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Abstract: The chemical composition of the water in Smocza Jama cave (city of Krakow, Krakow—Wielun Upland)
was studied. The cave is 276 m long and it was developed in the Upper Jurassic limestone. Nineteen water samples
were collected between March 1995 and January 1998. The pool water and drip water were sampled. The former
water samples represent Ca - Na - HCO3 - SO4 - Cl, while the latter ones SO4 - Ca - Na type. In pool water the
concentrations of Cl are higher than in drip water, while in drip water the SO4 predominates. The chemical
composition of the studied samples of both the pool and drip waters differs considerably from the composition
typical of the limestone cave water. The studied water differs also in its chemical composition from the ground-
water of the Krakow—Wielun Upland. High concentrations of NO3, SO4, Cl, Na, K, and P suggest that the water in
Smocza Jama is considerably affected by pollution. The chemical composition of the studied pool water can be the
effect of mixing of, at least, two components. The water can: (i) filtrate from the Vistula river, (ii) percolate down
from the surface of Wawel Hill, (iii) migrate from the nearby area, where the city centre is located, and (iv) ascend
as artesian water from deeper confined aquifer. The former three of the four mentioned water sources may be
strongly degraded due to long lasting human occupation of both Wawel Hill and the city centre, as well as
pollution of the Vistula river. The high amount of SO4 ions reaching 1439 mg/L in drip water results probably from

leaching of litter and rubble poured over the cave in the 19th century.
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INTRODUCTION

The accessible caves give a unique opportunity to study
chemical compositions and quality parameters of under-
ground water. There has been a growing interest in chemical
composition of cave waters in the recent years. They have
been studied in terms of the velocity and time of water flow
through the vadose zone in karstic aquifers. The transforma-
tion of chemistry of rain water during the contact with car-
bonate bedrock and the influence of deposition of speleo-
thems have been studied as well. The other research has
concerned the impact of pollution sources on quality of cave
water. It is dripping water that has been most commonly
studied since it offers a possibility to check chemical com-
position and transformation of water in the vadose zone. In
contrast, the stagnant cave water pertaining to upper phrea-
tic zone has been studied sporadically.

There are more than 1700 caves situated in the
Krakéw—Wielun Upland (Gradzinski & Szelerewicz, 2004).

The majority of caves are rather small, with their length not
exceeding a few dozen metres and devoid of neither under-
ground stream nor stagnant water. Only a few caves have
small, perennial lakes. Smocza Jama (Dragon’s Den) is one
of the caves in question. A few small pools are located in
this cave. The surface of the lakes is situated at the ground-
water level. Water drips from cave ceilings in some places
in the cave.

Although Smocza Jama has been known for a long time
and it is situated in the region of recognized underground
circulation (Kleczkowski, 1967, 1989; Kleczkowski et al.,
1994; Zuber et al., 2004), the origin of water in the cave
pools and factors governing the chemistry of this water have
still been an open question. The purpose of this paper is to
describe the chemistry of cave water and to explain its ori-
gin.
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GEOLOGICAL SETTING

Smocza Jama cave is located in the southern part of the
Krakow—Wielun Upland within the city of Krakow (Figs 1,
2; Szelerewicz & Gorny, 1986). It was developed in the Up-
per Jurassic microbial-spongy limestone of rocky type
(sensu Dzutynski, 1952). The limestone builds up a small
tectonic horst which is sourrounded by Miocene clay sedi-
ment filling the neighbouring grabens (Gradzinski, 1972,
p- 234). The horst is partly isolated, but its north-eastern part
is attached to the other horst which is situated somehow lo-
wer. The royal castle Wawel is located on the former horst,
while the historic city centre of Krakow on the latter one.

The cave is 276 m long (Gradzinski & Szelerewicz,
2004). It consists of two parts linked by an artificial shaft
mined in 1974 (Szelerewicz & Gorny, 1986). The formerly
known series of the cave is spacious and accessible for tour-
ists. In contrast, the series discovered in the 70th of last cen-
tury comprises some small chambers and extremely narrow
squeezes, situated between them. The pools occur in these
small chambers. They continue, as narrow fissures, down to
the depth of about 4 m. The surface of the pools is located at
the altitude about 199 m a.s.l., that is at the similar level as

the Vistula (Wista) river, which flows in the proximity of
about 50 m from the cave pools. Kleczkowski (1977) noted
that water level in an artificial hole drilled in the old part of
the cave in 1969 was located at the same level. Water level
in the cave mirrors the changes of water level in the Vistula
river (Kleczkowski, 1977). During the flood in 1997 when
the water level in the river rose of about 5 m (R. Szczepanek
— personal communication), the water filled the main cham-
ber of the cave up to about 201.7 m a.s.l. (Wisniewski,
1997).

