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Water inflow to a salt mine usually poses a threat to the mine and sometimes even to its existence. On the other hand the
healing properties of salt have been known since Antiquity and brines extracted from the mines have been used in the treat-
ment of various diseases. The “Wieliczka” Salt Mine in southern Poland has been conducting organized rehabilitation and
therapeutic activities for respiratory tract diseases for almost 200 years. This paper presents preliminary results of a study fo-
cused on pre-selection of out-of-deposit water inflows into the mine workings which show the lowest variability in yield and in
chemical composition, and which can potentially be used in the health resort operated by the mine. The results indicate that
brines from the WVII-16 leak are the only ones which can be taken into account when considering the use of Wieliczka brines
for medicinal purposes for baths, rinses, irrigation, and at lower mineralisation levels, in liquid treatments.
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INTRODUCTION

The healing properties of salt have been known since Antig-
uity. Prominent humanists and scholars who have visited the
Wieliczka mine in southern Poland in the sixteenth century, in-
cluding Joachim Vadian, Jobst von Wilich and Adam
Schroeter, relate the use of Wieliczka salt for medicinal pur-
poses. In his record of the visit to the salt mines of Wieliczka
and Bochnia, Joachim Vadian wrote: “This salt has particular
application in medicine. We even find veins which in their black-
ness recall extinguished coals. Salt collected from such a vein
and ground, in the amount of gold equal to the weight of one
denarius, and consumed in a small amount of wine serves — as
it was claimed — as a laxative” (Smaron, 1982).

In the nineteenth century, the physician Feliks Boczkowski
initiated medical activities at the mine, consisting of salt baths,
in which brine extracted from the mine was used. The treatment
traditions of the mine were continued by Professor Mieczystaw
Skulimowski, who became a mining doctor at the Wieliczka Salt
Mine in the 1950s. These traditions are continued today by the
“Wieliczka” Salt Mine Health Resort, which treats patients with
upper respiratory tract conditions from all over the world. In or-
der to expand the current treatment available, it was decided to
construct a graduation tower built in the mine, using water flow-
ing from the deposit into the mine excavations.
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The brine is water which contains at least 35 g of dissolved
solids per litre (Dowgiatto et al., 2002), usually sodium chloride
and often other chemicals such as carbonates and sulphates
which endow the brine with unique medicinal properties. These
waters are used primarily in the form of baths in liquid treat-
ments, and by inhalation.

The analyses described below, concerning the possibility of
using the Wieliczka salt mine brine for medicinal purposes are
based on the stability of the inflow of water from outside the de-
posit with a constant amount of water and its constant chemical
and isotopic composition.

The objective of the present study is the pre-selection of the
out-of-deposit water inflows into the mine workings which show
the lowest variability in yield and in chemical and isotopic com-
position, and which can potentially be used for medicinal pur-
poses in the health resort operated by the mine.

GEOLOGICAL SETTING
AND HYDROGEOLOGICAL CONDITIONS

The Wieliczka deposit is situated in the western part of the
Miocene salt-bearing formation of the Carpathian Foredeep
(Garlicki, 1979), and stretches from west to east in a narrow lati-
tudinal strip along the northernmost part of the Carpathians
(Fig. 1). The deposit is composed of two parts, a lower layered
bed and an upper blocky one (Fig. 2).

The upper blocky part is characterized by a mixture of rocks,
with salt lumps (green salt) irregularly arranged within claystone
(marly claystone with halite crystals). Among the salt blocks,
two main lithological types can be distinguished: laminated
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Fig. 1. Geological map of the Wieliczka salt deposit (after Szybist, 2011*)

green salt and rough-crystal green salt together with sporadi-
cally occurring dolomitic and lineated salt. In this part of the de-
posit, also blocks of flysch rocks up to 1 m across are found
(see Kolasa and Slaczka, 1985; d’Obyrn, 2012; Gonera et al.,
2012 and references therein).

The lower layered part consists of lithologically varied rock
salt layers separated by interlayers of gangue of claystone and
siltstone with anhydrite. The salt formations found here include
the oldest salts, green layered salts, shaft salt and bronze salts
(Gawet, 1962; Garlicki, 1979).

