilat-
ed than two-dimensional ones (sketches or maps) and are thus
more suitable for the non-specialist public (Lansigu et al.
2014). The imagery should be designed to convey as much
visually appealing information as possible, with minimum
text where it is absolutely necessary. Some exemplary panels
with the division of the space can be found in the literature
(Venturini and Pasquaré Mariotto 2019). The imagery should
be supported by a chronological explanation by guides. Thus,
it is also very important to develop a training programme for
employees and tourist guides for them to build a narrative
about mirabilite. Additionally, because of frequent visits by
students and professional geologists, installation of a special
information board is highly recommended similar to other
geosites in the mine.

Since the new route starts in the Sutoris shaft pithead, the
visitors must be provided with some basic knowledge about
the geology of the area before they descend themine and reach
the mirabilite exhibition. This allows more possibilities to
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arrange the exhibition using a digital tool than in the under-
ground space.

Conclusions

The present work confirmed the occurrence of mirabilite, a rela-
tively rare mineral (Na2SO4·10H2O), in the Bochnia Salt Mine.
The mineral forms contemporary precipitates as small stalactites
and occurs together with blödite (Na2Mg(SO4)2·4H2O). Its
unique presence in only one location in this old underground salt
mine is attributed to contemporary precipitation from percolating
solutions, caused by the combination of at least two factors:

- the specific chemical composition of the brine leaking
from this part of the deposit (or from the remains of old exca-
vations), and

- the specific and stable microclimate characterised by a
low temperature, high humidity, and relatively strong air cir-
culation which accelerates evaporation and crystallisation.

The unique geological and educational value of this geosite
indicates the need for its preservation. However, although the
mirabilite efflorescence may be brought under legal protection
within the existing system of nature conservation, the unstable
nature of this mineral demands unconventional efforts for the
conservation, preservation, and public access of this geosite.
Appropriate solutions that can be practically applied for the
preservation and protection of mirabilite efflorescence include
maintenance of the mine’s current ventilation system, exclu-
sion of the mirabilitic zone from the rock mass sealing, and
replacing the mine casing with special care in case of repairs.
With certain precautions to ensure the protection of the
mirabilite environment, the new tourist routes will allow pre-
senting this intriguing mineral to a wider audience. The pres-
ence of mirabilite, with appropriate protection, can be another
geological attraction for tourists and students visiting this
thirteenth-century UNESCO-recognised salt mine.
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