MATERIALS AND METHODS

Nineteen water samples were collected between March
1995 and January 1998 (Table 1). Most of the samples (16)
came from cave pools. Only three samples represented drip
water. The sampling places are presented in the Fig. 3. In
two pools some samples were collected from different depth
(see Table 1). The pH was measured in the field. The total
alkalinity (as bicarbonate HCO3) was determined using
0.05 molar HCI acid by Gran titration. Chloride (CI) con-
tents were determined by the Mohr’s method, using 0.01
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Fig. 2.

Wawel Hill from the west, the entrances to the cave are
marked with arrows, Vistula river in the foreground

molar AgNO3. Both chloride and total alkalinity were meas-
ured within one day after sampling. Concentration of other
components, that is calcium (Ca), magnesium (Mg), sodium
(Na), potassium (K), aluminium (Al), boron (B), barium
(Ba), iron (Fe), lithium (Li), manganese (Mn), phosphorus
(P), strontium (Sr), zinc (Zn) and total sulphur, calculated as
sulphates (SO4), was determined by the inductively coupled
plasma-atomic emission spectroscopy (ICP AES) using
Plasma a Perkin-Elmer product. Concentration of nitrates
(NO3) was determined using capillary elctrophoresis
method by means of a 270 AH-T equipment, a Perkin-
Elmer product. All laboratory analyses were done at the
laboratory of Faculty of Geology, Geophysics and Environ-
mental Protection, University of Science and Technology
(AGH) in Krakéw. The total dissolved solids (TDS) was
calculated by summing concentrations of major ions.

RESULTS

All the studied water samples were of weakly alkaline
type. Their pH index ranged between 7.27 and 8.67 (Table
1). As arule, the TDS of pool waters was lower than that of
drip waters. In the former case it ranged from 779.3 mg/L to
1013 mg/L while in the latter one from 1752 mg/L to 2841.7
mg/L.

The chemical composition of pool water samples is
quite uniform. According to the system after Altovskij —
Svec modified by Kleczkowski (1979, p. 50), the ions
which showed concentration minimum 17% mval/L are in-
cluded in identification of water type. This being taken into
account, pool water samples are regarded as multiion type
representing Ca - Na - HCO3 - SO4 - Cl type (Table 1). The
pool water is dominated by HCO3 anion, however the con-
centrations of SO4 anion are only slightly lower (Fig. 4).
The concentrations of SO4 in drip water are about eight
times greater than in pool water. Hence, in drip water sam-
ples molar part of SO4 dominates over molar part of Ca, and
in consequence the water is of SO4 - Ca - Na type. Chlorium
concentrations in the pool water sample range from 65.6 to
103.8 mg/L while in drip water samples are lower and they
range between 10.58 and 39.49 mg/L. The concentrations of

191

R N
"B Cave entrance

Drip water sample

© Pool water sample

Fig.3. Map of Smocza Jama cave (after Szelerewicz & Gérny,
1986, supplemented) with sampling places

NOj3 in the studied samples are various. They fall into a
range between 44.4 and 280.4 mg/L (Table 1).

Calcium is a dominant kation in every sample. The con-
centrations of K and Na are high. They vary from 44.24 to
130.2 mg/L and from 30.88 to 132.5 mg/L respectively.
Thus, the Na/K ratio range from 0.74 to 1.98. The concen-
trations of the above elements in the drip water samples are
significantly higher than in pool water. Both Na and K over-
rank Mg in abundance. Concentrations of SiO; in the stud-
ied samples fall into a range between 11.7 and 38.05 mg/L
(Table 1).

Phosphorous is dominant microelement in the studied
samples. Its concentrations in the pool water samples range
between 1.05 and 1.64 mg/L while in drip water samples is
lower than 0.6 mg/L. Apart from P, the studied samples
comprise significant amount of B, Sr and Ba. Boron and Sr
concentrations are higher in drip water than in pool water,
while Ba content was uniform in both types of samples.
Some samples comprise small amounts of Cu, Fe, Li, Mn,
Zn and Al (Table 2).
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Table 1

Basic characteristics and major-ion concentrations in the studied samples from Smocza Jama cave;
P — pool water, D — drip water, all pool water taken from the pool surface but for samples marked with * — taken from the
depth of 1 m, and ** — taken from the depth of 2 m; n.c. — not calculated, n.m. — not measured