The bottom of the deposit is formed by the Skawina Forma-
tion (Skawina Beds); its southern border is set by the
Carpathian flysch, and the northern border, and in part, the
cover of the deposit is formed by the Machéw Formation
(Chodenice Beds) overlain by Quaternary deposits.

The aquifer in the Machéw Formation comprises sandy for-
mations represented by fine-grained weakly compacted, clayey
and silty sandstones interbedded with clayey rocks. These
sandstones show strong tectonic disturbance; and may be
rubbly and blocky. Waters found in the sands and sandstones
are under a pressure of approximately 1.6 MPa. Hydrogeo-
logical tests indicated that their hydraulic conductivities are situ-
ated within a very broad range between 5.8 x 10° m/s and 6.4
x 107® m/s (Brudnik et al., 2010). The sandy deposits create, in
the Machow Formation, discontinuous aquifer horizons with hy-
draulic contacts that are difficult to predict. As observations
over many years have shown, the greatest water-based threat
to the mine is associated with the region of the northern bound-
ary of the deposit, the Machéw Formation the aquifer zone at
the border of the deposit is especially dangerous (d’Obyrn,
2012). The water threat further increases because of the high
concentration of excavation voids in various mining conditions

* This reference is lacking in the printed version of the paper; we apolog

and the related possibility of opening up and expansion of new
paths for the inflow of outside-deposit water to the mine as a re-
sult of the of the rock mass.

All the previously recorded major water inflows into the mine
occurred at the northern boundary of the deposits, with the larg-
est one including:

a sudden influx of freshwater in 1868 into the Kloski tra-
verse at the rate of approximately 360 m*/h;

outflow from the 6-67 opening in the Kosocice longitudi-
nal gallery in 1959, in the amount of approximately
60 m*/h;

inflow to the Z-32 leaching plant in 1966, at the rate of
approximately 3.6 m*/h;

inflow into the Layer 2 Chamber in 1972 in at the rate of
approximately 9-20 m*/h;

inflow into the Mina transverse gallery in 1992 at the rate
of approximately 12 m*h (see: Zuber et al., 2000).

Currently, the largest and most dangerous inflows into the
mine are associated with the northern limit of the deposit, from
which 85% of the total water inflow into the mine originates.
These leaks include:

— WVII-16in the Layer 2 Chamber (Fornalska 2) at Level VII;

— WVI-32 under the Z-32 Chamber at Level VI;

— WVI-6 from the Z-28 Chamber at Level VI.

The WVI-32 inflow into the Z-32 Chamber was the result of
wet exploitation conducted there in the 1960s. At that point, a
sulphate deposit was uncovered in the bottom part of the cham-
ber, which resulted in the waters from that deposit flowing into
the chamber, and clearing the hydraulic contacts with the adja-
cent Machéw Formations. The flow does not vary greatly over
time, and ranges from 2.16—3.95 m*/h, but a steady increase in

ize for this.
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the content of NaCl in the inflow was observed (from 128 g/dm?®
in 1983 to 253 g/dm®in 2012). Also, a systematic study of the
isotopic composition of the leak, conducted since 1974, indi-
cates the unstable nature of the flow. Initially, the inflow con-
sisted of old water supplied in the final stage of the last glaci-
ation, then small concentrations of tritium appeared in the in-
flow, which increased systematically, reaching a value of ap-
proximately 30 T.U. and the isotopic composition showed a
trend towards younger water.

The WVI-6 leak from Z-Chamber 28 was also caused by wet
exploration conducted there, as result of which adjacent strata in
the northern part of the Z-28 Chamber were leached. The flow
rate throughout its activity ranged from 0.2 to 1.48 m®h, and the
isotope analysis carried out indicates glacial water, supplied
probably at the end of the last glaciation. Periodically, increased
solids content was observed in the inflow, associated with peri-
odic discharge of rock material from the outskirts of the deposit
and periodic silting up of the inflow routes, which may result in fu-
ture changes in the size of the inflow.