Sample | Sampling EC | TemPe | pg | HCOs | S04 cl NO3 Ca Mg Na K Si0,

number date pH puS/em rafére mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L | mg/L
SIPL.I  |03.10.1995 | 7.3 nm. | 13.0 | 9978 | 275.1 | 225.7 | 95.58| 1054 | 164.1 | 20.64 | 61.35| 4991 | 225
SIPL2  [31.03.1995| nm. | nm. | 11.0 | 9640 | 2743 | 2185 | 96 832 | 163 2029 | 61.92 | 4676 | 227
SIP13  |21.12.1995 | nm. | nm. | 114 | 794.0 | 282.1 | 157.8 | 656 | 558 | 133 1596 | 4547 | 3824 | 208
SIPL4  [10.06.1996 | nm. | nm. | 112 | 9315 | 2981 | 207.7 | 7556 | 775 | 161.1 | 17.06 | 53.66 | 40.76 | 20.5
SIPL5  |18.09.1996 | 8.0 | 1148 | nm. | 917.6 | 2673 | 206.7 | 72.63| 849 | 177.6 | 18.56| 519 | 37.97 | n.o.
SIPL6 |18.11.1997 | 87 | 1070 | nm. | 9542 | 267.1 | 222.6 | 72.13 | 1132 | 1544 | 21.7 | 5534 | 477 | 276
SIPL.6 ** 18.11.1997 | 88 | 1139 | nm. | 1009.6 | 288.6 | 2359 | 74.58 | 116.1 | 162.2 | 22.8 | 6039 | 49.05| 27.9
SIP2.2  [31.03.1995 | 7.8 nm. | 112 | 989.7 | 293.6 | 2239 | 9671 | 742 | 1651 | 2087 | 6556 | 49.73 | 22.8
SIP22  |21.12.1995 | nm. | nm. | 10.6 | 7793 | 2843 | 1549 | 6573 | 448 | 1322 | 1621 | 4424 | 36.87| 20.1
SIP2.4  [10.06.1996 | 7.7 | 1092 | 114 | 947.1 | 3252 | 1954 | 7752 | 727 | 1643 | 1671 | 5342 | 41.83| 202
SIP2.5  [18.09.1996| 80 | nm. | nm. | 8857 | 2773 | 1825 | 70.95| 80.6 | 157.5 | 1858 | 4929 | 4894 | na.
SIP2.6 |18.11.1997 | 85 935 | nm. | 792.6 | 218.8 | 184.1 | 6774 | 882 | 1189 | 19.09| 535 | 4223 | 274
SIP2.6* |18.11.1997 | 8.6 | 1046 | nm. | 941.5 | 288.6 | 211 6645 | 1004 | 148.5 | 23.05| 5538 | 48.14| 303
SIP2.6**|18.11.1997 | 87 | 1091 | nm. | 1013.0 | 307.4 | 231 75.1 | 1046 | 161.1 | 243 | 6026 | 4925| 293
SIP32  |31.03.1995| nm. | nm. | 112 | 851.6 | 2613 | 173.9 | 103.8 | 543 | 1302 | 20.56| 61.03 | 46.52| 25.0
SIP42  [31.03.1995| nm. | nm. | 112 | 780.1 | 270.6 | 1438 | 704 | 67.1 | 1325 | 1621 | 4857 | 30.88 | 247
pool
fﬁgﬂle n.c. n.c. ne. | 9093 | 280.0 | 1985 | 77.9 | 827 | 151.6 | 195 | 551 | 440 | 244
value
SID.12 |14.01.1998 | 82 | 1931 | nm. |2841.7 | 229.6 | 1439 3949 | 2804 | 5665 | 56.14| 98.1 | 1325 | 38.1
SID2.1 |31.03.1995| 86 | nm. | nm. | 18458 | 197.8 | 1013.8 | 28.87 | 444 | 302.0 | 43.99| 1302 | 84.74 | 112
SID22 [14.01.1998 | 7.8 | 1270 | nm. | 1752.9 | 239.8 | 9063 | 1058 | 532 | 3482 | 1036| 8634 | 98.1 | 248
drip
sample
B, n.c. n.c. ne. | 21468 | 2224 | 11197 | 2631 126.0 | 405.57| 36.83 | 104.88 | 105.11 | 24.7
value

POLLUTION OF SMOCZA JAMA WATER

The chemical composition of the studied samples of
both the pool and drip water are unusual and differ consid-
erably from the composition typical of cave water. It is
worth stressing that the studied samples from Smocza Jama
are characterized by very high concentration of several ions.
The content of major ions as SO4, CI, K, Na is several times
greater than it has been reported from cave waters so far. For
example, it overranks eight times the water from Green
Lake in Carlsbad Caverns (Texas, USA) chemical composi-
tion of which is reported by (Hem, 1992, p. 99). Similarly,
the concentration of Cl, Na, K ions in seepage water in
Grotta di Ernesto (Italy) and Clamouse (France) caves given
by Fairchild ez al. (2000) are about 100 times lower than
those in the studied samples, while the concentration of SO4
and NOs is several dozen times lower. The concentration of
these ions in water in Pettyjohns Cave (Georgia, USA;
Mayer, 1999) and several Slovakian caves (J. Motyka et al.
—unpublished data) are also lower than those detected in the

studied samples. The microelements in drip water in the
other caves have not been commonly studied so direct com-
parisons cannot be made.