Observation over many years and tests conducted on these
leaks indicate that only the WVII-16 leak in the Layer 2 Chamber
has not displayed changes in the parameters such as yield, NaCl
content, and isotopic composition, which allows it to be selected
as the best one for use as a brine in health resort treatment.

galleries

GEOLOGICAL STRUCTURE
AND HYDROGEOLOGICAL CONDITIONS
IN THE LAYER 2 CHAMBER AREA

The Layer 2 Chamber, which is part of the Layer chambers
complex, is located on Level VIl of the mine, at a depth of 250 m
(i.e. 11 m below sea level), in the western part, between the
Kinga and Kosciuszko shafts. It was exploited between 1940
and 1944 with the use of the dry method as the last of the exca-
vations included in the “Layer” field of exploitation (referred to in
the post-World War Il period as the “Matgorzata Fornalska”
field). After dry exploitation was finished, the chambers were
used as brine reservoirs and linked with a below-level gallery to
maintain the same level of the brine. In the reservoir, waters
flowing into the mine workings from outside the boundaries of
the deposit were collected until 1964. The Layer chambers
were also periodically used as saturation reservoirs, with in-
completely saturated brine, as a result of which the pillars be-
tween the chambers were partially leached.

From the Layer chambers, the northernmost bronze salt
complex located at Level VII was exploited — the youngest part
of the salt succession of the layered deposit.

* This reference is lacking in the printed version of the paper; we apologize for this.
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The bronze salts exploited in this part of the deposit are
characterized by the presence of layers of rock salt separated
by an ingrowth of anhydrite marl gangue of variable thickness.

The following main lithological types of bronze salt are ob-
served in the area:

— “eyelet” bronze salt, characterized by the presence in
the rock mass of characteristic large crystals of halite —
“‘eyelets”;

— “streaked” bronze salt, characterized by the presence of
a thin claystone laminae in finely crystalline salt;

— “grey” bronze fine-crystal salt, characterized by a high
content of terrigenous material (clay, silt and sand);

— “striped” bronze salt, characterized by alternating sev-
eral-centimetre-thick layers of white and grey salt, con-
taminated with silt.

The bronze salts in this area are adjacent to sulphate suc-

cessions which are in contact with the Machdéw Formation.

The sulphate succession, which in addition contains
claystones, siltstones and sandstones, is locally in contact with
water-bearing units within the Skawina Beds (borehole H-8)
and the Machéw Formation. Hydrogeological studies con-
ducted at the northern boundary of the deposit, in the vicinity of
the Layer 2 Chamber, confirmed the relatively small thickness
of the water-bearing formations of the sulphate succession and
their very low hydraulic conductivity (between 1.29 x 1078 and
5.88 x 10~ m/sec.). The whole succession is more rigid than
that containing rock salt, and it has a large number of discontin-
uous deformations like cracks and dislocations, so it can be as-
sumed that the sulphate series mediates only in the water filtra-
tion from the Machow Formation.

The Machéw Formation in the Layer 2 Chamber area is
formed as sands with clusters of conglomeratic and fine
siliciclastic units. These constitute a good water collector since
they are strongly folded and cracked. Hydrogeological studies
conducted at the northern outskirts of the deposits, long-term
observations of leakage from its northern border, and the study
of the isotopic composition of water from the leaks lead to the
conclusion that many water subsystems exist in the Machow
Formation. The hydraulic connections between these systems
are complicated, and they have no direct connection to the local
Quaternary aquifers.

FEATURES OF THE WVII-16 LEAK
IN THE LAYER 2 CHAMBER

The leak in the Layer 2 Chamber was discovered in Decem-
ber 1972 in the north side wall, in which chamber leaching lead-
ing to enlargement of the original size, with extensive exposure
of gypsum sandstone of the sulphate was observed. Brine
flowed through the gap initially at the rate of 20 m*h with a NaCl
content of 60 g/dm3. To capture the leakage and secure the
chamber, a concrete support dam was constructed along the
north side wall, leaving an access gallery to the inflow point, from
where it was evacuated and directed into the mine dewatering
system. The yield of inflow into the Layer 2 Chamber, which was
approximately 20 m%h, gradually decreased during 1973-1977
to approximately 10.5 m*/h. During 1978—1980 it stabilized at a
level of approximately 11.5 m>h. In 1982, the inflow rate again
decreased to approximately 9.5 m®h, and then in the %/ears be-
tween 1983 and 1991, it ranged from 8.59 to 13.21 m“/h. Since
1992, the inflow rate has remained below 10 m*h and presently
amounts to approximately 9 m*h (Fig. 3).