High concentrations of NO3, SO4, Cl, Na, K, and P can
suggest that the water in Smocza Jama is considerably af-
fected by pollution (cf. Hem, 1992; Appelo & Postma,
1994; Lerner, 2002; Macioszczyk & Dobrzynski, 2002). It
is also indicated by very low ratio Na/K in the studied
samples.

Considering the cavern environment, similar and higher
concentration of NO3 and CI is reported by Bolner and
Tardy (1988) from the Budapest caves and is interpreted as
an effect of fertilizer and sewage contamination as well as
the inflow of salt used for deicing of streets. The percolation
of polluted water with concentration of NO3 and ClI reach-
ing 180 and 60 mg/L respectively is described by Kogovsek
(1997) from Postojnska jama cave (Slovenia). The elevated
concentration of SO4, Cl, NO3, K, Na and P is also found in
some caves of the Krakow—Wielun Upland, where it is re-
garded as an effect of pollution, however it never reaches
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such a high amount as in Smocza Jama (Klojzy-Karczmar-
czyk et al., 1999; Goc et al., 2000; Gorny ef al., 2001; Mo-
tyka et al., 2002). The water in Smocza Jama differs also in
its chemical composition from groundwater typical of the
Krakow—Wielun Upland (cf. Rozkowski, 1996). These facts
leave room for a discussion on the possible origin of water
in Smocza Jama. The discussion will centre on the possibil-
ity that there appear to be more that one source of water
feeding the cave, since there is no correlation between sev-
eral ions in the studied samples (Fig. 5).

SOURCES OF CAVE WATER
MINERALIZATION

The atypical chemical composition of the studied pool
water can be controlled by: (i) the lateral inflow of water
from the Vistula river, (ii) the downward seepage of water,
(iii) the lateral inflow of water from the nearby city centre,
and (iv) the upward migration of ascending deep circulation
water.

HCO, 20 40 60 80 Cl

Piper diagram showing the ionic composition of studied samples from Smocza Jama cave

Lateral inflow of water from the Vistula river

The possible connection of pools in Smocza Jama with
the Vistula river is postulated by Dumnicka and Wojtan
(1990). They claim that chemical composition of water in
the pools is an effect of mixing of groundwater with
strongly polluted Vistula water. They also point out that
small invertebrate benthic animals belonging to Ostracoda,
Copepoda, Oligochaeta and Chironomideae can infiltrate
into the cave from the river (see also Dumnicka, 2000). The
above statement on influx of the river water into the cave
and its mixing with cave water is based on the similarity of
chemical composition of both waters.

The main factor controlling the chemical composition
of the Vistula water is pollution. The Vistula water has been
considerably degraded at least since the beginning of the
20th century. It is mainly due to the pumping of salt-water
from coal mines located in the Upper Silesia region, that is
in the upper part of the Vistula river catchment (Gajowiec &
Roézkowski, 1988). It causes that the river water is of Cl - Na
type and contains also high amount of SOy ions (e.g., Mo-
tyka & Postawa, 2004 and references quoted herein).
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Table 2

Microelement concentrations in the studied samples from Smocza Jama cave, molar ratios mMg/mCa and mSr/mCa are
also given; P — pool water, D — drip water, all pool water taken from the pool surface but for samples marked with * —
taken from the depth of 1 m, and ** — taken from the depth of 2 m; n.a. — not analyzed, n.c. — not calculated

Sample B Ba Cu Fe Li Mn P Sr Zn Al mMg/ mSr/

number mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mCa ng/OCoa
SJP1.1 0.321 0.02 <0.005 0.008 <0.01 <0.002 1.22 0.507 0.007 n.a. 0.207 1.41
SJP1.2 0.32 0.026 <0.005 0.025 0.02 0.004 1.25 0.49 0.004 n.a. 0.205 1.37
SJPL1.3 0.232 0.025 0.018 | <0.01 <0.01 <0.002 1.17 0.401 0.008 n.a. 0.198 1.38
SJPl.4 0.22 0.014 <0.005 0.055 0.02 <0.002 1.42 0.34 <0.002 0.061 0.175 0.97
SJP1.5 0.33 0.03 <0.005 0.033 0.015 0.017 1.32 0.501 0.007 0.18 0.172 1.29
SJPlL.6 0.353 0.035 <0.005 0.14 <0.01 <0.002 1.5 0.613 <0.002 0.146 0.232 1.82
SJIP1.6 **  0.481 0.045 <0.005 0.022 <0.01 <0.002 1.41 0.69 0.009 <0.06 0.231 1.95
SJP2.2 0.32 0.022 <0.005 0.007 0.023 0.002 1.11 0.477 0.005 | <0.06 0.208 1.32
SJP2.2 0.242 0.021 0.02 <0.01 0.017 | <0.002 1.22 0.39 <0.002 | <0.06 0.202 1.35
SJP2.4 0.24 0.013 <0.005 | <0.01 0.02 <0.002 1.51 0.331 <0.002 0.062 0.168 0.92
SIP2.5 0.32 0.031 <0.005 <0.01 0.016 0.011 1.05 0.48 0.003 0.1 0.194 1.39
SJ P2.6 0.324 0.04 <0.005 | <0.01 0.022 | <0.002 1.48 0.513 <0.002 | <0.06 0.265 1.97
SIP2.6 * 0.342 0.034 <0.005 0.195 0.021 <0.002 1.74 0.612 <0.002 0.16 0.256 1.89
SJP2.6 **|  0.341 0.032 <0.005 0.276 | <0.01 <0.002 1.64 0.661 <0.002 0.162 0.249 1.88
SIP3.2 0.298 0.016 <0.005 0.007 <0.01 0.003 1.11 0.521 0.004 <0.06 0.260 1.83
SJP4.2 0.284 0.018 <0.005 0.006 0.02 0.003 1.28 0.388 0.005 | <0.06 0.202 1.34
pool
fg:;le 0.311 0.026 n.c n.c n.c n.c 1.34 0.494 n.c n.c n.c n.c
value
SJID.1.2 0.898 0.028 <0.005 | <0.01 0.062 | <0.002 0.503 0.847 <0.002 | <0.06 0.163 0.68
SID2.1 0.474 0.029 <0.005 0.008 0.034 0.002 | <0.1 0.59 0.006 | <0.06 0.240 0.89
SID22 1.003 0.028 <0.005 | <0.01 0.101 | <0.002 0.41 0.501 <0.002 | <0.06 0.049 0.66
drip
fjgflle 0792 | 0.028 nc nc 0.066 ne 0457 | 0.646 nc nc n.c. nc
value

Moreover, concentrations of amonium, nitrates, some met-
als and organic compounds prove that communal wastes
(i.e., landfill lechate and human wastes) as well as pollutants
connected with agricultural practices enter the river and
cause the deterioration of water quality (Motyka & Postawa,
2004). The comparison of mean Vistula river composition
with composition of pool water in Smocza Jama cave sug-
gests that possible bank filtration can deliver some ions to
the pool water. Sodium, Cl, SO4, B and Sr ions detected in
pool water can be of such origin. However, the concentra-
tions of other ions, as K, Ba, NO3 and P cannot be explained
by the bank filtration of river water due to the fact that their
concentrations in the river water are lower than that in pool
water.

The seepage from the river to the aquifer is possible
only in specific conditions. It can occur when water level in
the river rises very rapidly but groundwater level does not.
In such a situation the character of the river changes into
that of loosing-type and the bank filtration can work effi-
ciently. Taking into account the very close distance between
the river and the cave, the above process seems possible.

However, during high water level the Vistula river is char-
acterized by low concentrations of ions due to the dilution
effects, which has been proved for Na and Cl ions contents
(Krokowski et al., 1994; Motyka & Postawa, 2004). For in-
stance, during the high water level in March 1994 the con-
centration of CI dropped below 200 mg/L (Krokowski et al.,
1994, rys. 6). Other ions react probably in a similar way (cf.
Vadillo ef al., 1999). Thus, the migration of significant
amounts of dissolved substances from the river to the cave
pool seems to be of minor, if any, importance, however it
cannot be excluded completely (cf. Kleczkowski, 1977).

Vertical seepage

Another factor which can control the chemistry of pool
water is vertical seepage. The studied samples of drip water
represent such type of inflow. Comparison of chemical
composition of the pool water samples with the drip water
ones points to the conclusion that several ions detected in
the former water can be derived from the latter one. This
conclusion relates specifically to SO4, Cl, Ca, Mg, Na and K
ions. It concerns also some microelements, such as B and
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Fig. 5.  Relationship between particular ions in the studied sam-
ples from Smocza Jama cave, A — SOg4, vs. Cl, B—NO3 vs. Cl, C —
K vs. NO3

Sr. The drip water has higher concentrations of the above
listed components than pool water has. The concentration of
NO3 in one sample of drip water, which equals 280 mg/L,
suggests that also NO3 in pool water can be supplied by ver-
tical seepage. On the other hand, in two other samples of
drip water the concentration of NO3 is lower than the mean
concentration of this ion in pool water, which gives the im-
pression that there must be an alternative source of this ion
for pool water. Also P comes from another source, since the
concentration of this element in pool water is higher than in
drip water.