The content of NaCl in the brine flowing into the Layer 2
Chamber has not displayed significant changes since the be-

ginning of the leak. Occasionally it reached a value below
60 g/dm? or above 70 g/dm?®, and has remained within the limits
of 60-70 g/dm® (Fig. 4).

CHEMICAL COMPOSITION OF BRINE
IN THE LAYER 2 CHAMBER

For the purpose of characterizing the brine chemical com-
position and as regards the controlling geochemical factors, a
detailed chemical analysis (Table 1) of the inflow into Layer 2
Chamber made in 1973 at the laboratory of the Hydrogeological
Company in Krakéw, was compared with a similar analysis
made in 2013 (by the Hydrogeochemical Laboratory of the Fac-
ulty of Geology, Geophysics and Environmental Protection,
AGH University of Science and Technology in Krakéw).

ISOTOPIC TESTS

Systematic isotopic tests of the WVII-16 leak have been
conducted by the Krakéw AGH University of Science and Tech-
nology, Faculty of Physics and Applied Computer Science
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Basic physical and chemical parameters of water

from inflow WVII-16

Table 1

Parameter Unit 07.02.1973 | 08.01.2013
TDS [g/dm?] 61.75 73.70
pH _ 7.00 7.10
Chlorides [g/dm?] 34.75 35.50
Sulphates [g/dm?] 2.83 2.81
Bicarbonates | [g/dm?] 0.98 1.28
Nitrates [mg/dm?] 6.00 0.60
Sodium [g/dm?] 21.68 22.71
Potassium [mg/dm?] 24.08 46.38
Calcium [mg/dm®] | 481.00 642.50
Magnesium | [mg/dm®] | 291.80 218.00
Ammonia [mg/dm?] 55.00 6.30

Comparison of analyses performed in 1973 and 2013

since 1974, with between one to three measurements between
1974 and 1990, and then once a year. Summarized results of
these tests are shown in Table 2.

For the WVII-16 leak in the Layer 2 Chamber, measure-
ments of the radioactive carbon isotope content were also con-
ducted on three occasions (Table 3)

INTERPRETATION

All the waters flowing into the salt mine workings and con-
tained in the excavations are characteristic CI-Na waters. The
content of chloride ions in the anion total in the great majority of
leaks amounts to more than 95%, with a similar proportion for the
sodium ions in the cation total. This is a natural consequence that
inflowing waters are passing through the salt deposit. The water
also includes the following ions: sulphate, carbonate, calcium,
and magnesium. In the chemical composition of the
WVII-16 leak, as recorded in the analyses conducted

Table 2

Stable isotope composition and the concentration
of tritium in the samples collected from the WVII-16 leak
in the 1974-2012 period

Range N
Parameter min. max. c
580 [%eSMOW] | —=11.10 | =10.20 | —10.71 0.18
8°H [%.SMOW] | —78.50 | —72.00 | -75.68 1.70
Tritium T.U. 0.0 5.0 0.3 0.90
X— arithmetic mean, o — standard deviation
Table 3

Radiocarbon content in the brine from the WVII-16
leak in the Layer 2 Chamber

5'°C "c

Year [%oPDB] Pmc
1977 -15.2 26+1.0
1979 -14.1 09+1.0
1991 -14.5 1.4+1.0

rary infiltration in the area of Krakéw. This means that the water
which inflows into the Layer 2 Chamber infiltrated in a climate
much colder than the current one, probably at the end of the last
glacial period, with virtually no tritium content. This interpreta-
tion is confirmed by the analyses of "C in dissolved inorganic
carbon compounds.

At the moment when the leak was created in 1972, the wa-
ter in deposits surrounding this part of the mine was character-
ized by a negligible flow or no flow whatsoever. After the occur-
rence of leaks, during the first phase, in which the leak yield
reached over 480 m3/day, it drained the static resources of a
small water collector. Probably, further flow was possible
thanks to preferential circulation zones in the fissured parts of
the Chodenice Beds. The leakage inflow decreased to approx-

in 1973 and in 2013 (Table 1) small changes in sul- 90
phate and carbonate concentrations were observed,
but the composition is stable as far as the chloride 80
and sodium contents are concerned. The stability of
NaCl content in brines from inflow WVII-6 was as- 70

sessed using a method suggested by Bodi$ et al.,
(2010). The lower limit of the stability range is calcu-

lated as 25th percentle minus 1.5 times an 60

interquartile range. The upper limit equals 75th per-
centile plus 1.5 times an interquartile range respec-
tively. Figure 5 presents the results of this analysis.
As can be seen, the great majority of points repre- 40
senting the NaCl content falls into the required range.

50

NaCl [g/dm’]

Undoubtedly, for the brines flowing into the
WVII-16 leak to be recognized as treatment waters,
other tests and analyses will have to be conducted.

30

upper limit (75%-il+1.5%I1QR) o e
median
lower limit (25%-il-1.5-1QR)

Throughout the observation, the leak displayed 20
a steady isotopic composition. The tritium content
measured is within the accuracy of measurement
equal to zero, and the values of 8'®0 and §°H are
significantly lower than typical values of contempo-
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Fig. 5. NaCl content in brines flowing into the Layer 2 Chamber
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imately 300 m*/day, and after a few years stabilized at approxi-
mately 200 m*/day. Significant hydrostatic pressure in the first
period after the inception of leakage caused the elevation of
small amounts of solids (approximately 1.1 g/dm®), which may
also have helped to unblock the water circulation routes and
facilitate inflow into the mine workings. Isotopic analysis of
5'®0 and 8%H indicate glacial water, while the tritium content,
initially at approximately 1 T.U., was within the margin of error,
and over the last 30 years, was absent. The initial presence of
tritium could indicate a component part of modern water, but
its content should have increased over time. The results of tri-
tium content measurements, which are well below the margin
of error, as well as other data concerning the leak, effectively
exclude the participation of modern water components in the
formation of the composition of the WVII-16 leak water. Given
the confirmed aquifer character of the Chodenice Beds
(Brudnik et al., 2010), in which the flow of water through a layer
of sandstone only occurs in privileged zones between which
there is no or very limited hydraulic contact, it can be assumed
by analogy, that in the area of the WVII-16 leak supply a simi-
lar hydrogeological condition exists. However, knowledge of
the nature of the Chodenice Beds on the outskirts of the Mina
traverse on Level IV of the mine, and the long-term chemical
and isotopic analyses of waters flowing into the major leaks on
levels IV, VI and VII of the mine indicate that only the WVI1I-16
leak has a stable character. This is most likely due to the large
extent of aquifers from which the leak is supplied and the
much longer flow path of water. However, despite forty years
of observation and tests of the leak, the supply or drain zones
of the other layers, from which the water inflows into Level VII
in the central part of the mine, cannot be accurately deter-
mined. The stability and the size of the inflow may indicate in-
direct supply from the Bogucice sands, but this hypothesis re-
mains to be tested.

CONCLUSIONS

The results presented above indicate that waters from the
WVII-16 leak are the only ones in terms of volume and relative
stability, of the chemical and isotopic composition, which can be
taken into account when considering the use of Wieliczka
brines for medicinal purposes. This preliminary consideration
needs to be further supported by detailed physico-chemical
analyses and the assessment of their suitability for specific ther-
apeutic purposes. The next step should consist in channelling
the brines in a manner which will be absolutely independent
from the mine dewatering system and to ensure that the water
intake is tailored to its needs.

The “Wieliczka” Salt Mine has been conducting organized
rehabilitation and therapeutic activities of respiratory tract dis-
eases for almost 200 years, and this was reflected in 2011 by
the recognition of this activity in the field of underground ther-
apy. Therapeutic activities carried out in parallel with the use of
brines have been gradually relegated into the background since
the World War Il, until they were completely abandoned and sa-
line baths became a thing of the past. It appears important for
the development of the mine health resort that this activity is re-
newed, and medical (balneological) activity is re-established, to
use the brine for baths, rinses, irrigation, and at lower levels of
mineralisation, in liquid treatments.
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