The concentrations of several components such as SOy,
NO3, Cl, Na, K, B, provide strong evidence that the drip wa-
ter is considerably affected by pollution. It can be ade-
quately explained by long lasting human occupation on
Wawel Hill which has been settled continuously for more
than ten centuries (Wyrozumski, 1992). In the 19th century
the hill was densely populated (Estreicher, 1938, p. 171;
Kleczkowski, 1977). The underground water was probably
polluted already in the 19th century, which is suggested by
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high concentration of nitrates in the artificial wells situated
on the hill (Olszewski, 1871; Olszewski & Trochanowski,
1889; Bujwid, 1894; Lemberger, 1899; see also Kleczkow-
ski, 1977). At present the hill has sewers installed and it is a
paved and roofed area. The cave is isolated from the surface
by concrete slabs, placed just under the pavement (Firlet,
1996, p. 86). The small amounts of water can, however, per-
colate due to sewers or gutter leakage and transport some
pollutants down to the cave.

It is worth stressing that the mean concentration of SO4
ions in drip water is very high and equals maximally 1119.7
mg/L It is almost twenty times greater than maximal con-
centration of this ion in the cave waters quoted by Picknett
et al. (1976). Such high concentration has not been noticed
even in polluted waters in limestone caves (cf. Kogovsek,
1997). It was, however, reported from gypsum caves (Klim-
chouk & Andrejchuk, 1997) and karst springs discharged
gypsum-karst areas (Motyka & Witczak, 1992). There ap-
pear to be two possible explanations for such a concentra-
tion in the discussed case. Sulfate ions can have been
leached from litter and rubble poured over the cave at the
beginning, and heightened in the middle of the 19th century
(Grabowski, 1909, p. 157; Firlet, 1996, p. 85). The thickness
of the embankment over the limestone rock reaches 9 m
(Heflik & Matl, 1991, fig. 6; Firlet, 1996, fig. 66). The gyp-
sum filling some fractures in Jurassic limestone hosting the
cave (Heflik & Matl, 1991) can serve as the other source of
SOy ions.

Lateral inflow

Kleczkowski (1977) ascribed the origin of the ground-
water within Wawel Hill to lateral inflow from the north-
cast, that is from the centre of the city of Krakéw. The con-
centrations of several elements in the groundwater under the
city centre (Kleczkowski, 2003) bear a strong resemblance
to their concentration in the studied pool water. Of particu-
lar interest in this respect are Cl, SO4, NO3, Na nd P ions.

The city centre area, similarly to Wawel Hill, has been a
human settlement for a long time (Wyrozumski, 1992). It
caused the degradation of groundwater by landfill leachate
and human wastes, which was noticed by Olszewski (1871),
based on high concentration of NO3 and NHjy ions. The con-
centration of these ions decreased after installation of sew-
ers in the city at the turn of the 19th and 20th century, but in-
creased again in the second half of the 20th century
(Kleczkowski, 2003). The groundwater in the central part of
Krakéw has also high concentrations of P and B, which is
connected with human activities as well. Although the K ion
concentrations have not been published, one can expect its
higher values since K is a common component in polluted
water (Lerner, 2002; Macioszczyk & Dobrzynski, 2002).
The higher concentration of chlorides and sulfates under the
city centre can be explained by the contact of the water with
Miocene clays and enrichment by diffusion exchange or an-
thropogenic influence. Of these two possibilities Klecz-
kowski (2003) was inclined to favour the former one. What-
ever the origin of groundwater mineralization in the city
centre, the lateral migration of this water towards Wawel
Hill can throw light on the unusual chemical composition of
water in the studied cave pools.
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Fig. 6.

Lajkonik well providing an artesian water, Wawel Hill
is visible in the background, photo taken in 2005

Inflow of ascending water

The Upper Jurassic limestone forms in the area of
Krakow an aquifer confined by Miocen clays. It is docu-
mented by several wells providing artesian water (Fig. 6;
Kleczkowski ef al., 1994). The highstanding fault-bounded
horsts built of Upper Jurassic limestone and surrounded by
impermeable clays, are the favourable places for a natural
artesian outflow. In the 19th century the artesian spring fed
by the water of Cl - Na type was known from the Market
Place, which is located on such a horst bordered by NNE-
SSW trending faults (Kleczkowski, 1967). Wawel Hill rep-
resents a limestone horst, hence one can expect the presence
of ascending water within the hill. Moreover, the spatial ar-
rangements and corrosional forms preserved in Smocza
Jama prove that the cave was formed due to corrosion by ar-
tesian waters (Gradzinski et al., 1996).

Nevertheless, the comparison of chemical composition
of the studied pool water with artesian water in the Krakow
area does not clarify fully the above problem. The latter wa-
ter is of multiion type and contains HCO3, SO4, Cl, Na and
Mg ions. The proportions between these ions vary between
particular outflows, but the concentrations of HCO3, SOg,
Cl, Na, B and Sr ions in every outflow are higher than in the
studied pools (cf. Kleczkowski et al., 1994; Zuber et al.,
2004). It suggests that the addition of artesian water may in-
fluence the chemistry of the studied water. On the other
hand, the artesian water is characterized by molar Sr/Ca ra-
tio greater than 9%o, while this ratio for the pool water
ranges between 0.9%. and 2%.. Similarly, the molar
mMg/mCa ratio of the studied water varies significantly
from the ratio of the artesian one (Fig. 7).

The concentration of K is decidedly higher in the pool
water than in the artesian water. It ranges from 30.8 mg/L to
49.91 mg/L in the former, while in the latter it varies be-
tween 5 and 11 mg/L and only exclusively equals 30.2
mg/L. Thus, the other factor than addition of ascending wa-
ter governs the high concentration of K, and therefore af-
fects the low Na/K ratio of the pool water. Moreover, the
concentrations of NO3 and P in the ascending water are de-
cidedly lower than in the pool water. Both these elements,
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Fig.7. Relationship between molar ratio mMg/mCa vs.
mSr/mCa for the studied samples from Smocza Jama cave and for
samples of ascending water in the Krakdw region, the ratios of the
latter were calculated based on data given by Zuber ef al. (2004);
the ratios for Vistula river water were calculated based on J.
Motyka unpublished data

likewise K, are commonly connected with pollution. Hence,
if the artesian water has any influence on the chemical com-
position of cave pools it must be mixed with the water de-
graded by human activity.

The additional argument for the influence of ascending
water is the temperature of the pools, which ranges between
10.6 and 13 °C. It is higher than the temperature of the air in
the caves of the Krakow—Wielun Upland, which falls be-
tween 6 °C and 8 °C (Szelerewicz & Gorny, 1986). In com-
parison the ascending water in the well outlets has the tem-
perature between 10.6 °C and 12.7 °C (Kleczkowski et al.,
1994).

CONCLUSION

The collected data and arguments presented above
point to the conclusion that there is no only one factor con-
trolling the chemistry of Smocza Jama cave water. The wa-
ter must have been the mixture of, at least, two components.
One of them is strongly degraded by human activity, which
is proved by high concentration of such ions as K, NO3 and
P. The water of downward seepage from the surface of
Wawel Hill or lateral migration from the north-east can rep-
resent these components. The water of this kind probably
mixes with the other one coming due to ascension from be-
low or seeping from the Vistula river owing to bank filtra-
tion mechanism. However, the last possibility seems to be
the least probable one.
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Streszczenie

CHEMIZM WOD PODZIEMNYCH
W SMOCZEJ JAMIE, KRAKOW, POLSKA

Jacek Motyka, Michal Gradzinski,
Kazimierz Rozkowski & Andrzej Gorny

Jaskinia Smocza Jama jest usytuowana w centrum Krakowa,
w potudniowej czesci Wyzyny Krakowsko-Wielunskiej (Fig. 1, 2).
Powstala ona w wapieniach jury gornej budujacych niewielki zrab
otoczony gldwnie itami miocenskimi znajdujacymi si¢ w sasied-
nich rowach tektonicznych. W jaskini wystepuja jeziorka (Fig. 3);
ich powierzchnia potozona jest w przyblizeniu na poziomie wod
Wisty, ktdra ptynie w odlegtosci ok. 50 m od jaskini. Fluktuacje
poziomu wody w jaskini nawiazuja do zmian poziomu wody w
Wisle (Kleczkowski, 1977).

Badane bylo szesnascie probek wody pobranych z jeziorek
i trzy probki wody kapiacej ze stropu jaskini (Fig. 3). Wszystkie
probki reprezentowaty wody slabo alkaliczne. Mineralizacja
ogolna wdd z jeziorek byla mniejsza niz wody kapiacej. W pier-
wszym przypadku wynosita od 779,25 mg/L do 1013,01 mg/L
podczas gdy w drugim od 1752 mg/L do 2841,73 mg/L (Tabela 1).
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Wody z jeziorek nalezaty do typu wod wielojonowych Ca - Na -
HCOs3 - SO4 - Cl, jednakze zawartos¢ HCO3 jedynie nieznacznie
przewyzszata w nich zawartos¢ SO4 (Fig. 4). Natomiast w wodach
kapiacych zawartos¢ SO4 byta ponad o$miokrotnie wigksza.
Wody te nalezaty do typu SO4 - Ca - Na. Wody z jeziorek charak-
teryzowaly si¢ wigksza niz wody kapiace zawartoscia Cl. Zaréwno
wody z jeziorek jak i wody kapiace mialy znaczng zawartos¢ Na
i K. Wartos¢ proporcji Na/K waha si¢ w nich od 0,74 do 1,98. Fos-
for byt dominujacym mikroelementem w badanych probkach, przy
czym jego zawarto$¢ w jeziorkach byla wigksza niz w wodzie
kapiacej (Tabela 2).

Chemizm wéd w Smoczej Jamie jest zdecydowanie od-
mienny od opisywanych dotychczas w literaturze wdd jaskinio-
wych (por. Hem, 1992, p. 99; Mayer, 1999; Fairchild et al., 2000).
Stosunkowo duza zawarto$¢ takich jondw jak SOg4, Cl, NO3, K
i Na sugeruja, ze wody te zostaly zanieczyszczone (por. Hem,
1992; Appelo & Postma, 1994; Lerner, 2002; Macioszczyk & Do-
brzynski, 2002). Badane wody w jeziorkach sa najprawdopodob-
niej efektem mieszania przynajmniej dwoch wod sktadowych
o roznym pochodzeniu, co decyduje o ich sktadzie chemicznym.
Dowodzi tego migdzy innymi brak korelacji pomigdzy niektérymi
gléwnymi jonami (Fig. 5). Jeziorka moga by¢ zasilane poprzez mi-
gracje wod wislanych, ktore sa zanieczyszczone zwigzkami mine-
ralnymi, na skutek zrzucania wéd kopalnianych, oraz organicz-
nymi. Poréwnanie sktadu chemicznego wod w Wisle 1 w jezior-
kach dowodzi jednak, ze takie jony jak K, Ba, NO3 i P pochodza
zapewne z innego zrodla, gdyz ich koncentracja w Wisle jest
mniejsza niz w badanych probkach. Co wigcej, woda z Wisty
moze migrowacé do jaskini kiedy poziom wody w rzece podnosi si¢
szybciej niz poziom wod gruntowych. Tymczasem, jak dowodza
badania chemizmu wéd wislanych, ich mineralizacja jest znaczaco
nizsza podczas wysokich standw (Krokowski et al., 1994; Motyka
& Postawa, 2004). Chemizm wod w jeziorkach moze by¢ ksztat-
towany rdwniez poprzez pionowa migracje wod perkolacyjnych
w strefie aeracji z powierzchni Wzgorza Wawelskiego jak
i poprzez naptyw wod z poétnocnego-wschodu z rejonu $rédmies-
cia Krakowa. Nalezy si¢ spodziewaé, ze zardwno jedne jak i dru-
gie wody sa w znacznym stopniu zdegradowane na skutek wielo-
wiekowego osadnictwa ludzkiego w obu tych obszarach (por.
Kleczkowski, 2003). Znacznego zanieczyszczenia wod perkola-
cyjnych dowodza badane probki wody kapiacej, ktdre charak-
teryzuja si¢ m.in. wysoka koncentracja jonu SO4 (Tabela 1). Jest to
zwigzane najprawdopodobniej z wyptukiwaniem tego jonu z znaj-
dujacych si¢ bezposrednio nad Smocza Jama nasypow ztozonych
z gruzu i $mieci (por. Grabowski, 1909; Firlet, 1996), a usypanych
tam podczas niwelacji terenu w XIX w, i/lub rozpuszczaniem
gipsu stwierdzonego przez Heflika i Matla (1991) w spekaniach
w obrebie wapieni jurajskich, w ktdrych jaskinia jest wyksztat-
cona. Nie mozna rowniez wykluczy¢ wplywu ascenzji na chemizm
wod w jeziorkach w Smoczej Jamie (por. Kleczkowski, 1977).
Przemawia za tym lokalizacja jaskini w izolowanym zr¢bie zbu-
dowanych z wapieni jury gornej, ktory moze byé naturalnym
miejscem rozladowania cisnien artezyjskich. Znane ze sztucznych
wypltywow (zdrojow; Fig. 1, 6) wody artezyjskie w Krakowie
maja zblizony do jeziorek sktad chemiczny i mogly by¢ zrodlem
takich jonow jak: Cl, SO4, Na, B i Sr (por. Kleczkowski et al.,
1994; Zuber et al., 2004). Jednakze wody artezyjskie charak-
teryzuja si¢ zdecydowanie wyzszymi proporcjami molowymi
mSr/mCa i mMg/mCa niz badane wody jeziorek (Fig. 7). Ponadto
wody artezyjskie cechuja si¢ nizsza niz badane wody koncentracja
NO3,KiP.



